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Abstract in English

Translational research in personalized medicine with special references to gastric

cancer and obesity

Background: Translational research in medical science is essential because the rapid
progression of science and technology has led to “the valley of death” between basic science
and clinical practice. Cancer is one of the main leading causes of morbidity and mortality
worldwide, and gastric cancer is the 5™ most common cancer and the 3" leading cause of cancer
mortality (8.2% of all cancer deaths). Over the past decades, early diagnosis and minimal
invasive surgery have been successfully applied in gastric cancer patients, however the
treatment of patients with advanced gastric cancer still remains a challenging, as the current
standard treatment such as chemotherapy is effective only in a small proportion of the patients
due to high heterogeneity of gastric cancer. Thus, the development of hew and personalized
therapy for gastric cancer is needed. Several reports have demonstrated the importance of
crosstalk between tumor cells and nerves, and vagus nerve is well-known to play an important
role in the regulation of gastrointestinal function and gastric epithelial cell proliferation,
indicating the potential role of vagus nerve in gastric tumorigenesis. Obesity is one of the risk
factors to develop gastric cancer and the bariatric surgery is effective treatment for weight loss
as well as reducing the cancer risk in obese patients, however the mechanisms underlying
various bariatric procedures remain unclear, and thus it is important to elucidate the underlying

mechanisms for personalized bariatric surgery.

Aims: Overall aim of this thesis is to conduct translational research with attempt to develop
personalized therapies for gastric cancer (Part I) and obesity (Part 11). The specific objectives
included: (i) to investigate the role of vagus nerve on gastric tumorigenesis, and to develop new
treatment based on the elucidated underlying mechanism, (ii) to elucidate the mechanisms of
bariatric surgeries such as vagotomy with pyloroplasty (VTPP), sleeve gastrectomy (SG),

duodenal switch (DS) and gastric bypass (GB).

Methods: In Part |, pathological evaluation, immunohistochemical analyses and gene

expression profiling were performed using three different mouse models of gastric cancer (i.e.,

16



genetically-, chemically- or infection-induced gastric cancer models). Mice underwent
denervation by VTPP (including unilateral vagotomy, UVT) or local injection of botulinum
toxin type A (Botox). In vitro gastric organoids were also used. Three cohort studies were
performed on human primary gastric cancer and gastric stump cancer. In Part 11, rats were
subjected to VTPP, PP, SG, DS, SG+DS, GB and laparotomy (as controls), and monitored by

comprehensive laboratory animal monitoring system (CLAMS).

Results: In Part |, denervation of the stomach markedly inhibited gastric cancer initiation and
progression, particularly in the denervated portion of the stomach (such as after UVT and
unilateral Botox injection), in all three independent mouse models of gastric cancer.
Denervation also enhanced the anti-tumor effects of chemotherapy and prolonged survival.
Denervation-induced suppression of tumorigenesis was associated with suppression of the stem
cell expansion by inhibiting Wnt signaling via muscarinic acetylcholine receptor M3 (MsR). In
gastric cancer patients, tumor stage and lymph node metastasis correlated with neural density
and activated Wnt signaling, whereas vagotomy reduced the risk of gastric cancer. In Part II,
VTPP did not affect body weight, eating behavior and metabolic parameters. SG reduced body
weight in short-term but not long-term, and transiently increased energy expenditure without
reduction of food intake. DS regardless of whether it was accompanied by SG caused
remarkable and continuous body weight loss, which was associated with increased energy
expenditure, reduction of food intake and malabsorption. GB induced persistent body weight
loss which was associated with increased energy expenditure without altered eating behavior

and malabsorption.

Conclusions: In Part I, denervation suppresses gastric cancer initiation as well as progression
through inhibition of the cancer stem cell niche by down-regulation of Wnt signaling pathway
via MsR. These findings could be translated to clinical trials using endoscopic Botox injection,
and the therapy should be personalized depending on Wnt signaling expression on each gastric
cancer patient. In Part 11, weight loss after each bariatric surgical procedure differs in terms of
degree, duration and the underlying mechanisms, pointing to the need of personalized bariatric

surgery.
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Abstract in Norwegian

Translasjonsforskning i personalisert medisin med fokus p& magekreft og fedme

Introduksjon: Translasjonsforskning innen medisin er viktig fordi den raske utviklingen av
vitenskap og teknologi har fart til et gap mellom grunnforskning og klinisk praksis. Kreft er en
av de starste arsakene til sykdom og dgdelighet over hele verden, og magekreft er den femte
vanligste krefttypen og den tredje ledende arsaken til kreftdedelighet. | lapet av de siste tidrene
har tidlig diagnose og minimal invasiv kirurgi veert vellykket hos pasienter med magekreft.
Samtidig er behandlingen av pasienter med avansert magekreft fortsatt utfordrende, siden
navaerende standard behandling som inkludererer cellegift, kun er effektiv i en mindre andel av
pasientene pa grunn av hgy heterogenitet i magekreft. Dermed er det behov for utvikling av en
ny og mer individuelt rettet terapi for magekreft. Flere rapporter har beskrevet viktigheten av
samspillet mellom tumorceller og nerver, og vagusnerven har blitt vist  spille en sentral rolle i
regulering av gastrointestinale funksjoner og celleproliferasjon i gastroepitelcellevev, og videre
en mulig rolle i gastrisk tumorigenese. Fedme utgjar en av risikofaktorene for & utvikle
magekreft og bariatrisk kirurgi er en effektiv behandling for vekttap i tillegg til & redusere
kreftrisikoen hos overvektige pasienter. Samtidig er de underliggende mekanismene for de
forskijellige bariatriske prosedyrene fortsatt uklare som derfor argumenterer for et behov av &

belyse disse for en gkt forstaelse av mekanismene for personlig bariatrisk kirurgi.

Hensikt: Hovedmalet i dette doktorgradsarbeidet var & utfare translasjonsforskning med fokus
pé a utvikle personaliserte terapier for magekreft (del 1) og fedme (del 11). Delmalene var: (i) &
undersgke vagusnervens rolle i gastrisk tumorigenese, og & utvikle ny behandling basert pa en
gkt forstdelse av underliggende mekanismer, (ii) & avdekke mekanismene i bariatriske
kirurgiske metoder som vagotomi med pyloroplasti (VTPP), gastrisk sleeve (SG), duodenal

switch (DS) og gastrisk bypass (GB).

Metode: | del I ble patologisk evaluering, immunhistokjemiske analyser og genuttrykk-
profilering utfart ved bruk av tre ulike musemodeller som utvikler magekreft (genetisk-,
kjemisk- eller infeksjonsindusert magekreftmodeller). Musene gjennomgikk denervering av

VTPP (inkludert ensidig vagotomi, UVT) eller lokal injeksjon av botulinum toxin type A
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(Botox). In vitro gastriske organoider ble ogsa benyttet. Tre kohortstudier ble utfart pa human
primer magekreft og gastrisk stumpkreft. | del 11 gjennomgikk rotter VTPP, PP, SG, DS,
SG+DS, GB og laparotomi (som kontrollgruppe) og monitorert av et omfattende

overvakningssystem for forsgksdyr (CLAMS).

Resultat: Del I: denervering av magen inhiberte initiering og progresjon av magekreft.
Tumorreduksjon ble obeservert spesielt i den denerverte delen av magesekken som en falge av
UVT og unilateral Botoxinjeksjon, i samtlige tre musemodeller testet. Denerveringen forsterket
ogsa antitumoreffektene av cellegift og bidro til gkt overlevelsesrate. Det ble videre vist en
nedgang i stamcelle ekspansjon ved inihibering av Wnt-signalsporet via muscarinic
acetylkolinreseptor M3 (M3R). Hos pasienter med magekreft korrelerte tumorstadium og
lymfeknutemetastase med nevraltetthet og aktivert Wnt-signalering, mens vagotomi reduserte
sannsynlighet for magekreft. I del 11 ble det vist at VTPP ikke péavirket kroppsvekt, spiseatferd
og metabolske parametere. SG reduserte kroppsvekten pa kort sikt, men ikke pa lang sikt, og ga
en forbigdende gkning i energiforbruk uten at dette reduserte matinntak. DS bade med og uten
SG forarsaket et bemerkelsesverdig og kontinuerlig vekttap, noe som var forbundet med et gkt
energiforbruk, reduksjon av matinntak og malabsorpsjon. GB induserte vedvarende vekttap som

var assosiert med et gkt energiforbruk uten endret spiseatferd og malabsorpsjon.

Konklusjon: Del I av dette studiet viste at denervering inhiberer bade initiering og progresjon
av magekreft ved & inhibere kreftstamcellenisje ved nedregulering av Wnt-signalspor gjennom
M3zR. Disse funnene foreslés som overfarbare til kliniske studier ved bruk av endoskopisk
Botoxinjeksjon, sammen med en individuelt tilpasset behandling avhengig av genuttrykk av
Wht-signalspor hos den enkelte pasient. | del 1l fant vi at vekttapet etter bariatrisk Kirurgiske
prosedyrer varierer med grad, varighet og de underliggende mekanismene, noe som peker pa

behovet for individuelt tilpasset bariatrisk kirurgi.
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Abstract in Japanese
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Introduction
General Background
Translational research

The remarkable and rapid progression of science and technology, especially since the
expansion of molecular biology in 1970s, has elucidated the mechanisms of diseases
and developed new treatments, alternatively has led to a subdivision and complexity in a
medical science, which have started to cause a gap between basic science and clinical
practice [1]. In fact, it takes quite long time (the median of time lag=24 years) to
“translate” from the initial discovery in basic research to the medical intervention [2].
And in drug development process, only 5% of all molecules discovered make it to
human clinical trials [3] and less than 20% of those molecules entering the trials are able
to get marketing approval, and it requires 8-10 years for this process [4]. Thus, the

research to remove this gap (i.e., translational research) is essential in a medical science.

Despite an importance of translational research, there is yet no standard definition until
today [5][6]. The term of “translational research” in PubMed appeared as early as in

1993, in the study of cancer research about the characterization of cancer genes for the
purpose of immediate applications in early detection and treatment of cancers [7]. Use
of the term remained low until year of 2000, when the US National Institutes of Health
(NIH) made translational research a priority, and established centers of translational
research [8]. In a grant announcement by the NIH in 2003, translational research was

first defined as “Translational research includes two areas of translation. One is the
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process of applying discoveries generated during research in the laboratory, and in
preclinical studies, to the development of trials and studies in humans. The second area
of translation concerns research aimed at enhancing the adoption of best practices in
the community. Cost-effectiveness of prevention and treatment strategies is also an
important part of translational science.” [5]. In 2014, European Society for
Translational Medicine (EUSTM) defined translational research in medicine as
“Translational medicine as an interdisciplinary branch of the biomedical field
supported by three main pillars: benchside, bedside and community. The goal of
translational medicine is to combine disciplines, resources, expertise, and techniques
within these pillars to promote enhancements in prevention, diagnosis, and therapies.”
[9]. Thus, translational research is widely and simply defined as “Taking research from
bench-to-bedside and vice versa.”, “Bridging basic research and medical innovation.”,
“Translating research into medical practice.”, or “Translating science into better
healthcare.” [6][10][11]. Although little agreement between definitions of translational
research exists, there is an emerging consensus for 5-phase (T0-T4) definition for
translational research [6]. TO is the phase to define mechanisms, targets, and lead
molecules through basic or preclinical research including animal or in vitro studies, etc.,
but not including interventions with human subjects. T1 is the phase of translation to
humans, and involves processes that bring ideas from basic/preclinical research through
early testing in humans such as phase I-11 clinical trials. T2 is the phase of translation to
practice in patients, and involves the establishment of effectiveness in humans and
clinical guidelines through phase Il clinical trials, etc. T3 is the phase of translation to

community, and primarily focuses on implementation and dissemination research such
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as phase 1V clinical trial and clinical studies, etc., while T4 is the phase of translation to
public health, and focuses on outcomes and effectiveness in populations [6][12][13][14]
(Fig. 1). Needless to say, between those phases T0O-T4 are multidirectional, however the
biggest gap is present between TO and T1, called “valley of death” because most
fundamental research studies do not go beyond the gap, therefore not to enter the

clinical phases [15][16].

Targets v \\4
Biomarkers )
TO  Genes Basic/P ica Research
Pathways . :
Mechanisms Q %%lmal or in vitro studies)
First in Human o
T{  Phase i Trais Transigggen to
Proof of Concept HUWE‘IS
Phase lll Trials

Clinical Efficacy
T2 Clinical Guidelines

Dissemination ,Phase IV Trials

Community Engagement
T3  Health Senvices Research

Comparative Effectiveness

Public Health

Prevention

T4 Population Health Impact
Behavioral Modifications
Lifestyle Modifications

Figure 1 | Five-phase (T0-T4) definition for translational research. (modified from

Waldman et al. Clin Transl Sci. 2010 [12])

The gaps exist not only between basic science and clinical medicine, but also between
basic scientists themselves and between clinicians themselves. In the present and future,
teamwork should be more successful than the individuals in the past, because the
translational research involves various research and clinical fields, and is surely better

facilitated by interactions between co-workers representing different specialties. For
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example, the study using mathematical models to quantify complexity in translational
research revealed that collaboration networks and multidisciplinary team capacity are
crucial for translating new discoveries into practice, particularly at TO and T1 phases

[17].

Thus, multidisciplinary collaboration (“translation” between collaborators) is essential

to successfully conduct translational research [9][14][18][19].

Personalized medicine

Personalized medicine is defined as “The right treatment (including the right drug at the
right dose), to the right patient, at the right time.” [20]. The concept of personalized
medicine is not new since medicine has always been personalized [21][22][23].
However, traditional medicine has been narrative- or experience-based medicine, for
instance, physicians have chosen drugs and the dose based on clinical signs and
symptoms of patients, the so-called “one-size-fits-all” approach, and they eventually
would adjust the dose or reselect the drugs depending on the patient’s response to the
given prescribed drugs [24][25]. Traditional methods are not always the most effective
as not all patients respond equally to drugs even though they have similar clinical
manifestations. In fact, there is high variability in drug response rates across diseases,
38% to 75% of patients fail to respond to a drug treatment, and the average response
rate of a cancer drug is the lowest at 25% [26][27]. Recent advances in molecular

biology such as “-omics” science have contributed significantly to an increased
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understanding of the differences between patients, and have enabled evidence-based
personalized medicine [28]. Especially the development of pharmacogenomics, which is
the study of how genetic variants influence variability in drug response (the name
reflects the combination of “pharmacology” and “genomics™), has dramatically
facilitated the personalized medicine in drug therapy [29][30][31][32][33].
Concurrently, the new term “precision medicine” has emerged, which can be defined as
“Systems approach to convey a more precise classification of disease into subgroups
based on OMICS data and perform personalized treatment and preventive intervention
for each patient subgroups.” [34][35][36][37][38][39][40], thus “precision medicine” is
focused on the subgroup of patients rather than individual patient, and this term is used
in a narrower sense, whereas “personalized medicine” is used in a broader sense. The
term of “precision medicine” has started to be frequently used in the literature since
2009, instead of “personalized medicine” [41]. In this thesis, “personalized medicine”
will be mainly focused and this term will be used to refer to “evidence-based approach

to individualized medicine” throughout this thesis.

Evidence-based personalized medicine has been in fact accepted particularly in
oncology due to the potentially lethal characters of cancer and the adverse effects of
chemotherapy [21]. As an example of personalized medicine involving patient’s
genotype, thiopurines (6-mercaptopurine or the pro-drug, azathioprine) are immune
suppressants and widely used in the treatments of acute lymphocytic leukemia, chronic
myeloid leukemia as well as inflammatory bowel disease [42]. Thiopurine S-
methyltransferase (TPMT) is a polymorphic enzyme, and metabolizes the thiopurines

into inactive metabolite, methyl-6-mercaptopurine [43]. In the general population, 0.3%
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of people have two non-functional alleles and low or absent TPMT activity, 11% have
one non-functional allele and intermediate TPMT activity, and the remaining
approximately 89% or people have no non-functional alleles and normal TPMT activity
[44]. The deficiency of TPMT activity generates high concentrations of thioguanine
nucleotides, resulting in severe adverse effects such as myelosuppression. Thus, patients
with low or absent TPMT activity are at an increased risk of life-threatening adverse
effects if receiving the treatment at standard doses of thiopurines [45]. Therefore, testing
for TPMT genotype (or phenotype if possible) has been commonly performed prior to
the treatment with either 6-mercaptopurine or azathioprine, and in case of the detection
of low or absent TPMT activity, the patients can receive a low thiopurine dosage or an
alternative drug before starting therapy [46][47]. As another example of personalized
medicine involving tumor genotype, trastuzumab, a monoclonal antibody against human
epidermal growth factor receptor 2 (HER-2), is the first molecular targeted
chemotherapy approved in 1998 [48] and used to treat breast cancer [49] and gastric
cancer [50][51]. In breast cancer, 20-25% of patients have shown overexpression of
HER-2, and is associated with poor clinical outcomes and aggressive tumor progression
[52], while in gastric cancer, several studies reported wider range of the rates from 8.2%
to 53.4% (mean of the rate is 19.0%) of HER-2 positive gastric cancer, and the rates of
positive HER-2 expression also varies depending on the histology (intestinal type; 16%,
diffuse type; 7%, unknown; 14%), which is probably due to the high heterogeneity of
gastric cancer [53][54]. The overexpression of HER-2 in gastric cancer is also correlated
with tumor size and invasion, lymph node metastasis and poor survival [51][54]. The

assessment of HER-2 expression prior to treatment is now universal standard [55], and
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trastuzumab is used in combination with chemotherapy or as monotherapy only for
cancer patients with overexpression of HER-2 [56]. These facts have indicated that each
cancer from each patient has a complicated and unique set of genetic alterations even
though their phenotypes are quite similar, suggesting the importance of personalized
medicine using molecular classification of cancers on the basis of gene expression

including singling pathways [57].

Since personalized medicine includes a complex and board interdisciplinary research
area ranging from basic science to clinical medicine, the research in personalized
medicine requires a multidisciplinary and translational research framework
[58][59][60][61]. Thus, the main objective of this thesis was to conduct translational

research with attempt to develop personalized therapies.

Part I: Background in gastric cancer
Gastric cancer in general

Cancer is one of the world’s major health problems and has now become the 1% or 2"
leading cause of death in developed countries [62]. Despite its decreasing incidence,
gastric cancer remains an important cancer worldwide and is responsible for over
1,000,000 new cases and an estimated 783,000 deaths in 2018, making it the 5™ most
frequently diagnosed cancer and the 3" leading cause of cancer death (8.2% of all
cancer deaths). The incidence rates are almost twice higher in men than in women, and
the rates are markedly elevated in Eastern Asia such as in Japan, Korea, China and
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Mongolia, whereas the rates in Northern America and Northern Europe are generally
low [62][63][64]. The overall case fatality rate of gastric cancer is 74.5% compared with
50.4% for colorectal cancer and 96.8% for pancreatic cancer [65]. The overall 5-year
survival rate is about 20% in most areas of the world [66]. The recent report in the
United States has shown that the 5-year survival rate for early stage of gastric cancer is
88-94%, compared with 18% for advanced gastric cancer [63], and less than 10% for
the gastric cancer patients in metastatic status [67]. Most gastric cancers occur in the
lesser curvature and antrum in a stomach [68][69]. Gastric cancer is highly
heterogeneous compared with other gastrointestinal cancers, both genetically and
phenotypically [70][71][72][73][74]. In the Lauren classification, gastric cancer can be
divided into 2 types, i.e., intestinal (well-differentiated) or diffuse (undifferentiated)
type, according to the site of tumor origin and the pathological appearance of the lesion
[75]. The diffuse-type has a poor prognosis due to the lack of ability to establish
intercellular connections leading to increasing the risk of metastasizing and invading
into the neighbor tissues [76]. However, the most frequent gastric cancer is the
intestinal-type [70]. According to the histological classification of gastric cancer (the
World Health Organization, WHO, classification), there are several different types such
as adenocarcinoma, lymphoma, sarcoma, or carcinoid [72]. Among those types,
adenocarcinoma accounts for 90-95% of all gastric cancer [69], thus in this thesis,
adenocarcinoma will be of the main focus, and will subsequently be referred to as
“gastric cancer” throughout this thesis. The pathogenesis of gastric cancer includes

multiple steps starting with chronic inflammation which is well-known as a critical and
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first step in the progression towards cancer, and eventually resulting in carcinoma

through atrophic gastritis, intestinal metaplasia and dysplasia [77][78].

Multiple factors are involved in the etiology of gastric cancer. Lifestyle behaviors such
as alcohol and smoking as well as high salt intake or low vegetable/fruit intake
(vitamins), play a role in the development of gastric cancer [62][63][79][80]. Apart
from those lifestyle-related factors, several diseases are reported as risk factors for
gastric cancer, such as obesity, gastric ulcer, gastroesophageal reflux disease (GERD),
or pernicious anemia [63][81]. It has been often reported that the main risk factor for
gastric cancer as well as gastric ulcer is Helicobacter pylori, and this bacterium is
Gram-negative and has been characterized as a class | carcinogen of gastric cancer by
WHO [63][79]. Infection of Helicobacter pylori is a strong inducer of chronic gastric
inflammation and can develop into atrophic gastritis, intestinal metaplasia, or eventually
gastric cancer [82]. Certain Helicobacter pylori strains with the virulence factors (such
as cytotoxin-associated antigen A, CagA or vacuolating cytotoxin A, VVacA) are more
likely to increase gastric cancer risk [79]. CagA is directly injected from Helicobacter
pylori into the cytoplasm of epithelial cells through the bacterial type IV secretion
system, affecting cell morphology, proliferation and apoptosis. VVacA disrupts cell
polarity, promotes epithelial cells apoptosis, and inhibits T cell proliferation and effector
function [83]. In rodents, however, infection of Helicobacter pylori alone without
additional carcinogenic stimuli has not been shown to induce gastric cancer [84]. In
humans, most people infected with Helicobacter pylori are asymptomatic for life, while

only a fraction of infected people develops a disease [85]. Apparently, not only one
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factor but various combination and complex interactions of these risk factors may

ultimately lead to the development of gastric cancer.

Treatments of gastric cancer

Surgical removal of gastric cancer is a primary treatment and the only potentially
curative treatment approach for gastric cancer patients [51][67]. The current standard
recommendation for resectable gastric cancer is surgical resection with D2
lymphadenectomy [51][86]. The D2 lymph node dissection is recommended due to the
high incidence of lymph node metastasis in gastric cancer and the improvement of
overall outcomes [86][87]. More extended lymph node dissection, D3
lymphadenectomy, has shown no additional survival benefit but more surgical
complications, thus this D3 procedure has not been recommended yet as a standard
treatment [51]. Advances in endoscopic technology have contributed to a trend towards
minimal invasive surgery such as endoscopic mucosal resection (EMR) or endoscopic
submucosal dissection (ESD) [88]. EMR or ESD has been widely used for treating early
gastric cancer which is defined as the cancer confined to the mucosa or submucosa
without lymph node metastasis [89][90]. In comparison with EMR, ESD is relatively
new procedure and can be performed using endoscopy knives such as insulation-tripped
diathermic knife (IT-knife) and the flex-knife instead of using a snare to remove small
gastric lesion lifted by a grasper in EMR, which enables en-bloc resection of larger
tumors and more precise pathologic diagnosis of the dissected cancer tissue

[91][92][93].
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Chemotherapy is the standard first-line treatment for advanced gastric cancer [94]. It
has been passed over 50 years since 5-fluorouracil (5-FU) was developed, but it is still
the key drug in the chemotherapeutic regimens for gastric cancer. The anti-tumor effects
of 5-FU can be enhanced by combination with platinum-based drugs such as cisplatin or
oxaliplatin, and this regimen has currently been used as global standard of first-line
treatment for advanced gastric cancer [50][95]. Recently, S-1 instead of 5-FU and
oxaliplatin among platinum-based drugs have been recommended for the combination
regimen because some clinical studies have demonstrated that S-1 and oxaliplatin-
containing regimens have higher response rates and better survival improvement,
compared with the regimen of 5-FU or cisplatin [50]. 5-FU is an intravenous drug,
whereas S-1 is an oral fluoropyrimidine composed of a mixture of tegafur (a prodrug of
5FU) and two modulators; gimeracil and oteracil, and the 5-FU metabolized from
tegafur arrests cell-cycle by blockage of DNA synthesis via inhibition of thymidylate
synthase and interferes with RNA function [96], while gimeracil maintains high 5-FU
levels in blood and tumor tissue by inhibiting dihydropyrimidine dehydrogenes (the
enzyme metabolizing 5-FU) and oteracil reduces the gastrointestinal toxicity of the 5-
FU by inhibiting orotate phosphoribosyltransferase leading to lower 5-FU levels in the
gut [97]. Oxaliplatin also inhibits DNA synthesis (both DNA replication and
transcription) by forming inter- and intra-strand crosslinks in DNA [98]. In the case of
HER-2 positive gastric cancer, the patients have lately received trastuzumab, which is a
targeted antagonist for HER-2, in addition to the combination therapy [50][51].
Currently, two additional targeted therapies have been approved for gastric cancer; the

tumor angiogenesis inhibitor ramucirumab (monoclonal antibody for vascular
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endothelial growth factor receptor 2, VEGFR?2) and the immune check point inhibitor
pembrolizumab (monoclonal antibody for programmed cell death protein 1, PD-1) [74],
the evidence for the efficacy of those drugs has however not been accumulated enough

yet.

Radiotherapy alone has not been used commonly for gastric cancer patients due to poor
outcomes, alternatively the combination therapy of radiotherapy and chemotherapy, the
so-called chemoradiotherapy, has been used as an adjuvant therapy for advanced gastric

cancer patients [99][100][101].

The treatment of patients with advanced gastric cancer still remains a challenging area
of oncology. Despite some clinical trials showing the benefits of chemotherapy, the rate
of efficacy was around 10-20%, indicating that current standard chemotherapy is
effective in only a small subgroup of the patients, which is probably due to high
heterogeneity of gastric cancer [89][102]. Therefore, the development of personalized

and new therapy for gastric cancer is needed.

Due to low survival rates in most areas of the world and few treatment options, reducing
incidence seems to be the key to reducing mortality from gastric cancer [63]. In contrast
to the low survival rates in other countries, Japan has shown more about 60% of 5-year
survival rates of gastric cancer patients [65]. Such high survival rate may be due to mass
screening programs to detect gastric cancer at early and curable stage, and eradication of
Helicobacter pylori for larger population [66], however effective and standard
methodology for prevention of gastric cancer has not been established yet. Thus, it is

also important to find a preventive treatment for gastric cancer.
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Gastric cancer stem cells and the niche

Stem cell is an undifferentiated cell characterized by self-renewal (producing more stem
cells) and potency (the ability to differentiate into different cell types). There are two
types of self-renewal; symmetric division provides that one stem cell divides into two
new stem cells, and asymmetric division provides that one stem cell divides into another
stem cell and one differentiating cell. The differentiation of stem cells is towards
terminal differentiated cells through transiently amplifying cells and progenitor cells
[103]. Progenitor cells are early descendants of stem cells that can differentiate to one or
more kinds of cells, but lack self-renewal potential and indefinite cell division [104].
The balance of self-renewal and differentiation is extremely important for the
maintenance and survival of stem cells, and is regulated by their surrounding
microenvironment, the so-called “stem cell niche”. The stem cell niche provides signals
to stem cells to control the rate of stem cell proliferation, determine the fate of stem cell
daughters, and protect stem cells from exhaustion or death. Thus, the existence of stem
cell niche is essential for stem cells. The stem cell niche consists of various components
such as stromal cells, extracellular matrix, vascular and lymphatic networks,
macrophages, mast cells, fibroblasts, mesenchymal stem cells, schwann cells, paneth
cells, neurons, etc., although not all niches necessarily incorporate all of these
components [105]. Most of the stem cell niches are hypoxic (<10% O>) [106] and keep
the stem cells in quiescent state (stay in the Go phase of the cell cycle) to maintain the
long-term survival by avoiding exhaustion due to cell division and minimizing the risk

of DNA replication errors [107].
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The concept of stem cells has been extended to the cancer field by the discovery of
stem-like cells within tumors, referred to as cancer stem cells (CSCs). CSCs (also called
as cancer initiating cells) are the small subset of tumor cells and characterized by not
only self-renewal and differentiation abilities as shown in normal stem cells, but also
the ability to form cancer [108] (Fig. 2). CSCs also contribute to cancer relapse after
treatment and cancer metastasis [109]. Like normal stem cells, CSCs are strongly

dependent on its niche (Fig. 2).
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Figure 2 | Illustration of cancer stem cell niche. (modified from Arum et al.

Neoplasia. 2010 [110] (Paper S2))

Interestingly, CSCs can modify their niche by themselves, e.g., CSCs secrete vascular
endothelial growth factor (VEGF) that directly supports the development of the
angiogenesis within the tumor [111], and moreover, CSCs can transdifferentiate into
intra-tumor vascular endothelial cells by Notch and VEGF signals [112][113][114]. The
evidence of the existence of CSCs has been demonstrated in human acute myeloid

leukemia by Dick et al in 1997 [115], and then in solid tumor by Al-Hajj et al in 2003,
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who isolated CSCs from human breast cancer [116]. Accumulating data support that
CSCs exist in many types of solid tumors. In 2009, Takaishi et al identified CSCs in
gastric cancer by analyzing a series of human gastric cancer cell lines [117]. At the
same time, Fukuda et al described putative gastric CSCs by isolating and characterizing
the side population cells in five human gastric cancer cell lines and three cases of
primary human gastric cancers [118]. Since gastric CSCs can generate multiple different
types of cells within the tumor, high intra-tumor heterogeneity of gastric cancer also
indicates the existence of gastric CSCs [119][120]. The gastric CSCs are located mainly
in the mucous neck region of stomach at the stage of intestinal metaplasia, and at the
stage of gastric cancer, the cells are located at the luminal surface, tumor center, and
invasion front [121]. It was reported that the high expression of gastric CSCs is
positively correlated with TNM grading, invasion depth, malignant transformation,
metastasis and relapse of gastric cancer [122]. Myofibroblasts, cancer-associated
fibroblasts and macrophages have been considered as major components of the niche for
gastric CSCs [123][124][125][126]. Some potential gastric cancer stem and progenitor
cell markers have been identified. CD44 (Cluster of differentiation 44), including its
variant CD44v6, is a class | transmembrane glycoprotein that acts as the receptor for
extracellular matrix such as hyaluronic acid. CD44 is one of the first specific markers of
CSCs in solid tumors, and has been proven to be the most useful for the identification of
CSCs in solid tumors [117][127]. Leucine-rich repeat-containing G-protein coupled
receptor 5 (Lgr5) is a G-protein-coupled receptor with a large N-terminal extracellular
domain containing several leucine-rich repeats. Lgr5 was initially identified as a Wnt

target gene in colon cancer cell lines and intestinal crypts in vivo [128]. Lgr5 has been
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widely used as a marker of stem cells, and is a marker of gastric stem cells in both
normal and cancer tissues [129]. In the stomach, Lgr5-positive cells are concentrated on
the lesser curvature and in the antrum where tumor is often found [130]. Dclkl
(doublecortin-like kinase 1 protein) is encodes a microtubule-associated protein with a
C-terminal serine-threonin kinase domain that is expressed in neural radial glia cells and
gastric tuft cells, and the up-regulation of Dclk1 has been associated with inflammation-
induced carcinogenesis [131]. Dclkl is a putative gastric progenitor cell marker [132],
and furthermore, Dclk1 marks intestinal CSCs in Apc(Min/+) mice [133]. Although the
origin of gastric CSCs has not yet been conclusively elucidated, some studies have
suggested that gastric CSCs may originate from normal gastric stem or progenitor cells,
or bone marrow-derived cells (BMDCs). There was a report showing Helicobacter
pylori induced malignant transformation of gastric stem cells into gastric CSCs [73].
BMDCs migrate to and differentiate into the gastrointestinal tract epithelia contributing
to the recovery from severe epithelial damage in human patients with gastric ulcer or
intestinal inflammation [134]. Previous studies have shown that BMDCs contributed
directly to angiogenesis in tumor formation, and the BMDCs partly derived cancer-
associated fibroblasts, which is known to be an important component of gastric CSC
niche [135]. Another study has also demonstrated that in a mouse model of severe
gastric mucosal injury induced by chronic inflammation via infection of Helicobacter
felis, transplanted BMDCs engrafted into the gastric mucosa and appeared to replace a
great portion of the epithelium with donor cell progeny. Importantly, in the absence of
injury, there was no substantial contribution of BMDCs, suggesting that this event may

not occur in the normal homeostatic maintenance of the epithelium. The mice infected
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with Helicobacter felis induced gastric mucosal atrophy, metaplasia and eventually
gastric cancer, which were associated with the recruitment of BMDCs [136].
Interestingly, the recruitment of BMDCs to the gastric mucosa was not observed during
acute gastric infection with Helicobacter species, nor was it observed during either
acute ulceration. Instead, BMDCs derived metaplasia arose only in the setting of severe
chronic inflammation [135]. Taken together, these data strongly suggest that gastric

CSCs originate from BMDCs, especially under chronic inflammation status.

Current conventional treatments for cancer, such as chemotherapy or radiotherapy, are
targeting on cancer cells (non-CSCs) and are insufficient to eradicate CSCs due to the
chemo- and radiation-therapy resistance of CSCs. The resistance against chemotherapy
in CSCs is considered to be due to following reasons. Chemotherapy is mainly targeting
the cell cycle of cancer cells, whereas most CSCs stay in the GO phase of the cell cycle
[107]. CSC niche is hypoxic [106], thus the cells are located far from the blood vessels
which deliver the anti-tumor drugs. Moreover, the structure of intra-tumor blood vessels
generated by angiogenesis is abnormal and chaotic, therefore the vessel network is
immature, thin-walled, tortuous and leaky, leading to high interstitial fluid pressure
which interrupts the anti-tumor drug delivery [137][138]. In addition, CSCs
overexpresses ATP-binding cassette transporters (ABC transporters) which play an
important role for the elimination of drug from the cells [139]. These factors may
explain why the recent studies using CSC-targeted drug therapy have not shown
significant outcomes yet. Hypoxic CSC niche also induces the resistance against
radiotherapy because oxygen is a well-known radiosensitizing agent due to its ability to

form radiation-induced reactive oxygen species damaging DNA, thus low oxygen status
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can avoid the radiation-induced damage [140]. According to the CSC model, targeting
specifically on cancer cells (hon-CSCs) by conventional cancer therapy may lead to
tumor relapse, as it will not be successful in treating the patients with recurrence of
cancer, but in fact will promote more malignant features in the relapsed cancer as
showed in study using computational modeling [141]. This was supported by the studies
using in vivo and in vitro models of skin and breast cancer [142][143]. On the other
hand, targeting only CSCs may be insufficient for the rapid tumor regression or
shrinkage because CSCs represent only a small proportion of the entire tumor so that
the eradication of CSCs may have little impact on the size of the tumor in short-term
and the residue of non-CSCs may still have malignant features, but in long-term, the
tumor would be expected to exhaust itself and wither away because the tumor has lost
the capacity of prolonged self-renewal [144]. In fact, the study using a genetically
engineered mouse model of glioma has demonstrated that treatment targeting
specifically on CSCs did not reduce the number of cancer cells but the combination
therapy targeting both CSCs and non-CSCs reduced the cell number and prolonged
survival compared with non-CSCs-targeted therapy [145]. Therefore, simultaneous
attacking both cancer cells (non-CSCs) and CSCs should be considered to be used to

eradicate a cancer [146] (Fig. 3).
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Figure 3 | Theoretical strategy to eradicate cancer including non-CSCs and CSCs.

(modified from Kaiser. Science. 2015 [146])

These observations emphasize the necessity of novel therapeutic approaches targeted
toward CSCs in addition to the current conventional therapy in order to achieve better

clinical outcomes for patients with gastric cancer.

Whnt signaling in gastric cancer and the stem cells

Wht signaling pathway consists of three pathways; canonical Wnt pathway (Wnt/p-
catenin pathway), noncanonical Wnt/planar cell polarity pathway, and noncanonical
Wnt/Ca®* pathway. All these three pathways are activated by the binding of Wnt ligands
to a Frizzled family receptor, which transmits the biological signal to the Dishevelled
protein inside the cell. In the canonical Wnt pathway, binding of Wnt ligands to

Frizzled family receptor and/or lipoprotein receptor-related protein (LRP) receptor leads
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to activation of Dishevelled, which in turn inhibits GSK-3p mediated phosphorylation
of B-1catenin, subsequently the B-catenin stabilizes, accumulates in the cytosol, and

translocates to the nucleus, where it activates the transcription [147][148] (Fig. 4).

Canontealpativay
p
Seaokd car
c v
= Wt -D'A |GSE-36 ’57 [ ""‘FJLEF}—P()—b
Ry s [ aro |1 cxia ‘ Dits
Wit 1 | [FEDE x
5 !
|
P }
IS er——
[sipt | o ‘pathiay
iquitin medeated.
roteolysis
e » Proteolysis
Plagar cell polarity (PCPY
pathy: Foral adhesion

MIAPK signaling
ey

.

S o) Ml . (mz}+o—+

TT G probin? s
Y PKC

04310312620
) Karehisa Laboratories

Figure 4 | Overall picture of Wnt signaling pathway. (from KEGG database)

The biological effects of the Wnt signaling pathway are mediated by the regulation of

target genes such as Cyclin D1, Axin2, Myc, Lgr5, CD44 and Sox9 [130].

Whnt signaling pathway is involved in cancer initiation, progression, recurrence and
metastasis [149][150][151][152][153]. As to the metastasis, Wnt signaling pathway
mediates VEGF signaling pathway and is implicated with both angiogenesis [154] and
lymphangiogenesis [155]. Moreover, it has been reported that migrating CSCs, located

at the tumor invasive front, exhibited epithelial-mesenchymal transition (EMT) and the
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activated Wnt signaling pathway [156]. Wnt signaling pathway as well as Hedgehog
and Notch signaling pathways plays a key role in the regulation of normal and CSCs
[157][158]. Aberrant activation of Wnt signaling pathway in normal stem cells can

promote their transformation into CSCs [159].

Whit signaling controls gastric stem cells and epithelial homeostasis in the stomach
[130][160]. Most gastric cancer patients (over 50%) overexpresses Wnt signaling
pathway [161][162], and the Wnt signaling pathway is related to gastric cancer
initiation, progression, tumor invasion, metastasis and lower 5-year survival of gastric
cancer patients [153][161][163][164][165]. Furthermore, the Wnt signaling pathway is
essential for the self-renewal and the maintenance of gastric CSCs
[70][123][166][167][168]. Interestingly, it has been reported that Helicobacter pylori or
HER-2 regulates gastric CSCs via Wnt signaling pathway [169][170]. Taken together,
these data strongly suggest that Whnt signaling pathway is a very important target in

gastric cancer therapy.

Crosstalk between nerve and cancer

Numerous studies have reported the nerve-cancer crosstalk [171]. It is well described

that tumor cells migrate and proliferate along the nerves, which is known as perineural
invasion. The perineural invasion has been reported in many types of cancer including
gastric cancer [172], and is frequently associated with poor clinical outcomes in terms

of tumor size, tumor depth and invasion, stage of cancer, lymph node metastasis, cancer
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recurrence, and survival [173][174][175][176][177]. Protein gene product 9.5 (PGP9.5)
is a neuron-specific marker, and is also correlated with poor prognosis in cancer patients
[178][179][180][181]. Tumaors can initiate their own innervation by releasing
neurotrophic factors and some molecules to induce neurogenesis around the tumors and
axon guidance or neurite outgrowth towards the tumors [182], while the
neurotransmitters or neuropeptides secreted from the nerves stimulate the tumor cell
proliferation, migration, invasion and survival, leading to the tumor development,
progression and metastasis [183][184][185] (Fig. 5). Neoangiogenesis and
lymphangiogenesis support metastasis development of cancer. The tumor cells release
VEGF in addition to neurotrophic factors, which promotes not only neurogenesis but
neoangiogenesis and lymphangiogenesis as well [186][187]. Nerve is often wiring
together with blood and lymphatic vessels, and sharing common factors with them
[188][189], thus these three processes (innervation, neoangiogenesis and
lymphangiogenesis) are likely to occur simultaneously and contribute to the cancer
metastasis [190]. It should be noted that Wnt signaling pathway plays important role in
neurogenesis [191] and axon guidance [192] in addition to angiogenesis [154] and
lymphangiogenesis [155], suggesting that Wnt signaling pathway may also contribute to

those processes in the nerve-cancer crosstalk (Fig. 5).
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Figure 5| Illlustration of nerve-cancer crosstalk. (modified from Mancino et al. Biochim

Biophys Acta. 2011. [184])

The nerve is involved in the regulation of stem and progenitor cells [193][194], and
could also modulate the conversion of stem or progenitor cells into cancer cells [195].
In fact, it has been reported that tumor infiltration by autonomic nerves is essential for

prostate cancer development and metastasis [196].

Vagus nerve is strongly related to the gastric physiology and homeostasis including the
gastric acid secretion, gastric motility and maintenance of the mucosal integrity
[197][198]. The autonomic innervation of the stomach is largely parasympathetic, and
main branch of vagus nerve fiber is distributed along the lesser curvature of the stomach
in both humans and rodents [199][200], where gastric cancer is frequently found. MsR
is the most abundant acetylcholine receptor in parietal cells and chief cells of the

stomach [201]. It has been known that muscarinic receptors and the ligands play key
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roles in cancer progression [202], and the stimulation of MsR is associated with the
tumor growth in colon [203], prostate [204] and lung cancers [205]. Additionally, we
previously reported that MsR plays an important role in cell proliferation of the oxyntic
mucosa of stomach [206]. These findings suggest that vagus nerve is a novel target for
gastric cancer therapy, so that we investigated the potential role of the vagus nerve in

gastric tumorigenesis (Paper I).

Part I1: Background in obesity
Obesity in general

Obesity has become a global public health concern, since it is well recognized as a risk
factor for many diseases such as type 2 diabetes mellitus, hypertension, myocardial
infraction, stroke, fatty liver disease, dementia, osteoarthritis, and obstructive sleep
apnoea [207]. Body mass index (BMI) is the most commonly used to assess the
overweight and obesity. It can be calculated by the following formula; BMI (kg/m?)
=body weight (kg) /height (m)2. According to the WHO classification, a normal BMI
range is 18.5 to 24.9, whereas a BMI>25 kg/m? is considered to be overweight, and a
BMI>30 kg/m? is classified as obese (class | obesity; BMI>30 kg/m?, class Il obesity;
BMI>35 kg/m?), with severe obesity (class 111 obesity) and super obesity (class IV
obesity) defined as a BMI>40 kg/m? and BMI>50 kg/m?, respectively [208][209]. In
2015, 600 million adults and 100 million children were obese worldwide. The overall

prevalence of obesity was 12% among adults and 5% among children. In adults, the
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prevalence of obesity was commonly higher among women than among men in all ages.
Overweight and obesity rates have increased considerably during the past 35 years
globally, i.e., the age-standardized prevalence of overweight (BMI1>25 kg/m?) increased
from 26.5% in 1980 to 39.0% in 2015, and the prevalence of obesity (BMI>30 kg/m?)
likewise increased from 7% in 1980 to 12.5% in 2015. There was some variability
between countries and regions in the prevalence of obesity, the highest prevalence of
obesity was observed in the United States (34%), whereas African and Asian regions
had much lower prevalence of obesity, which was lowest in Vietnam (1.6%). High BMI
was associated with 4 million deaths annually, and more than two thirds of the deaths
related to the high BMI were due to cardiovascular disease [210][211]. Obesity is
believed to be caused by the imbalance between energy intake and energy expenditure,
thus basic strategy of treatment for obesity aims at reducing calorie intake and

increasing energy expenditure [207][212].

Bariatric surgery

Although there are various approaches to treat obesity, such as diet control, physical
exercise and medications, the long-term effects on weight loss are relatively poor [213].
Bariatric surgery is the only treatment which have shown the efficacy on long-term
weight loss [214][215]. According to the practice guidelines, obese patients with a
BMI>40 kg/m?, or BMI>35 kg/m? associated with comorbidities can be subjected to
bariatric surgery [209][213]. During the evolution of surgery for morbid obesity, many

different bariatric surgical procedures have been developed.
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Vagotomy with pyloroplasty (VTPP) (Fig. 6) had commonly been used to treat peptic
ulcers until the Hz antagonists or proton pump inhibitors (gastric acid blockers) were
developed [216]. VTPP was also suggested for treatment of severe obesity [217].
Recently, the so-called “Vagal BLocking for Obesity Control” (VBLOC) therapy was
created. In contrast to VTPP, this VBLOC procedure is reversible and much less
invasive weight loss surgery. The VBLOC therapy is performed by using a small
implanted device blocking the vagus nerve with high frequency electrical pulses.
Although this therapy demonstrated body weight reduction in the initial clinical trial,
the therapeutic mechanisms are not yet fully understood [218]. Hence, in this thesis, we
investigated the potential role of vagus nerve in body weight, eating behavior and

energy expenditure by using rats subjected to VTPP (Paper II).

Gastric bypass (GB) (Fig. 6) had been the most common bariatric surgery worldwide
until around 2013 due to the abundant evidences showing high efficacy and safety
[219]. The initial procedure of GB was invented by Dr. Edward Mason in 1965, and
later it was converted to Roux-en-Y procedure which was created by Dr. Cesar Roux in
1897. GB is designed to create a small pouch in the stomach to produce early satiety
and a consequent reduction in food intake, and moreover to induce malabsorption by
creating an intestinal bypass and/or by accomplishing distal mixing of bile acid and

pancreatic juice with ingested nutrients, thereby reducing absorption [220].

Duodenal switch (DS) with sleeve gastrectomy (SG) (Fig. 6) is the most effective
procedure among bariatric surgeries, producing marked weight loss and comorbidity

reduction [221], alternatively DS+SG has greater side effects including nutritional

47



deficiencies, anemia, osteopenia and severe diarrhea [214][222]. In addition to these
side effects, the DS+SG procedure has the highest mortality among bariatric surgeries
because of its complex and difficult surgical procedure [220][223]. Thus, the DS+SG
procedure tends to be used only for the patients with super obesity (BMI>50 kg/m?)
[224]. The DS+SG procedure was initially created as surgical solution for primary bile
reflux gastritis and/or to decrease postoperative symptoms after distal gastrectomy and
gastroduodenostomy [225]. The surgical procedure of DS+SG usually consists of two
phases; as the first phase, an approximately 75% longitudinal gastrectomy (i.e., SG
procedure) is performed, and the second phase is done by creation of an alimentary limb
approximately 50% of total small bowel length (i.e., bypassing jejunum), a common
channel length of 100 cm, and cholecystectomy [221]. Even though DS+SG and GB
shares similar surgical concepts, many clinical studies have demonstrated that DS+SG
is superior to GB in body weight loss [226][227][228][229][230][231][232], although
the mechanism of the difference remains unknown. In this thesis, we compared the
postoperative effects of DS+SG vs. GB on eating behavior and metabolic parameters in

addition to body weight by using rat models (Paper 111).

Sleeve gastrectomy (SG) (Fig. 6) has currently become the most common bariatric
surgery due to the simpler surgical technique compared to GB [233][234]. This
procedure was originally proposed as the first stage followed by Rouex-en-Y GB or DS,
and has recently been used as an independent bariatric surgery due to lower risks of
surgical complications [220][235]. SG is usually performed by laparoscopically assisted
vertical gastrectomy using a Dexterity Pneumo Sleeve device, leading to reducing the

stomach size to about 25% [224].
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Figure 6 | lllustration of bariatric surgeries. (modified from Rabben et al. Curr Neuropharmacol.

2016 [236], Nguyen et al. Nat Rev Gastroenterol Hepatol. 2017. [237])

Previously, we compared the eating behavior in rats that underwent a total gastrectomy
vs. GB and found that the food intake and meal size were reduced after total
gastrectomy but not GB, thus suggesting that the control of food intake was independent
of the food reservoir function of the stomach [238]. Therefore, we hypothesized that SG
might not reduce food intake, and thus the DS procedure could be and independent
weight loss surgery. Hence, we evaluated the effects of SG alone and DS with/without

SG on body weight, eating and metabolic parameters in this thesis (Paper I1).

Obesity and cancer

Many reports have demonstrated that obesity is the risk factor for several types of
cancer [207][208][239][240][241] including gastric cancer [81]. Obesity is well-known

to induce low-grade but systemic chronic inflammation, which is a crucial component to
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develop and progress the cancer [242][243][244]. The cancer-promoting caused by
obesity-associated chronic inflammation is considered to be largely attributable to the
innate immune cells especially macrophages mediated from inflamed adipose tissues
[245]. In fact, obesity increases not only cancer risk but also cancer mortality rate [246].
Bariatric surgery is reported to reduce cancer risk and its mortality [247], however only
in the case of success in body weight loss after surgery [215]. Therefore, it is very
important to select the right bariatric surgery to the right obese patient. To achieve this,
it is essential to know the underlying mechanism of each bariatric surgery. However,
many surgeons have generally performed a surgery based on experience without
understanding the mechanisms, i.e., evidence-based surgery, leading to unstable post-
operative outcomes [248]. Moreover, in obesity research, translation of newly acquired
evidence to surgical practice is slow and incomplete because of following reasons; (i)
From an ethical as well as a methodological point of view, it is hard to conduct placebo-
controlled clinical trials including “blinding” or “sham operation”. (ii) Standardization
of surgical treatment is difficult due to the variability of surgical skills, surgical
technique, surgical materials, strategy, and pre-/post-operative cares depending on each
surgeon or other members of the team. (iii) Economic bias for making decision, i.e., the
selection of surgery is not simply decided by only surgeons, but also by patient’s
demand due to the high cost for surgery. (iv) Lack of conducting preclinical research
using adequate animal models [249]. In contrast to clinical studies in obesity research,
preclinical study using animal models enables to provide same conditions in all groups,
to include sham-operated control group, to use comprehensive monitoring system for

collecting sophisticated eating and metabolic data, to collect various samples, and to
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exclude the economic, mental or operation performer-dependent biases. Thus, the
evidence obtained from preclinical animal studies should be considered as a high-level
evidence in obesity research, which probably is feasible to translate the findings into the
surgical practice. Therefore, in this thesis, we conducted the translational research using
appropriate animal models in order to elucidate the mechanisms underlying bariatric

surgeries with attempt to develop the evidence-based bariatric surgery (Papers Il, 111).
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Aims of the Studies

Principal Objective

To conduct translational research with attempt to develop personalized therapies for

gastric cancer and obesity.

Specific Objectives

B To investigate the potential role of vagus nerve on gastric tumorigenesis, and to

elucidate the underlying mechanisms for development of the new therapy (Paper ).

B To investigate the effects of VTPP, SG, DS with/without SG, and GB on body
weight, eating and metabolic parameters, and to elucidate the underlying
mechanisms (Papers Il, 11).

B To test the hypothesis that DS alone (without SG) could be an independent weight
loss surgery (Papers 11).

M To compare GB vs. SG+DS which have similar surgical concepts, and to elucidate
the mechanisms of the differences in those effects (Papers I11).
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Methods
Part I: Gastric cancer (Paper I)
Animals

The insulin-gastrin (INS-GAS) transgenic mice were generated by Dr. T.C. Wang and
his co-workers [250], and imported to Norway by Dr. D. Chen for these studies.
Animals were further bred through sibling mating for more than 20 generations. More
than 800 INS-GAS mice have been examined before these studies (presented in Paper
). Percentage of the mice without preneoplastic lesions was 3.7% at 6 months of age,
and incidence rate of spontaneous gastric corpus cancer increased from 75% (at the
beginning of this study in Jan. 2005) to 100% (May 2013) at 12 months of age without
an additional infection with Helicobacter pylori. For instance, 187 INS-GAS mice were
examined at 1 to 20 months of age during 2005, and 61 mice were found to have the
gastric tumor mostly after 9 months of age (Paper I; Fig. 1A). During 2012, 139 INS-
GAS mice were examined at 12 months of age and all the mice had the gastric tumor
(Y. Kodama, C-M Zhao and D. Chen, unpublished observation). The gastric cancer in
INS-GAS mice is developed through the stages of atrophy, metaplasia and dysplasia
[77]1[250]. Chemically-induced gastric cancer model was established according to our
previous report [251]. In brief, wild-type mice and muscarinic acetylcholine receptor M3
(M3R) knockout mice were exposed to N-methyl-N-nitrosourea (MNU, Sigma
Chemical, St. Louis, MO) which was dissolved in distilled water at a concentration of
240 ppm and freshly prepared twice per week for the administration in drinking water in

light-shielded bottles ad libitum. Mice at 4 weeks of age were given drinking water

53



containing MNU on alternate weeks for a total of 10 weeks. The development of tumors
was observed in wild-type mice by 56 weeks. M3R knockout mice were obtained from
Kyoto Pharmaceutical University [206]. The mice had higher water intake than age- and

sex-matched wild type mice (3.74+0.41 vs. 2.28+0.27 mL/24 hours, p<0.01).

All mice were housed 3-4 together in individually ventilated cages on wood chip
bedding with a 12-hour light/dark cycle, room temperature of 22°C and 40-60% relative
humidity, free access to tap water and standard pellet food (RM1 801002, Scanbur BK
AS, Sweden). All INS-GAS mice and FVB wild-type mice were housed at the standard
housing conditions in a specific pathogen-free in agreement with FELASA (Federation
of European Laboratory Animal Science Association) recommendations. MsR knockout
mice, Helicobacter pylori-infected H*/K*-ATPase-IL-18 mice [252], and wild-type
controls (C57BL/6 mice, Taconic, Denmark) were housed in a guaranteed animal
facility in Trondheim. Animal experiments were performed according to the guidelines
for the design and statistical analysis of experiments using laboratory animals [253]
after being approved by the Norwegian National Animal Research Authority

(Forsgksdyrutvalget, FDU).

Design of animal experiments

Five hundred eighty-one mice were divided into 14 experimental groups (Paper I; Table
S1). In each experiment, mice were randomly divided into different subgroups. The

animals, samples and treatments were coded until the data were analyzed. In the 1%
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experiment, 107 mice at 6 months of age underwent bilateral truncal vagotomy with
pyloroplasty (VTPP)(6 males, 19 females), pyloroplasty alone (PP)(7 males, 18
females), unilateral anterior truncal vagotomy (UVT)(11 males, 19 females) or sham
operation (11 males, 16 females). Six months after surgery (i.e. at 12 months of age),
the animals were euthanized, and the anterior and posterior parts of the stomachs

collected for histopathological and immunohistochemical analyses.

In the 2" experiment, 20 wild-type mice (FVB, the same genetic background as INS-
GAS mice) were exposure to MNU for one week every other week for 5 cycles (10
weeks). At 14 weeks of age (i.e., at one week after the completion of MNU treatment),
half group of MNU-treated mice was subjected to VTPP and another half group
received no surgery (no effects by PP in the 1% experiment). All mice were euthanized
at 13 months of age, and the stomachs were examined macroscopically as well as

collected for histopathological analysis.

In the 3 experiment, 24 H*/K*-ATPase-IL-1R mice (14 males and 10 females,
backcrossed to C57BL/6 for 10 generation) were inoculated with Helicobacter pylori at
3.5 months of age [252]. Infection of H*/K*-ATPase-IL-1R mice with Helicobacter
pylori accelerated gastric tumorigenesis, resembling Helicobacter pylori-related
atrophy-metaplasia-dysplasia sequence in humans. At 12 months of age (8.5 months
after Helicobacter pylori infection), half of the infected mice underwent UVT and the
other half underwent a sham operation (laparotomy). All the mice were euthanized 6
months later. The stomachs were examined macroscopically and collected for

histopathological analysis.
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In the 4™ experiment, 16 INS-GAS mice (5 males and 11 females) at 6 months of age
underwent unilateral Botox treatment and were euthanized at 12 months of age. The
anterior and posterior parts of the stomachs were collected for histopathological

analysis.

In the 51 experiment, 64 INS-GAS mice at 8 months (7 males and 10 females), 10
months (6 males and 8 females) and 12 months (6 males and 6 females) of age
underwent UVT, and 21 age-matched mice (8 males and 13 females) had no surgery. At
18 months of age, all surviving mice including 12 (6 males and 6 females) from the 8-
month group, 9 from the 10-month group (3 males and 6 females), 8 from the 12-month
group (4 males and 4 females), and 10 from the un-operated group (4 males and 6
females) were euthanized, and the anterior and posterior parts of the stomachs were
collected for histopathological analysis and genome-wide gene expression profiling

analysis. Survival analysis was also performed.

In the 6™ experiment, 26 INS-GAS mice at 12 months of age underwent Botox
treatments (only anterior or both anterior and posterior sides of the stomach with or
without UVT) or vehicle injection (both anterior and posterior sides of the stomach).
Mice were euthanized at 14 months of age. Both the anterior and posterior parts of the

stomachs were collected for histopathological analysis.

In the 7" experiment, 133 INS-GAS mice at 12-14 months of age received no treatment
(6 males and 6 females), saline (5 males and 5 females), 5-FU (5 males and 5 females),
oxaliplatin (5 males and 8 females), saline + unilateral Botox treatment (4 males and 6

females), unilateral Botox treatment + 5-FU (4 males and 6 females), unilateral Botox
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treatment + oxaliplatin (6 males and 7 females), sham operation (laparotomy) + 5-FU
+oxaliplatin (6 males and 9 females), unilateral Botox treatment + 5-FU + oxaliplatin
(11 males and 13 females), or UVT+ 5-FU + oxaliplatin (6 males and 10 females).
Denervation treatment was applied to only half of the stomach, such that the non-
denervated half of the stomach in each animal served as a control, either as
chemotherapy only or as an untreated control. All mice were euthanized 2 months after
starting the treatments, except for mice that died before the end of study, and both the
anterior and posterior parts of the stomachs were collected for histopathological

analysis. Survival analysis was also performed.
In the 8™ experiment, 16 INS-GAS mice at 6 months of age underwent UVT and were

euthanized at 2 months (1 male and 4 females), 4 months (2 males and 3 females), or 6
months (2 males and 4 females) postoperatively. The anterior and posterior parts of the

stomachs were collected for genome-wide gene expression profiling.

In the 91 experiment, 44 INS-GAS mice at 12-14 months of age received saline (3
males and 3 females), 5-FU + oxaliplatin (5 males and 8 females), darifenacin (6 males
and 6 females), or a combination of 5-FU + oxaliplatin and darifenacin (8 males and 5
females). Two months after starting the treatments, the mice were euthanized, and both
the anterior and posterior parts of the stomachs were collected for histopathological

analysis.

In the 10" experiment, both INS-GAS mice (6 males and 6 females) and wild-type mice

(10 males and 10 females) were subjected either to UVT or no treatment. Six months
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after surgery (at 12 months of age), the animals were euthanized and the anterior and

posterior parts of the stomachs were collected for gene expression analysis.

In the 11" experiment, 12 MNU-treated mice (6 males and 6 females) were subjected to
PP or VTPP at 6 months of age and euthanized 4 months later. The stomachs were

collected for qRT-PCR analysis.

In the 12" experiment, 7 M3sR knockout mice (4 males and 3 females) and 13 wild-type
mice (5 males and 8 females) (C57BL/6, the same genetic background as M3sR knockout
mice) were exposed to MNU and euthanized at 11 months of age. The stomachs were

examined macroscopically and were collected for histopathological analysis.

In the 13" experiment, 37 mice (20 males, 17 females) at 12-18 months of age
underwent a topical application of acetic acid on the anterior side of the stomach with or
without simultaneous UVT and were euthanized 1 week (5 males, 7 females), 2 weeks
(3 males, 9 females), or 3 weeks (12 males, 1 female) later, and the anterior parts of the

stomachs were collected for histopathological analysis.

In the 14™ experiment, 10 Lgr5-GFP mice (all males) were treated with MNU at 2
months of age, subjected to PP or VTPP at 19 weeks of age, and euthanized at 25 weeks

of age.

All animal experiments were designed by strictly following 3Rs (the guideline for

human use of animals; Replace, Refine and Reduce) [254].
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Animal surgery

All surgical procedures were performed under isoflurane inhalation anesthesia (2—3%),
with buprenorphine (0.1 mg/kg subcutaneously) given as postoperative analgesia. The
abdominal cavity was accessed through a midline incision. Sham operation consisted of
a laparotomy with mild manipulation of organs, including identification of the vagus
nerve. PP was done by longitudinal incision of the pyloric sphincter followed by
transverse suturing. VTPP was performed by subdiaphragmatic dissection of both the
anterior and posterior vagal trunks, and simultaneous PP to prevent post-vagotomy
delayed gastric emptying. In UVT, only the anterior truncal vagus nerve was cut (Paper
I; Fig. S2), leading to a specific vagal denervation of the anterior aspects of the stomach
with preserved pyloric function making PP unnecessary. Sample collection was done
under inhalation anesthesia as described, and the animals euthanized by exsanguination
while still under anesthesia. Body weight was not affected by surgery including VTPP,

PP and UVT (Paper I; Fig. S3).

Botox treatment

Botox (Botulinum Toxin Type A) inhibits release of neurotransmitters including
acetylcholine from vagus nerve terminals by following pharmacological mechanism; the
light-chain of Botox binds to and cleaves SNAP-25 (synaptosomal nerve-associated
protein 25) leading to the inhibition of exocytosis of synaptic vesicles containing

neurotransmitter at nerve endings [255][256]. However, this inhibition is reversible due
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to the neogenesis of the vagal presynaptic terminals, in contrast, inhibition by vagotomy

operation is irreversible. Thus, repeated injection of Botox was needed for this study.

Botox 100 U (Botox® Allergan Cooperation, Irvine, CA) was dissolved in 0.9% cold
saline and 1% methylene blue (for the purpose of visualization of the injection)
achieving a concentration of 0.25 U of Botox/mL. The Botox solution was injected
subserosally along the greater curvature into the anterior (unilateral Botox
treatment)(Fig. 7) or both anterior and posterior sides (bilateral Botox treatment) of the
stomach (only corpus area where tumor developed) at the dose of 0.05 U/mouse
(0.2mL/mouse) or 0.1 U/mouse (0.4mL/mouse) respectively, once per month until the

end of the study.
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Injecting Completed injection

Figure 7 | Photos of unilateral Botox injection. Botox was injected into only corpus area

in anterior side of the stomach.

In the control group, the vehicle solution was prepared with 0.9% cold saline and 1%
methylene blue and injected to both anterior and posterior sides of the stomach (only

corpus area where tumor developed) at the volume of 0.4mL/mouse. Body weight was

not affected by Botox treatment (Fig. 8).
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Figure 8 | Body weight comparison of INS-GAS mice under Botox treatment.
Botox treatment did not affect body weight in all groups. UB; unilateral anterior
Botox, BB; bilateral Botox, BB+UVT; bilateral Botox plus unilateral anterior
vagotomy. MeanszSEM. ns; p>0.05 (vs. Vehicle group, ANOVA followed by

Dunnett’s test).

Chemotherapy

5-Fluorouracil (5-FU, Flurablastin®, Pfizer, Inc., NY) was diluted in saline and given at
a dose of 25 mg/kg in volume of 1 mL. Oxaliplatin (Hospira, Inc. IL) was diluted in
saline and given at 5 mg/kg in 1 mL. Combination of 5-FU (25 mg/kg in 0.5 mL) and
oxaliplatin (5 mg/kg in 0.5 mL) was given at the same time, but the drugs were injected
separately. Chemotherapy was given by intraperitoneal injection weekly in 2 cycles,
namely 3 injections in the 1% month (one week after the 1% Botox or UVT surgery), and
3 injections in the 2" month (starting at one week after the 2" Botox or no UVT). Age-

and sex-matched mice received intraperitoneal injection of saline (1 mL) as controls.
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The injection needle was 27G. The dosages and regimens were made based on our pilot
experiments for selecting the doses and our own results showing no effect on tumor size

by 5-FU or oxaliplatin alone (p>0.05, n=8-13)(Paper I; Fig. S16).

Muscarinic acetylcholine receptor Ms antagonist treatment

Darifenacin was used for this study because this antagonist has the highest and specific
affinity to M3R compared with the other muscarinic receptor antagonists such as
solifenacin, tolterodine, oxybutynin, propiverine, pirenzepine [257][258]. Darifenacin
hydrobromide (Santa Cruz Biotechnology) was given at a dose of 1 mg/kg/h for 2

months via an osmotic mini-pump (ALZET 2006) as reported previously [259].

Tumor regeneration model

The method was previously reported by us and the topical application of acetic acid was
found to promptly necrotize the tumor tissue in INS-GAS mice [260](Paper S4). In
brief, under isofluran anesthesia, the stomach was exposed through a midline abdominal
incision and 60% acetic acid was topically applied serosally to the anterior side of the
stomach for 60 seconds using a 5 mm ID of cylindrical metal mold. In the experiment of
acetic acid-induced necrotic ulcer with UVT, the mice received UVT and then the acetic

acid application during the surgery.
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Pathological and immunohistochemical analyses

The samples for histology comprised multiple linear strips along the greater curvature
of the stomach wall, extending from the squamocolumnar junction through the antrum.
Samples were briefly rinsed in saline, fixed in 4% formaldehyde for 8-12 hours at room
temperature and embedded in paraffin. Sections (4 um thick) were stained with
hematoxylin, eosin and saffron. Pathological evaluation was performed by one
comparative pathologist (S.M.) and one histologist (C-M.Z.) who were blinded to the
sample source. The gastric lesions were scored on an ascending scale from 0 to 4 using
the criteria adopted from previous reports [261][262]. The size of visible tumor in the
stomach was measured by planimetric analysis according to the principle of stereology,
and expressed as volume density, i.e., the percentage of glandular volume occupied by
the tumor. Immunohistochemistry was performed using a DAKO AutoStainer
(Universal Staining System with DAKO EnVision System, Dako, Glostrup, Denmark).
Antibodies used were Ki67 (Dako, 1:100), PCNA (Dako, 1:100), M3R (Acris, 15
pHg/mL), CD44 (BD Pharmigen, 1:100), CD44v6 (Millipore, 1:200), and Dclkl (AbGent
1:100). Cell proliferation rate is expressed as number of Ki67 or PCNA immunoreactive
cells/gland. There was no difference between the two markers between two labs (TW
and DC). Slides were visualized on a Nikon TE2000-U and representative microphotos
were taken. Positive-stained cells with nuclei were counted only in dysplastic glands
and at least 50 glands were counted per animal in a blinded fashion, and results
expressed as numerical densities (number of cells per gland or number of cells per 10

glands).
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Vagus nerve fibers and terminals in the mouse stomach traced with Dil

The esophagus, diaphragm and stomach were removed from adult mice and fixed for 3
days with formaldehyde (from paraformaldehyde). Dil crystals were placed on the
anterior and posterior thoracic vagal trunks about 1 cm above the diaphragm, which was
left undisturbed. The preparation was incubated at 37° C in PBS containing 0.5%
sodium azide in a sealed container for 3 months. Following incubation, the stomach was
opened along the greater curvature, the mucosa and submucosa were removed and the
preparation were mounted, serosa side up, in buffered glycerol for microscopic
examination. Dil fluorescence was viewed with a Leica CTR6000 microscope equipped
with a cooled CCD camera and computer assisted video imaging. The entire gastric wall
was scanned with a 2.5x objective, and a montage was made of the resulting images
[263]. In order to observe the density of Dil-labled vagal fibers within the myenteric
plexus, additional images were obtained at higher magnification in the lesser curvature
close to the esophago-gastric junction, and the greater curvature. The density of Dil-
labeled fibers was estimated by point counting technique. A test system comprising a
1.0 cm square lattice was placed over each photograph, and the numbers of test points

overlying the Dil-labeled fibers and the visual field were determined.

RNA isolation, gene expression profiling by microarray and gRT-PCR arrays in mice and

humans

65



The collected mouse and human stomach samples were kept frozen at -80°C until
further processing. Total RNA from the frozen stomach samples was isolated and
purified using an Ultra-Turrax rotating-knife homogenizer and the mirVana miRNA
Isolation Kit (AM1560, Ambion) according to the manufacturer’s instructions.
Concentration and purity of total RNA were assessed using a NanoDrop photometer
(NanoDrop Technologies, Inc., Wilmington, DE). The A260/280 ratios were 2.05+0.01
for mouse samples and 1.96+0.10 for human samples (mean+SEM). RNA integrity was
assessed using a Bioanalyzer (Agilent Technologies, Palo Alto, CA) and found
satisfactory with RIN values 9.1+0.1 for mouse samples, and 8.7+0.9 for human
samples (meanstSEM). The microarray gene expression analysis followed standard
protocols, analyzing 300 ng total RNA per sample with the Illumina MouseWG-6 and
HumanHT-12 Expression BeadChips (lllumina, San Diego, CA). Microarray data were
confirmed by qRT-PCR array (RT? Profiler PCR Array, SABiosciences, Qiagen, MD)
(StepOnePlus™, Applied Biosystem, Foster City, CA). Mouse microarray data were
deposited in the Gene Expression Omnibus (GEO accession no. GSE30295), and human

data in ArrayExpress (accession no. E-MTAB-1338).

Fluorescence-activated cell sorting (FACS)

Single epithelial cells were isolated from Lgr5-GFP mouse stomachs. Isolated crypts
were dissociated with TrypLE Express (Invitrogen) including 1 mg/ml DNase | (Roche
Applied Science) for 10 minutes at 37°C. Dissociated cells were passed through a 20-

um cell strainer, washed with 2% FBS/PBS, and sorted by FACS (BD FACSAria Cell
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Sorter 111). Viable single epithelial cells were gated by forward scatter, side scatter and a
pulse-width parameter, and negative staining for propidium iodide. Cells expressing
high and low levels of GFP and 14 GFP-negative cells were sorted separately, and RNA

was isolated by using RNAqueous-Micro Kit (Ambion).

In vitro culture system

Wild-type, Ubiquitin C-green fluorescent protein (UBC-GFP), or Gt (ROSA) 26Sortm4
(ACTB-tdTomato,-EGFP) Luo/J mice (purchased from Jackson laboratory) were used
for in vitro culture. Crypt isolation and culture were performed, as described previously
[130] with minor modifications. Removed mouse stomach were opened longitudinally,
chopped into approximately 5 mm pieces, and incubated in 8 mM EDTA in PBS for 60
minutes on ice. The tissue fragments were suspended vigorously, yielding supernatants
enriched in crypts. Crypt fractions were centrifuged at 900 rpm for 5 minutes at 4°C and
diluted with advanced DMEM/F12 (Invitrogen) containing B27, N2, 1 uM n-
Acetylcysteine, 10 mM HEPES, penicillin/streptomycin, and Glutamax (all Invitrogen).
Crypts were embedded in extracellular matrix (provided from NCI) and 400 crypts/well
were seeded on pre-warmed plate. Advanced DMEM/F12 medium containing 50 ng/mL
EGF, 100 ng/mL Noggin, and 1 pg/mL R-spondinl was overlaid [264]. Growth factors
were added every other day and the entire medium was changed twice a week. Passage
was performed at day 7 as described previously [130]. Mouse primary neuronal cells
were prepared following the protocol described previously [265]. Neuronal cells were

mixed with extracted gastric crypts in the extracellular matrix at the ratio of
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crypt:neuron 1:5. Enteric nervous system was isolated from guinea pig as described
previously [266]. Botox, scopolamine hydrochloride, and pilocarpine hydrochloride
(Sigma) were dissolved in PBS and added in the cultured medium every other day. The
images of gastric organoids were acquired using fluorescent microscopy (Nikon,
TE2000-U) and two-photon microscopy (Nikon, ALIRMP). Isolation of mMRNA from
cultured organoids was performed by using NucleoSpin RNA XS kit (Clontech
Laboratories Inc, CA) as manufacture’s instruction. The first-strand complementary
DNA was synthesized using the ImProm-11 Reverse Transcription System (Promega).
Amplification was performed using the ABI PRISM 7300 Quantitative PCR System
(Applied Biosystems). Use of the animals involved in this experiment was approved by

the local ethical committer of Columbia University, New York.

Patients and methods

Three cohort studies were included. In the 1% study, human stomach specimens (both
tumors and the adjacent non-tumor tissues) were taken immediately after gastrectomy
from 17 patients during 2005 to 2010 at St. Olav’s University Hospital, Trondheim,
Norway for gene expression profiling analysis. All patients were diagnosed
histologically as primary gastric carcinoma of stage I-1V. 10 of 17 patients were
Helicobacter pylori positive at the time of surgery. In the 2" study, human stomach
tissues were obtained from 120 gastric cancer patients who underwent curative surgical
resection from 2001 to 2008 at Gifu University Hospital, Gifu, Japan. All patients were

diagnosed histologically as primary gastric carcinoma of stage I, 111 or IV.
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Immunohistochemical analysis of the nerve density was performed with PGP9.5
antibody (DAKO at dilution 1: 100). Low and high expression of PGP9.5 were defined
by bisecting subjects in order of the volume density of PGP9.5. In the 3' study, clinical
data of 37 patients with early gastric stump cancer (GSC) who had received distal
gastrectomy with or without vagotomy during 1962 to 1995 at the National Cancer
Center Hospital East, Chiba, Japan were evaluated. Early GSC was defined as gastric
cancer that occurred >5 years (from 5 to 36 years) after curative distal gastrectomy,
regardless of the original benign or malignant disease. Early GSC was histologically
defined as adenocarcinoma infiltrating the mucosal or submucosal layer. The tumor
location was recorded according to the recommendation by the Japanese Gastric Cancer
Association: anterior or posterior wall, or lesser and greater curvature [267]. All the
study protocols were approved by the ethics committees in Japan and Norway, and

written informed consent was obtained from all patients.

Data analysis

Values were expressed as meanstSEM. Comparisons between experimental groups,
between anterior and posterior sides of the stomachs and between groups of patients
were performed using independent t-test, paired t-test, ANOVA followed by Dunnett’s
or Bonferroni test as appropriate. Survival curve was obtained by using Kaplan-Meier
method and analyzed by log-rank test. Tumor incidence was analyzed by Fisher’s exact
test. Microarray data were log2 transformed and quantile normalized. Gene expression

profiles from both microarray and gRT-PCR were analyzed independently by a paired
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robust t-test for mouse samples or a paired t-test for human samples. Paired t-statistics
were computed by fitting a linear robust or non-robust regression to the anterior and
posterior stomach samples within each mouse or to the cancer and the adjacent non-
cancerous tissue samples within each patient. False discovery rate adjusted p-values less
than 0.05 were defined as differentially expressed. Regulated pathways were identified
using signaling pathway impact analysis (SPIA) based on data from the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database, also scores of total net
accumulated perturbation (tA score) of pathways were obtained by SPIA (tA score>0:
activation, tA score<0: inhibition). The calculations were performed within the R
software environment (http://www.r-project.org/) using Lumi [268], Limma [269] and

SPIA [270].

Part I1: Obesity (Papers Il and 111)
Animals

Male rats (Sprague—Dawley) were purchased from Taconic M&B, Skensved, Denmark.
The males were preferred because females change their food intake during ovulation
and males grow faster than females, making it easier to detect body weight change. The
rats were housed in individually ventilated Makrolon cages on wood chip bedding with
a 12-hour light/dark cycle, room temperature of 22°C and 40-60% relative humidity.
They were allowed free access to tap water and standard rat pellet food (RM1 801002,

Scanbur BK AS, Sweden) containing metabolizable energy of 2.57 kcal/g. The study
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was approved by the Norwegian National Animal Research Authority

(Forsgksdyrutvalget, FDU).

Experimental design

In Paper 11, the animals were divided into the following groups: laparotomy (LAP),
pyloroplasty (PP), bilateral truncal vagotomy plus pyloroplasty (VTPP), sleeve
gastrectomy (SG), duodenal switch alone (DS), SG as the first stage and then DS as the
second stage (SG1+DS), and SG and DS simultaneously (SG+DS). 14 rats in control
groups have been re-used after a 9-week recovery from previous operation and revealed
an unchanged eating behavior and metabolic parameters. The rats were first subjected to
LAP (n=7), PP (n=7), or VTPP (n=7), respectively. After 9 weeks, LAP and PP rats
were subjected to SG and DS, respectively. After an additional 11 weeks, SG rats were
subjected to DS, and VTPP rats were simultaneously subjected to both SG and DS. An

additional group of age-matched rats were subjected to LAP (n=7).

In Paper 111, 34 rats were randomly divided into the following groups: gastric bypass
(GB) (14 rats), SG1+DS; (7 rats), and LAP (13 rats). The body weight was not different
between the groups before surgery (p=0.276). Total of 13 rats underwent LAP were
subjected to the age-matched controls for SG1+DS> (LAPps, 7 rats) or the age-matched
controls for GB (LAPgg, 6 rats), and were used for comparisons because metabolic
parameters are age-dependent [271][272]. Due to markedly loss of body weight after

SG1+DSy,, the group of SG1+DS; rats, together with LAPps rats, were followed up only
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for 8 weeks, while GB rats and LAPgg rats were followed up for 14 weeks. Rats that

had been used for studies of the effects of individual surgical procedures were re-used.

In Paper Il and 111, each rat was monitored weekly with respect to the body weight
development throughout the study period. Each rat was placed in the Comprehensive
Laboratory Animal Monitoring System (CLAMS) cage three times for 48 hours, i.e., 1
week before surgery, 1-3 (at short-term) and 8-14 weeks (at long-term) after surgery
for measurements of the eating and metabolic parameters. All animal experiments were

designed by strictly following 3Rs [254].

Bariatric surgeries

Rats were fasted excluding water for 12 hours pre- and 24 hours post-operation. All
operations were performed under general anesthesia with isofluran (4% for induction
and 2% for maintenance). Buprenorphine (0.05 mg/kg) was administrated as a pain

reliever subcutaneously immediately after surgery.

Laparotomy (LAP): LAP was performed through a middle-line incision with gentle

manipulation of viscera. There was no mortality in rats underwent LAP.

Bilateral truncal vagotomy (VT) and Pyrloroplasty (PP): PP was done by cutting off the

pyloric sphincter (2 mm) and sturing it vertically against the incision. VTPP was

performed by subdiaphragmatic dissection of both the anterior and posterior vagal
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trunks (Fig. 9A), and simultaneous PP to prevent gastroparesis-induced food retention

and gastric dilation (Fig. 6).

Sleeve gastrectomy (SG): SG was performed by resecting 90% of the rumen and 70%

of the glandular stomach along the greater curvature (Fig. 9B, C).

Figure 9 | The photo of VTPP (A) and SG (B and C) procedures. (A)

Identification and isolation of subdiaphragmatic truncal vagus nerve (both
anterior and posteior) before dissection. (B) Gross appearance of stomach

before SG. (C) Gross appearance of stomach after SG.

Duodenal switch (DS): DS was constructed by transecting the duodenum 1 c¢cm to the

pylorus, and a common channel was created by dividing the ileum 5 cm proximal to the
ileocecal junction (rats have a much longer jejunum than humans). The distal limb of
the ileum was anastomosed to the post-pyloric duodenum in an end-to-end manner, and

the stump of the duodenum was closed with cross-suture. The distal anastomosis was
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performed by joining the distal biliopancreatic limb at 1 cm to the ileocecal junction in

an end-to-side manner (Paper I11; Fig. 1H).

Gastric bypass (GB): GB was performed by anastomosing the distal esophagus to the

proximal jejunum about 2-3 cm distal to the Treitz ligament in an end-to-side manner

(Paper IlI; Fig. 1G).

Measurements of eating behavior and metabolic parameters

Eating and metabolic parameters were automatically and accurately recorded by the
comprehensive laboratory animal monitoring system (CLAMS; Columbus Instruments
International, Columbus, OH, USA). This system is composed of a four-chamber open
circuit indirect calorimeter designed for the continuous monitoring of individual rats

from each chamber (Fig. 10A, B).

The high-resolution eating data was generated by monitoring feeding balances every 0.5
seconds. The end of an eating event (meal) was recorded when the balance was stable
for more than 10 seconds and a minimum of 0.05 g was eaten. The eating parameters
during daytime and nighttime (12 hours each time) for each rat included: accumulated
food intake (g or kcal), number of meals, meal size (g/meal), meal duration (min/meal),
intermeal interval (min), rate of eating (g/min), satiety ratio (min/g) , and water intake
(mL). The intermeal interval was defined as the interval in minutes between two meals.

The rate of eating was calculated by dividing meal size by meal duration. The satiety
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ratio, an index of non-eating time produced by each gram of food consumed, was

calculated as intermeal interval divided by meal size.

The volume of O2 consumption (VO2 mL/kg/hr) and the volume of CO- production
(VCO2 mL/kg/hr) were measured by an air sample withdrawn every 5 min from each
chamber through the gas dryer (Fig. 10C). Energy expenditure (kcal/hr) was calculated
according to the equation: (3.815+1.232 RER) x VO, where the respiratory exchange
ratio (RER) was obtained by VCO: divided by VO.. RER is used as an indicator which
fuel, e.g., carbohydrate or fat, is being metabolized to supply energy to the body. RER
close to 1.0 indicates that carbohydrate is the predominant fuel resource, whereas RER
close to 0.7 indicates that fat is the predominant fuel resource, according to the chemical

equations below.

Under the condition of carbohydrate combustion

6 O2 + CsH1206 — 6 CO2 + 6 H0 + 38 ATP

RER =VCO2/VO2 =6 CO2/6 02 =1.0

Under the condition of fat combustion

23 Oz + C16H3202 — 16 CO2 + 16 H20 + 129 ATP

RER =VCO2/VO2 =16 CO2/23 02 =0.7
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Ambulatory activity was obtained by the activity sensors attached to each chamber (Fig.

10D).
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Figure 10 | The photo (A) and the illustration (B) of overview of CLAMS. (C) Air sampling
system of CLAMS. (D) Overview of CLAMS chamber and the activity sensor.

In order for rats to acclimate to CLAMS, they were placed in these metabolic chambers
for 24 hours at one week before the first CLAMS monitoring. For the measurement of
eating and metabolic parameters, the rats were placed in the CLAMS for 48 hours. In
order to minimalize possible effect of stress, data from the last 24 hours in CLAMS
were only used for the analysis. The CLAMS measurements of normal rats at day 1 and

21 one week after 24 hours training with CLAMS cages showed no significant
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differences in any eating parameters and activity, indicating that the animals were
acclimated to CLAMS (Paper Ill; Table S1). The rats have had free access to standard
rat powder food (RM1 811004, Scanbur BK AS, Sweden) containing metabolizable

energy of 2.57 kcal/g and tap water while they were in CLAMS.

Determination of fecal energy density

Feces were collected while the rats were placed in CLAMS chambers and dried for 72
hours at 60°C. The energy density was determined using an adiabatic bomb calorimeter

(IKACalorimeter C 5000, IKA-Werke GmbH & Co. KG, Staufen,Germany).

Determination of plasma levels of cytokines and CCK

Blood was drawn from the abdominal aorta under the anesthesia just before the rats
were euthanized, and the plasma samples were stored at -80°C until determination of
levels of cytokines and cholecystokinin (CCK). The multiplex cytokine assay was used
(Bio-Plex Human cytokine 27-Plex Panel; Bio-Rad Laboratories, Hercules, CA, USA).
It contained the following analytics: IL-1a, IL-1p, IL-2, IL-4, IL-5, IL-6, IL-10, IL-13,
granulocyte-macrophage colony stimulating factor (GM-CSF), interferon gamma
(IFNy), and tumor necrosis factor alpha (TNFa). CCK levels were determined by
radioimmunoassay with sulfated CCK-8 as standard, using a CCK kit (Euro Diagnostica

AB, Malmg, Sweden).
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Statistical analysis

The values were expressed as mean+SEM. Two-tailed independent-samples t-test or
Mann Whitney U test was performed for two-group comparisons, ANOVA followed by
Tukey’s or Bonferroni test was performed for multiple comparisons as appropriate, and
the homogeneity of regression assumption test and ANCOVA were performed for
analysis of energy expenditure. Analysis was performed using SPSS version 19.0 (SPSS

Inc. Chicago, IL, USA). A p-value of <0.05 was considered statistically significant.
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Results
Part I: Gastric cancer (Paper I)

High incidence of gastric tumors in lesser curvature of stomach was associated

with high vagal innervation

In human patients, it has been shown that there is a higher incidence of gastric cancer in
the lesser (~80%) than the greater curvature [68][273]. We also observed this
distribution in the INS-GAS mouse model, a genetic mouse model of spontaneous
gastric cancer, in which, we found a similar preponderance (77%) of tumors on the
lesser curvature (Paper I; Fig. 1A). Topographic analysis of vagus nerve fibers and
terminals in the murine stomach by Dil-tracing revealed a higher density of neurons and
larger size of ganglia in the lesser curvature compared to the greater curvature (Paper I;
Fig. 1B), correlating with the observed pattern of tumor formation. Thus, this strong
correlation between the normal distribution of vagal nerve fibers with the appearance of
gastric tumors in the INS-GAS mouse prompted us to study the role of nerves in gastric
tumorigenesis in a number of large cohorts of animals (Paper I; Table S1), using

surgical and pharmacological approaches.

Surgical denervation at preneoplastic stage attenuated tumorigenesis in mouse

models of gastric cancer
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In the first series of experiments, surgical vagotomy was performed in INS-GAS mice
at an early preneoplastic stage (6 months of age), and the effects of vagotomy were
examined 6 months later. INS-GAS mice (n=107) were subjected to either
subdiaphragmatic bilateral truncal vagotomy accompanied with a pyloroplasty drainage
procedure (VTPP), unilateral truncal vagotomy (UVT) (Paper I; Fig. S1), sham
operation (Sham), or pyloroplasty alone (PP). The unilateral vagotomy approach takes
advantage of the fact that each (anterior or posterior) vagal trunk innervates only one
half of the stomach. Consequently, denervation of one side of the stomach does not
impair the overall functional capacity of the stomach, leaving gastric acid output,
circulating gastrin levels and motility unchanged [198][274]. In addition, UVT provides
excellent model to know the role of vagus nerve specifically, by direct comparisons

between innervation and denervation sides within the same mice, i.e., same conditions.

Six months later, tumor incidences were 17% after VTPP vs. 86% after PP alone, 14%
in the anterior side vs. 76% in the posterior side after UVT and 78% in the sham-
operated mice (Fig. 11A)(Paper I; Fig. 1C). Histological examination showed that the
thickness of the oxyntic mucosa was reduced after VTPP (compared to PP) or UVT
(compared to the corresponding posterior side) (Paper I; Fig. 1D, Fig. S4), suggesting
successful denervation [197][198]. Pathological evaluation revealed attenuated
inflammation, epithelial defects, oxyntic atrophy, epithelial hyperplasia, dysplasia, and
pseudopyloric metaplasia, along with reduced cell proliferation (Paper I; Fig. 1E, F, Fig.
S5). Interestingly, the expression of M3R was found to be up-regulated in gastric

epithelial cells (Fig. 11B).
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Figure 11 | (A) Gross appearance of anterior and posterior stomachs at 12
months of age after (left) Sham at 6 months of age and (right) UVT at 6
months of age. Red arrow; vagotomized side. Tumor was not observed at
vagotomized anterior side of the stomach after UVT. (B) Number of M3R-
positive cells in the anterior and posterior mucosa of the stomach underwent
Sham, PP, UVT or VTPP, respectively. Means+SEM. *; p<0.05 (Anterior vs.
Posterior or PP vs. VTPP). Representative immunohistochemical

microphotographs in UVT group are shown below. Scale bars; 25 um.
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To confirm the effects of surgical denervation on gastric tumorigenesis seen in INS-
GAS mice, we investigated the chemically-induced (MNU) mouse model of gastric
cancer, which develops large tumors in gastric antrum [251].VVagotomy (VTPP)
significantly inhibited tumorigenesis (Paper I; Fig. 1G, H), further validating the general
importance of functional innervation in gastric tumorigenesis, across mouse models of
gastric cancer, we further investigated the infection-induced mouse model of gastric
cancer (Helicobacter pylori-infected H*/K*-ATPase-IL-18 mice) [252]. Vagotomy
(UVT) reduced tumor size and number of proliferating cells in the denervated side of
the stomach (Paper I; Fig. 11, J). Therefore, the findings from these three independent
mouse models of gastric cancer indicate the certainty and importance of functional

innervation in gastric tumorigenesis.

Pharmacological denervation at an early preneoplastic stage attenuated gastric

tumorigenesis

To establish that the effects of surgical denervation were primarily local (acting at the
terminals of vagus nerve within the gastric mucosa), unilateral intragastric injection of
Botox was performed in INS-GAS mice at 6 months of age. After 6-months Botox
treatment (monthly reinjection of Botox), tumor size and cell proliferation rate were
markedly reduced in the anterior side compared with the posterior side of the stomach.
Moreover, these changes were associated with attenuated inflammation, epithelial

defects, atrophy, hyperplasia, dysplasia and metaplasia (Paper I; Fig. 1K-N, Fig. S6).
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Hence, these findings confirm the role of local signaling from vagus nerve endings,

which is predominantly cholinergic, in gastric tumor development.

Surgical or pharmacological denervation attenuated gastric tumorigenesis at the

neoplastic stage

While vagotomy or Botox treatment appeared to inhibit the tumorigenesis at
preneoplastic stages, we next examined whether denervation of the stomach could retard
tumor progression at later stages. INS-GAS mice begin to develop dysplasia at 8
months of age, with almost 100% of mice exhibiting dysplasia by 12 months.
Accordingly, INS-GAS mice at 8, 10, or 12 months of age were subjected to UVT and
euthanized at 18 months of age. In these mice, tumors were significantly smaller with
less severe dysplasia in the anterior compared to the posterior side of the stomach,
suggesting that vagotomy also suppresses tumor progression in mice with established

neoplastic changes (Paper I; Fig. 2A-C).

While the average lifespan of wild-type FVB/N mice is well over 24 months, the
survival rate of INS-GAS mice at 18 months of age was 53%. Importantly, the 18-
month survival rate of age-matched vagotomized INS-GAS mice was improved: 71%
when UVT was performed at 8 months, 64% when performed at 10 months, and 67%
when performed at 12 months, respectively (Paper I; Fig. 2D). With the similar
experimental design, INS-GAS mice at 12 months of age were subjected to vehicle or

Botox treatment unilaterally or bilaterally with or without UVT (n=6-7 in each group at
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the beginning). Due to surgical mortality (n=4-6 in each group at the end), this
experiment was terminated at 2 months postoperatively. Nevertheless, cell proliferation
was significantly reduced in the anterior side of the stomach where Botox was injected,
when compared to the posterior side or vehicle-treated anterior side (Paper I; Fig. 2E).
The reduction in proliferation in the posterior side of stomach after bilateral Botox
injection did not reach statistical significance, probably due to the small sample size and
the technical difficulty of Botox injection to the posterior side of solid stomach caused
by gastric cancer (Paper I; Fig. 2E). The combination of UVT and Botox did not further
reduce the cell proliferation, indicating that vagotomy and Botox likely act through the
same mechanism. Overall, these results show that vagotomy (surgical denervation) or
Botox treatment (pharmacological denervation) inhibits gastric cancer progression even

when applied at the stage of dysplasia.

Vagotomy or Botox synergized with chemotherapy in treatment of the gastric

cancer in mice

We next examined whether denervation could enhance the effects of systemic
chemotherapy in invasive gastric cancer. INS-GAS mice at 14 months of age received
systemic administration of 5-FU+oxaliplatin, along with unilateral Botox treatment or
UVT or no additional therapy. An additional group of INS-GAS mice served as
untreated controls. As early as 2 months after starting treatment, tumor size was already
significantly reduced in mice treated with chemotherapy, particularly in areas of

denervated stomach following unilateral vagotomy or Botox injection (Paper I; Fig. 2F,
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G). Most importantly, the combination of either Botox or UVT with chemotherapy led
to a statistically significant increase in survival compared to chemotherapy alone (Paper
I; Fig. 2H). Thus, these findings suggest a synergistic effect of chemotherapy and

denervation on both tumor growth and survival.

Vagotomy led to inhibition of gastric Wnt signaling

Genome-wide gene expression profiling was performed in INS-GAS mice post
vagotomy (i.e., UVT performed at 6 months of age). Direct comparison between the
vagotomized anterior and the untreated posterior side of the same stomach, revealed
4495 differentially expressed genes annotated to 93 signaling pathways (6 months post-
surgery), with evidence for inhibition of the Wnt signaling pathway (Table 1)(Paper I;
Fig. 3, Fig. S9), a finding confirmed by immunohistochemical analysis of nuclear -
catenin and gRT-PCR array. As expected, vagotomy also inhibited signaling pathways
linked to gastric acid secretion, neurotrophin, actin cytoskeleton, mitogen-activated
protein kinase (MAPK) and hedgehog signaling, whereas it stimulated signaling
pathways of apoptosis and autophagy (Table 1)(Paper I; Fig. S8). Inflammation-related
signaling pathways - including T cell receptor signaling, natural killer cell mediated
cytotoxicity, leukocyte transendothelial migration, chemokine signaling and VEGF
signaling - were activated at 2 months, and then inhibited at 4 and 6 months after
vagotomy, whereas Toll-like receptor signaling was inhibited at all the time points
(Paper I; Fig. 4A). In contrast, inhibition of Wnt signaling was persistent at 2, 4, 6, 8,

and 10 months post vagotomy (tA=-0.208, -0.427, -8.614, -0.773, and -0.036,
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respectively). Thus, the gene expression profiling analysis pointed to a relatively

specific and long-lasting effect of denervation on suppressing gastric Wnt signaling.

Table 1| List of annotated KEGG pathways (in INS-GAS mice at 12 months of age,
6 months after UVT). Status: inhibition or activation by vagotomy in the anterior side

vs. the posterior side of the stomach.

KEGG ID Pathway tA score Status

4310 Wnt signaling pathway -8.614 Inhibited
4971 Gastric acid secretion -5.220 Inhibited
4650 Natural killer cell mediated cytotoxicity -3.678 Inhibited
4350 TGF-beta signaling pathway -3.391 Inhibited
4810 Regulation of actin cytoskeleton -2.547 Inhibited
4910 Insulin signaling pathway -2.255 Inhibited
5100 Bacterial invasion of epithelial cells -2.041 Inhibited
4930 Type Il diabetes mellitus -1.863 Inhibited
4620 Toll-like receptor signaling pathway -1.727 Inhibited
4670 Leukocyte transendothelial migration -1.465 Inhibited
4530 Tight junction -1.406 Inhibited
4370 VEGF signaling pathway -1.401 Inhibited
4722 Neurotrophin signaling pathway -1.353 Inhibited
4664 Fc epsilon RI signaling pathway -1.314 Inhibited
4720 Long-term potentiation -1.190 Inhibited
5223 Non-small cell lung cancer -1.152 Inhibited
4270 Vascular smooth muscle contraction -1.084 Inhibited
4914 Progesterone-mediated oocyte maturation -1.071 Inhibited
4950 Maturity onset diabetes of the young -0.871 Inhibited
5214 Glioma -0.777 Inhibited
5140 Leishmaniasis -0.726 Inhibited
5010 Alzheimer's disease -0.715 Inhibited
4621 NOD-like receptor signaling pathywa -0.631 Inhibited
4062 Chemokine signaling pathway -0.518 Inhibited
5016 Huntington's disease -0.492 Inhibited
4912 GnRH signaling pathway -0.385 Inhibited
5014 Amyotrophic lateral sclerosis -0.361 Inhibited
5332 Graft-versus-host disease -0.361 Inhibited
5330 Allograft rejection -0.345 Inhibited
4940 Type | diabetes mellitus -0.345 Inhibited
5210 Colorectal cancer -0.332 Inhibited
5320 Autoimmune thyroid disease -0.331 Inhibited
5416 Viral myocarditis -0.317 Inhibited
4012 ErbB signaling pathway -0.296 Inhibited
4010 MAPK signaling pathway -0.292 Inhibited
4360 Axon guidance -0.290 Inhibited
4920 Adipocytokine signaling pathway -0.276 Inhibited
5142 Chagas disease -0.257 Inhibited
4115 p53 signaling pathway -0.252 Inhibited
4660 T cell receptor signaling pathway -0.252 Inhibited
4340 Hedgehog signaling pathway -0.234 Inhibited
4320 Dorso-ventral axis formation -0.228 Inhibited
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4612
3320
4630
4672
5216
5310
4512
5012
4141
5412
5144
4142
4080
4962
5020
4742
4730
4970
4020
4110
4130
4666
4960
5218
4610
5322
5146
5221
4740
4150
4210
5220
5414
5217
4510
4623
5212
5213
4710
5219
5211
4622
4744
4140
4662
4540
5222
4060
4916
4114
4330

Antigen processing and presentation

PPAR signaling pathway

Jak-STAT signaling pathway

Intestinal immune network for IgA production
Thyroid cancer

Asthma

ECM-receptor interaction

Parkinson's disease

Protein processing in endoplasmic reticulum

Arrhythmogenic right ventricular cardiomyopathy

Malaria

Lysosome

Neuroactive ligand-receptor interaction
Vasopressin-regulated water reabsorption
Prion diseases

Taste transduction

Long-term depression

Salivary secretion

Calcium signaling pathway

Cell cycle

SNARE interactions in vesicular transport
Fc gamma R-mediated phagocytosis
Aldosterone-regulated sodium reabsorption
Melanoma

Complement and coagulation cascades
Systemic lupus erythematosus
Amoebiasis

Acute myeloid leukemia

Olfactory transduction

mTOR signaling pathway

Apoptosis

Chronic myeloid leukemia

Dilated cardiomyopathy

Basal cell carcinoma

Focal adhesion

Cytosolic DNA-sensing pathway
Pancreatic cancer

Endometrial cancer

Circadian rhythm - mammal

Bladder cancer

Renal cell carcinoma

RIG-I-like receptor signaling pathway
Phototransduction

Regulation of autophagy

B cell receptor signaling pathway

Gap junction

Small cell lung cancer
Cytokine-cytokine receptor interaction
Melanogenesis

Oocyte meiosis

Notch signaling pathway

Inhibited
Inhibited
Inhibited
Inhibited
Inhibited
Inhibited
Inhibited
Inhibited
Inhibited
Mixed
Mixed
Mixed
Mixed
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
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Muscarinic acetylcholine receptor M3 activation drove Whnt signaling in gastric

stem and progenitor cells

The Wnt signaling pathway is a major regulator of gastrointestinal stem and progenitor
cells and tumorigenesis [275][276]. CD44 is a known target of the Wnt signaling
pathway [277], and has been shown to label a cancer initiating cell population (i.e.
CSCs) [117]. Lgr5 is a marker of gastric stem cells in both normal and cancer tissues,
and also a target of the Wnt signaling pathway [129]. Either vagotomy (VTPP and
UVT) or Botox treatment induced down-regulation of CD44 (and CD44v6) in the
gastric mucosa of INS-GAS mice, although the combination of vagotomy and Botox did
not lead to a further decrease in CD44 expression (Paper I; Fig. 4B, C, Fig. S10, Fig.
S11). Vagotomy also reduced the expression of Wnt target genes, such as Cyclin D1,
Axin2, Myc, Lgr5, and Cd44, in MNU-treated mice (Paper I; Fig. 4D). The number of
cells with nuclear B-catenin and the number of Lgr5-positive cells in MNU-treated mice
were reduced after vagotomy (Paper I; Fig. 4E, F). Dclkl is a maker of gastric
progenitor cells and gastrointestinal CSCs [132][133]. Vagotomy (both VTPP and
UVT) was associated with downregulation of Dclk1 together with the downregulation
of CD44 in the gastric mucosa (Fig. 12A), consistent with the inhibition of Wnt and
inflammation-related signaling pathways. Similarly, Botox treatment reduced the

expression of CD44, CD44v6 and Dclk1 in the stomach (Fig. 12B)(Paper I; Fig. 4C).
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Figure 12 | (A) Graph showing numbers of Dclk1-positive cells in the anterior and
posterior mucosa of the stomach underwent Sham, PP, VTPP or UVT, respectively (left),
and the representative immunohistochemical microphotographs in UVT group (right).
Means+SEM. **; p<0.01, ***; p<0.001 (Anterior vs. Posterior or PP vs. VTPP). Scale bars;
25 um. (B) Effects of Botox treatment on numbers of Dclk1-positive cells. Means=SEM.

**: p<0.01 (Anterior vs. Posterior).

These observations are consistent with previous studies showing that the vagus nerve
stimulates progenitor cell proliferation in the brain and liver through the MsR
[278][279], and that activation of muscarinic receptors can lead to an increased Wnt
signaling, which is independent of Wnt ligands [280]. Taken together, these results
suggest that disruption of neuronal signaling inhibits Wnt signaling and thereby stem
and progenitor cell expansion, resulting in the suppression of tumor development in

both INS-GAS and MNU mouse models.

Whnt signaling is also involved in tumor regeneration [145]. We have established an

INS-GAS mouse model of tumor regeneration through topical application of acetic acid
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[260](Paper S4), and found that vagotomy delayed tumor regeneration in the denervated

side of the stomach (Paper I; Fig. S12).

We next examined whether vagotomy down-regulated Lgr5 expression through the
muscarinic acetylcholine receptors. Gastric epithelial cells from Lgr5-GFP mice were
sorted on the basis of GFP expression, then gene expression of the muscarinic
acetylcholine receptors was tested in Lgr5-negative, Lgr5-low, and Lgr5-high cell
populations (Paper I; Fig. 5A). There was coexpression of Lgr5 and Chrm3 (the gene
encoding MzR) in the cells from Lgr5-GFP mouse stomach, but the expressions of other
subtypes of muscarinic receptor were remarkably low in those cells (Paier I; Fig. 5B,
C), suggesting that Lgr5-positive stem cell function is possibly modulated by MzR
signaling. To confirm the involvement of M3R in the gastric tumorigenesis, we treated
INS-GAS mice by continuous infusion of darifenacin which is the specific MsR
antagonist [257][258], in combination with chemotherapy. Using an experimental

design similar to that of the Botox and vagotomy experiments, we found

that the combination of darifenacin and chemotherapy reduced cellular proliferation of
the tumors (Paper I; Fig. 5D). Furthermore, Wnt signaling pathway was analyzed in
M3R knockout vs. wild-type mice and it was found that several key genes, including one
encoding B-catenin, were downregulated (Paper I; Fig. S13). Next, MsR knockout mice
and wild-type controls were treated with MNU. At 7.5 months after MNU treatment (11
months of age), MsR knockout mice had fewer tumor incidence (57.1% vs. 100%,
p<0.05) and smaller tumor size when compared to wild-type controls (Paper I; Fig.5E,

F). Thus, it is suggested that the vagus nerve regulates gastric tumorigenesis at least in
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part through MsR—mediated Wnt signaling, which is operative in gastric stem and

progenitor cells.

Nerves stimulated gastric stem and progenitor cells in vitro via muscarinic

acetylcholine receptor M3-dependent Wnt signaling

To demonstrate the potential regulatory role of nerves in the growth of the gastric
epithelium, we utilized an established in vitro culture system for gastric organoids
[130]. Primary neurons were isolated from murine spinal cord or the enteric nervous
system of guinea pigs, and co-cultured with gastric crypts [130][265][266]. Cultured
neurons showed outgrowth of neurites and evidence of direct contact with the gastric
organoids (Paper I; Fig. 6A, B). Furthermore, neurons stimulated gastric organoid
growth when compared to gastric organoids in the absence of neurons (Paper I; Fig. 6C-
E). Interestingly, the addition of either Botox or scopolamine (a muscarinic cholinergic
receptor antagonist) inhibited this stimulatory effect (Paper I; Fig. 6D, E), whereas
pilocarpine (a muscarinic cholinergic receptor agonist) increased organoid growth
(Paper I; Fig. 6F). Importantly, pilocarpine caused upregulation of the stem cell markers
and Whnt target genes Lgr5, Cd44, and Sox9 [130] in a dose-dependent manner, whereas
pilocarpine showed no effects on the expression of these genes in gastric organoids of
M3R knockout mice (Paper I; Fig. 6G), indicating the importance of the M3R for stem
cell growth. Furthermore, neurons substitute for Wnt3a in gastric organoid cultures that

are otherwise strictly dependent on addition of Wnt ligands [281] (Paper I; Fig. 6H),
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confirming the ability of cholinergic signaling to induce ligand-independent Wnt

signaling in this in vitro system.

Involvement of Wnt signaling, innervation and vagotomy in gastric cancer patients

In order to further validate our findings in humans, we evaluated three separate cohort
studies of gastric cancer patients (Paper I; Table S2). In the group of 17 primary gastric
cancer patients, a gene expression profile in gastric cancer tissue was compared to
adjacent non-cancerous tissue. Both the Wnt signaling pathway, neurotrophin signaling
and axon guidance pathways (along with many other pathways) were significantly
activated in the cancer tissue (Paper I; Fig. 7, Fig. S14). In another group of 120
primary gastric cancer patients, neuronal density measured by PGP9.5 expression was
correlated with more advanced tumor stages, tumor depth and lymph node metastases
(Paper I; Fig. 8A-C). Interestingly, in the third cohort of 37 patients who developed
gastric stump cancer after distal gastrectomy with or without selective vagotomy (which
is consequently performed during D2 lymphadenectomy procedure), 35% (13 of 37)
patients had undergone vagotomy, and in those patients the tumors were located neither
in the anterior (0/13) nor in the posterior walls (1/13) (p<0.05) where the vagal nerve
branches were selectively cut, whereas in patients without vagotomy, the tumors were

observed in both anterior and posterior walls (Paper I; Fig. S15).
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Part I1: Obesity (Papers Il and 111)

Vagotomy did not affect body weight and both eating behavior and metabolic

parameters

Both LAP and PP had no effect on body weight development. VTPP transiently reduced
the body weight (about 10% at 1 week postoperatively) but regained the weight within a
short time of period (Paper I1; Fig. 1a). Similarly, in INS-GAS mice, body weight was
not affected by both PP and VTPP (Paper I; Fig. S3). In addition, specific denervation
of vagus nerve terminals at gastric corpus by Botox treatment also had no effects on
body weight in INS-GAS mice (Fig. 8). There were no differences between LAP and PP
in terms of food intake and eating behavior parameters at either 1 or 9 weeks
postoperatively. VTPP was without any measurable effects on food intake, eating
behavior and metabolic parameters measured at either 1 or 9 weeks postoperatively
(Paper II; Fig. 2a, Table 1). There was no mortality in rats underwent LAP, PP, or

VTPP.

Sleeve gastrectomy reduced body weight in short-term but not long-term by

transiently increased energy expenditure without reduction of food intake

SG reduced the body weight (approximately 10%) in short-term but the effect on body
weight loss was abolished at 6 weeks after SG (Paper Il; Fig. 1b). SG had no effects on
food intake and eating behavior parameters, except for meal duration during the night

measured at 2 weeks after surgery (Paper Il; Fig. 2b, Table 2). In addition, SG reduced
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the water intake during one interval (0.91+£0.07 mL/time at 1 week before surgery vs.
0.47£0.07 mL/time at 2 weeks and vs. 0.45+£0.08 mL/time at 11 weeks after surgery,
both p<0.01). Energy expenditure (kcal/h/100 g body weight) was significantly
increased at 2 weeks after SG but not at 11 weeks after surgery, and RER was increased

at 11 weeks postoperatively (Paper 1I; Table 2). One of 7 rats was died after SG.

Duodenal switch caused remarkable and continuous body weight loss associated

with increased energy expenditure, reduction of food intake and malabsorption

DS alone or SG followed by DS (SG1+DSz>) reduced the body weight in a similar
manner, i.e., a rapid and continuous weight loss of about 10% at 1 week and 50% at 8
weeks postoperatively (Paper Il; Fig. 1b)(Paper I11; Fig. 2B). There were no differences
between DS and SG1+DS; in terms of food intake and eating behavior parameters

(Table 2).

Table 2 | Comparison of eating parameters between DS alone (DS) vs. SG followed by DS

(SG1+DSy) at 2 weeks and 8 weeks after surgery. Means£SEM. ns; not significant.

2W after surgery 8W after surgery
Parameters DS SG,;+DS, DS SG;+DS,
Daytime  Food intake (g/100g body weight) 0.82+0.20 0.93:0.11™ 1.97:0.25 1.22+0.21™
Calories intake (kcal/100g body weight) 2.10£0.52 2.39+0.28™ 5.06£0.64 3.14+0.54™
Number of meals 18.40+7.97 16.60+0.93™ 32.80+7.81 18.60+4.50™
Meal size (g/meal) 0.27+0.06 0.2240.02™ 0.2620.12 0.23+0.05™
Meal duration (min/meal) 2.57+0.81 2.13£0.29™ 5.14£3.72 2.34£0.45™
Intermeal interval (min) 70.34+28.63 39.38+2.04™ 34.22+17.34 50.16+17.90™
Rate of eating (g/min) 0.16+0.05 0.11+0.01"™ 0.09+0.02 0.10+0.01™
Nighttime  Food intake (g/100g body weight) 1.14+0.31 1.24+0.19™ 2.20£0.18 2.20£0.26™
Calories intake (kcal/100g body weight) 0.8045.64 3.19+0.50™ 5.6420.47 5.65+0.68™
Number of meals 16.2045.45 24.40+3.85™ 28.2045.92 34.20+7.13™
Meal size (g/meal) 0.35£0.11 0.21+0.03™ 0.34£0.17 0.24£0.07™
Meal duration (min/meal) 5.08+2.49 2.20+0.28™ 5.29+3.17 2.39+0.44™
Intermeal interval (min) 51.15+11.34 29.435.57™ 32.76+13.75 21.49+4.03™
Rate of eating (g/min) 0.11+0.03 0.10£0.01™ 0.08+0.01 0.09+0.01™
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DS regardless of whether it was accompanied by SG reduced the daily food/calories
intake by over 50% when measured at 2 as well as 8 weeks postoperatively (Paper II;
Fig. 3a, Table 3)(Paper IlI; Fig. 3A,B, Table 1,2). The reduced food intake was
associated with reduced meal size, rate of eating and an increased satiety ratio, but not
with the number of meals (Paper II; Fig. 3b-d, Table 3)(Paper Ill; Fig. Fig. 4A-D, Table
1,2). DS accompanied by SG increased daytime energy expenditure both at 2 and 8
weeks as well as nighttime energy expenditure at 8 weeks postoperatively (Paper I1I;
Fig. 5B, D, Tables 3, 4). RER tended to be reduced during nighttime at 2 weeks after
DS (p=0.051) (Paper I1I; Table.3). The fecal energy density of DS rats both with and
without SG was higher than that of control LAP rats at 8 weeks (Paper Il1; Fig. 6B)(Fig.
13A). It was difficult to collect the fecal samples at 2 weeks after DS due to a severe
diarrhea. At 8 weeks after DS, the feces became solid and were collected for the
analysis of energy density (Fig. 13B).
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Figure 13 | (A) Fecal energy density of LAP, DS or SG1+SG: at 8 weeks after
surgery. Means+SEM. ***; p<0.001 (LAP vs. DS or SG1+SGy). (B) Photos of

solid feces in LAP and of diarrheal feces in DS at 2 weeks after surgery.
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Plasma CCK levels were 12.6£3.0 pmol/L in SG1+DS; rats, which was over 10 times
higher than the value of the rats subjected to the sham operation in our previous report
(plasma CCK levels were 1.1+0.5 pmol/L) [282]. Unfortunately, there was a technical
error in the determination of the CCK levels in LAP and DS rats. The plasma levels of
the cytokines, including IL-1a, IL-1B, IL-2, IL-4, IL-5, IL-6, IL-10, IL-13, GM-CSF,
IFNy, and TNFa, were not significantly different between LAP vs. DS with SG (Paper
I11; Table S2). The mortality rate was 2 of 7 to DS alone, 1 of 6 to SG1+DS>, and 6 of 7
to SG+DS simultaneously. One surviving rat subjected to SG+DS simultaneously
showed well-matched eating parameters to the rats subjected to SG1+DS,. However,

this was not analyzed statistically.

Gastric bypass induced persistent body weight loss caused by increased energy

expenditure without altered eating behavior and malabsorption

GB caused approximately 20% weight loss throughout the study period for 14 weeks
(Paper 1I; Fig. 2B). In comparison with LAP, GB increased either total food intake
(kcal) or food intake adjusted by body weight (kcal/100g body weight) only in daytime
at 3 weeks, and had no effect afterwards (14 weeks postoperatively) (Paper I11; Fig. 3A-
D). GB was without effects neither on satiety ratio (min/g) nor rate of eating (g/min)
both at short-term (3 weeks) and long-term (14 weeks) after surgery (Paper I11; Fig. 4A-
D, Table 1,2). GB increased nighttime energy expenditure (kcal/hr/100 g body weight)
at short-term (3 weeks) and daytime energy expenditure at long-term (14 weeks)

postoperatively (Paper Ill; Fig.5A, B, Table 3, 4). RER was unchanged after GB (Paper
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I11; Table 3, 4). There was no change in the fecal energy density after GB (Paper IlI;
Fig. 6A). There was no difference in the plasma levels of the cytokines (IL-1a, IL-1p,
IL-2, IL-4, IL-5, IL-6, IL-10, IL-13, GM-CSF, IFNy, and TNFa) between LAP vs. GB
(Paper I11I; Table S2). The mortality rate of GB in rats was 6 of 14 due to surgical

complications, trauma and learning curve factors.

In comparison with DS, GB had less effect on body weight loss (20% persistent weight
loss after GB vs. continuous weight loss up to 50% after DS) (Paper IlI; Fig. 2B). In
terms of eating behavior, GB did not reduce food intake with no effects on eating
behavior such as satiety ratio or rate of eating (Paper Ill; Table 1,2). In contrast, DS
decreased food intake, rate of eating and increased satiety ratio both at short-term and
long-term after surgery (Paper I11; Table 1,2). Both GB and DS increased energy
expenditure at short-term and long-term (Paper Il1; Fig. 5A-D). Analysis of the
homogeneity of regression assumption showed no significant correlations between the
body weight and energy expenditure (kcal/hr) regardless of type of surgery (Paper Ill;
Fig. S1). Consequently, ANCOVA indicated that there was no significant difference in
adjusted energy expenditure between LAP vs. GB or DS (Paper IlI; Fig. S2). Analysis
of the fecal energy density revealed that DS caused malabsorption but not GB (Paper

I1; Fig. 6).
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Discussion
Part I: Gastric cancer (Paper I)

The present study, using three independent mouse models of gastric cancer, revealed
that either surgical or pharmacological denervation suppresses tumorigenesis, and the
denervation therapy alone has effective inhibition on both gastric cancer initiation and
progression, and it also enhances the anti-tumor effect (i.e. tumor shrinkage) of
chemotherapy leading to prolongation of survival in mice with advanced tumors. The
effect of denervation therapy is primarily on terminals and intramucosal branches of the
vagus nerve, as shown through its response to unilateral vagotomy and localized Botox
injection. Gene expression and immunohistochemical analysis of stem and progenitor
cell markers, along with the in vitro gastric organoid model, strongly suggests that
nerves directly modulate epithelial stem and progenitor cells through activation of Wnt

signaling via M3R.

Several previous reports have indicated that M3R plays a role in gastric proliferation and
Mz3R is overexpressed in human gastric cancer which is correlated with the cancer stage
and with lymph node metastasis [206][283][284]. In the present study, gastric MR
strongly up-regulated after vagotomy most likely due to the result of a compensatory
mechanism, and importantly, both genetic knockout and pharmacological inhibition of
M3R attenuate gastric tumor progression, pointing to the importance of MsR in vagal

pathway for gastric cancer development.
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Canonical Wnt signaling controls epithelial homeostasis in the intestine and the
stomach, and plays a role in a subset of gastric cancers [130][285]. Gene expression
profiling analysis in the present study has revealed that Wnt signaling is upregulated in
the tumorigenic stomach and is remarkably down-regulated after vagotomy at all the
time points, suggesting that vagus nerve is a critical regulator of Wnt signaling in
gastric tumorigenesis. Furthermore, gastric Wnt signaling was down-regulated in MsR

knowckout mice, which were resistant to MNU induced tumorigenesis.

Gene expression profiling has also shown many other differentially expressed signaling
pathways. Hedgehog signaling pathway is related to gastric cancer and its stem cells
[162][286][287], and was inhibited after vagotomy in the present study. Inflammation-
related signaling pathways including VEGF signaling pathway which is also related to
angiogenesis [288][289], were inhibited by vagotomy. Interestingly, previous report
about transgenic mouse model of gastric cancer showed that double activation of both
Whnt and prostaglandin E> (PGE:) pathways successfully developed gastric cancer with
100% of the tumor incidence rate, whereas the mice with single activation of Wnt
pathway developed small preneoplasia and the mice with PGE; induction developed
hyperplasia associated with inflammation [161][290]. This report is well in line with our
observation, i.e., both Wnt signaling and inflammation-related signaling pathways were
inhibited in vagotomized stomach without gastric tumorigenesis. VEGF signaling
pathway is also known as the essential mediator for lymphangiogenesis and the
metastasis [288][289][291]. In the present study, the effect of denervation in metastatic
Ilymph nodes or other organs remains unclear due to the limited availability of

metastasis in our models, and needs to be further investigated in suitable models. We
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previously reported that autophagy is impaired in gastric cancer using rodent models of
hypergastrinemia (cotton rats and INS-GAS mice) and gastric tumor samples from
human patients [292](Paper S6). Likewise, signaling pathway of autophagy was
activated in vagotomized non-cancerous side of stomach, suggesting improved
autophagy by denervation may also contribute to the gastric tumor suppression by
denervation. MAPK signaling pathway plays an important role in cell proliferation,
differentiation and apoptosis as well as cancer development and progression [293][294].
The MAPK signaling is upstream regulator of Wnt signaling not through Wnt ligands
[295][296]. In addition, it is reported that MAPK signaling pathway was stimulated by
M3R expressed in human gastric cancer cells [283]. In the present study, MAPK
signaling pathway was down-regulated after vagotomy, which was associated with
down-regulation of Wnt signaling pathway and compensatory up-regulation of MsR.
Thus, inhibition of MAPK signaling pathway via M3R by denervation probably
involves in the suppression of gastric tumorigenesis and the Wnt signaling. Toll-like
receptors (TLRs) play a key role in the innate immune system, especially in
inflammatory response against various invading pathogens, by rapidly recognizing
pathogen-associated molecular patterns of pathogenic components of bacteria, viruses,
fungi and parasites. TLRs are membrane-surface receptors and contain several subtypes
including TLR4 which is known to be the receptor for lipopolysaccharide (LPS), a
membrane component of Gram-negative bacteria including Helicobacter pylori [297].
TLRs also has a critical role in the regulation of tissue injury and healing process as
well as neurogenesis [298][299][300][301]. TLRs are widely expressed in cells within

the body, including not only immune-related cells [302] but also gastric epithelial and
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enterochromaffin-like (ECL) cells [303][304], and both peripheral nerve and nodose
ganglion of vagus nerve [305][306][307][308][309]. In addition, TLRs expressed in
gastric cancer cells contribute to the tumor development and progression through
promoting inflammation, cell proliferation, cell invasion and metastasis
[303][310][311][312]. Furthermore, Wng signaling is triggered by TLRs expressed in
CSCs and stimulates its cells [313][314]. Thus, these facts have indicated the
importance of correlation between TLRs and vagus nerve in gastric cancer. In fact, the
present study demonstrated Toll-like receptor signaling pathway was down-regulated at

all the time points after vagotomy, and tumor regeneration was attenuated by vagotomy.

There are some studies suggesting that nerves contribute to the normal stem cell niche
[193][194][315][316], and there is a report showing that the correlation of sympathetic
nerves to prostate cancer progression [196]. However, the stomach differs from other
solid organs in that its autonomic innervation is largely parasympathetic, and
cholinergic nerves have been shown to regulate gastrointestinal proliferation [317]. The
present study demonstrated that Lgr5-positive gastric stem cells express the MsR, and
that Whnt signaling in those cells is activated by cholinergic stimulation via direct
physical contact of nerve, resulting in epithelial proliferation and stem cell expansion.
Gastrointestinal stem cells are supported by a number of niche cells including paneth
cells, mesenchymal stem cells, myofibroblasts, smooth muscle cells, lymph and
vascular endothelial cells, and bone marrow—derived stromal cells [318][319][320].
Here, we identified nerves regulating gastric stem cell expansion during the
tumorigenesis, and showed the strong evidence that vagus nerve “i.e., parasympathetic

nerve” is the regulator of gastric CSCs and the niche during the tumorigenesis.
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In contrast to our current results, previous vagotomy studies in dog and rat models of
chemically induced gastric cancer show promoting effect [321][322][323]. In the study
using dog with chemical gastric carcinogen, namely N-methyl-N'-nitro-N-
nitrosoguanidine (MNNG) [321], vagotomy was performed before initiating MNNG
treatment. N-nitrosamines such as MNNG or MNU are easily decomposed by strong
acid, thus MNNG concentration becomes higher in stomach of vagotomized group
because vagotomy attenuates gastric acid output and, in consequence, inhibit the
decomposition of MNNG. In addition to this mechanism, physical contact of MNNG to
gastric mucosa is promoted due to the decreased thickness of mucosa by vagotomy.
Thus, it can be said that the study above used wrong experimental design. In the studies
using rat model with MNNG treatment [322][323], bilateral vagotomy was performed
without pyloroplasty, which delayed gastric emptying and therefore increased the
exposure time of orally administered chemical carcinogens on the gastric mucosa and
decreased the physical performance of the vagotomized rats [324]. Further, it is reported
that uncompleted vagotomy causes recovery of vagal innervation and its function
[325][326][327][328], moreover, it has been reported that the regeneration of vagus
nerve after uncompleted truncal vagotomy causes hyperinnervation in stomach [329].
Those reports in rat models with MNNG, failed to reduce mucosal thickness,
questioning sufficient vagotomy, therefore, it is likely that increased vagal nerve density
rather than denervation promoted gastric cancer in those reports. In our study, truncal
vagus nerve was dissected as much as possible and then entire dissected area was
carefully checked under microscope to ensure the completeness of vagotomy (Paper I;

Fig. S2), consequently decreased thickens of mucosa was observed after vagotomy
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(Paper I; Fig. S4), indicating successful vagotomy. We performed bilateral vagotomy
always together with PP or PP alone as control after completion of the MNU treatment
to ensure that dose and time of MNU exposure were equalized in all the groups and to
prevent retention of gastric contents and to prevent enhancing gastric tumorigenesis by
surgical trauma, allowing analysis of the specific effects of the vagus nerve on the

gastric tumorigenesis.

The present study was conducted with the view of translational research and has
important clinical implications. First, darifenacin was used for this study because this is
the most specific anti-muscarinic agent to MsR and already in clinical use for overactive
urinary bladder [330]. Darifenacin has been shown to inhibit growth of small cell lung
cancer xenografts [205], thus darifenacin therapy with/without chemotherapy could be
considered in future clinical trials for gastric cancer treatment. Second, denervation by
Botox instead of vagotomy has a relevance for basic medical science to test if the
effects of denervation on gastric tumorigenesis is primarily local (vagus nerve
terminals), and also has a clinical relevance. Botox is already in a market, and the safety
of Botox is generally well accepted due to its use for several decades both clinically and
for cosmetic purposes [331][332][333]. Endoscopic Botox injection to stomach in
human has already been established for the treatment of gastroparesis and morbid
obesity [334][335][336]. Whereas the vagotomy is an invasive procedure, the direct
injection of Botox into gastric cancer through endoscope is minimum invasive and
super localized, thus Botox therapy is probably usable for inoperable advanced gastric
cancer patients, and can avoid systematic side effects, drug interactions, drug resistance,

unsuccessful drug delivery and complicated dosage calculation which are the common
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issues in chemotherapy, suggesting the possible rapid application of Botox therapy to
gastric cancer patients in the future. It has been reported that removing primary cancer
by gastric resection in advanced gastric cancer patients with metastases improves
patient prognosis [337][338][339][340], so that Botox therapy against primary gastric
cancer without high risk surgical intervention has a clinical significance for those
patients. Third, 5-FU plus platinum (e.g., oxaliplatin and cisplatin) regimen is a current
global standard treatment for advanced cancer [50][95], so that this chemotherapy
regimen was used for the present study. We found that denervation by either vagotomy
or Botox enhances the therapeutic effect of chemotherapy. According to the CSC
model, simultaneous attacking both cancer cells and CSCs are considered to be essential
to eradicate a cancer [144][146], suggesting that the combination of chemotherapy
targeting gastric cancer cells and Botox therapy targeting gastric CSCs is conceivable as
effective treatment for inoperable cancer patients. Fourth, analysis of human patients
with gastric cancer was included to the present study and showed good correlations
between neural pathways and Wnt signaling and increased innervation in more
advanced tumors, with decreased cancer risk in surgically denervated portions of the
stomach, and also showed up-regulated signaling pathways of Hedgehog, VEGF,
MAPK and Toll-like receptor associated with axon guidance and neurotrophin in human
gastric cancer tissue via gene expression profiling. These results in human patients are
well in line with our findings obtained from animal experiments, consequently
indicating high potential of rapid application of the present study to human patients. In
fact, based on the findings of this study, a phase Il clinical trial of endoscopic Botox

injection to gastric cancer patients has been initiated at St. Olaves Hospital, Norway
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(NCT number; NCT01822210, EudraCT number; 2012-002493-31). Finally, this study
was conducted based on multidisciplinary platform to facilitate translational cancer
research, namely international collaboration and contribution of both clinicians (medical
doctors, pharmacist and nurse) and basic scientists (molecular biologists,

bioinformaticians, pharmacologists, pathologists and neurologists).

Part I1: Obesity (Papers Il and 111)

Regarding the translational research of bariatric surgeries, it is important to use the right
animal models in the right experimental settings in order to elucidate the underlying
mechanisms. In this thesis, surgical procedures were performed by taking into the
consideration of the difference in anatomy and physiology between humans and rats.
VTPP procedure performed in this thesis was as same as the procedure in human
because vagal innervation and the function are basically same between humans and
rodents [199][200][341]. SG in rats was performed by resecting about 90% of the thin-
walled non-glandular rumen in addition to 70% of the glandular stomach (Fig. 9). The
rumen does not exist in human, and was removed from rats as much as possible to
prevent failed SG due to rumen dilatation [342]. DS was achieved by bypassing
jejunum, which is approximately 90% of small intestine in rats, whereas the jejunum is
about 40% of total small intestine in human (Paper IlI; Fig. 1). GB was performed
without the Roux-en-Y reconstruction because this surgical method was originally
created in order to prevent post-gastrectomy bile vomiting in patients but rats are non-

emetic and has no gallbladder [343][344] (Paper IlI; Fig. 1).
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Vagus nerve acts as the sensor for stomach tension and transmits the satiety signal to
brain and controls energy homeostasis through gut-brain axis [345], Based on the
understanding that vagus nerve controls satiety/hunger, VBLOC therapy was developed
by using a small implanted device blocking the vagus nerve, and the initial clinical trial
showed decreasing satiation, hunger and body weight in obese patients [218]. In
contrast to these results from VBLOC therapy, the present study (Paper I1)
demonstrated that disruption of the gut-brain axis by VTPP in rats caused slight (about
10%) and transient (1 week postoperatively) body weight loss without any measurable
effect on the eating behavior and energy homeostasis. Body weight loss was not
observed in INS-GAS mice underwent either VTPP or Botox injection (selective
denervation on gastric corpus) (Paper I). It should be noticed that eating behavior of
rodents is nibbling (eating much more frequently compared with humans) and this
nibbling behavior would not increase the stomach tension enough to stimulate the
satiety signaling via vagus nerve. Importantly, we reported that vagus nerve stimulation
in rats reduced body weight and food intake, and increased satiety by activating vagal
signaling to the brainstem and hippocampus [346] (Paper S9). Therefore, it is suggested
that vagal afferent signaling activation rather than blocking is essential to induce satiety

and body weight loss.

Although SG is increasingly performed due to its safety and efficiency in obese patients
[347], we found that SG reduced the body weight by about 10% in the short-term (1-6
weeks) but not in the long-term (after 7 weeks) (Paper I1). The reduction was not
associated with reduced food intake but with increased energy expenditure, which is in

line with previous observations in rats subjected to total gastrectomy [238], indicating
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that to make stomach size smaller is not essential to reduce food intake. Importantly, the
recent meta-analysis and systematic review for SG has pointed the regain of body
weight after SG in obese patients and the rate of regain was from 5.7% at 2 years to
75.6% at 6 years after SG [348][349], which is similar to our results. On the other hand,
clinical data have shown the improvement of type 2 diabetes mellitus in about 80% of
patients underwent SG [350][351]. We also reported that GB increases glucagon-like
peptide-1 (GLP-1) levels in a-cells pancreatic islets [352] (Paper S5). Increased RER at
long-term after GB in rats is probably because higher GLP-1 secretion induces higher
insulin levels leading to increased cell uptake of glucose, resulting in increased
utilization of carbohydrates as fuel. It should also be mentioned that SG rats, like rats
with total gastrectomy, seemed to drink frequently postoperatively, probably owing to

lower ghrelin and obestatin levels [238].

DS alone and SG+DS exhibited well-matched postoperative effects on body weight,
metabolic parameters and eating behavior, leading to a long-lasting and remarkable
body weight loss (Papers I, 111). DS regardless of whether it was accompanied by SG
dramatically reduced food intake probably due to increased plasma levels of CCK
(hyperCCKemia), which is a gastric peptide hormone suppressing apatite and
synthesized predominantly in endocrine I cells of the duodenum and upper jejunum

[353]. In fact, hypertrophic effect of DS was observed in the duodenum (Fig. 14).
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Figure 14 | Photo showing the hypertrophy of duodenum by DS (yellow

arrows).

In addition to CCK which has a trophic effect on pancreas [354], GLP-1 levels in the
circulation have been reported to be elevated in rats subjected to pancreaticobiliary
diversion, which could be contributed to food intake reduction as well, and have a
beneficial effect on R cells in the pancreas [355][356], as the meta-analysis has reported
DS demonstrates 98.9% of diabetes resolution in patients [357]. The rate of eating also
has impacts on body weight. It has been reported that there is a correlation between rate
of eating and BMI [358][359][360]. Previously, our group has shown that high-fat-diet-
induced obesity was associated with increased rate of eating, increased size of meals,
but not with daily calories intake [361]. In the present studies (Papers Il, I11), DS
decreased the eating rate during both day- and night-time. Malabsorption is believed to

be due to long-limb intestinal bypass after DS. In spite of highly invasive surgical

108



procedure, the ambulatory activity had no difference between before and after DS,
suggesting that DS rats recovered well from surgery. Even though the principle of DS
with SG for patients has been considered as simultaneous effects; malabsorption by DS
and less food intake by SG, SG alone failed to reduce food intake as described
previously, whereas DS alone induced great reduction of food intake due to
hyperCCKemia and malabsorption due to intestinal bypass. Therefore, these results
strongly support our hypothesis that the DS procedure per se could be considered as an
independent weight loss surgery. Moreover, we also reported that SG+DS, in
comparison with DS alone, showed higher plasma levels of the inflammatory cytokines
and poorer regulation of lipid metabolism, e.g., SG+DS rats had a reduced fecal output
of triacylglycerol and an increased accumulation of triacylglycerol in live that might
lead to liver damage over time [362] (Paper S7). Taking these observations and the high
surgical risks of SG+DS procedure into account, DS per se rather than the combination

of DS and SG could be better procedure for obesity treatment.

In the present study (Paper I11), GB reduced the body weight without causing early
satiety, reducing food intake or inducing malabsorption. Our previous study showed that
body weight gain was associated with decreased energy expenditure along with aging in
normal rats [363], thus we suggest that the mechanism underlying GB-induced body
weight loss is unlikely through the effects on food intake and/or absorption, but is due
to increasing energy expenditure. Both GB and SG+DS has same concept as a bariatric
surgery, namely to cause restrictive food intake by reducing stomach size and
malabsorption by intestinal bypass, however GB or SG+DS showed different effects on

body weight, eating behavior and metabolic parameters respectively. SG+DS resulted in
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greater weight loss than GB, that are in accordance with many reports from clinical
series in patients [226][227][228][229][230][231][232]. GB did not alter eating
behavior including food intake, whereas DS with/without SG induced dramatic changes
in eating behavior. In addition to the pervious findings from SG alone, these results
strongly suggest that the control of food intake and meal size is independent on the food
reservoir function of the stomach. Behavior of rats is mostly driven on instincts, while
behavior of human is much more complicated, e.g., most patients underwent bariatric
surgery change their eating habits by following the “postoperative instruction” given by
clinicians to achieve the best possible conditions for weight reduction and to avoid post-
surgical side-effects like gastro-esophageal reflux and dumping syndrome which
unlikely occur in rats[364]. Resting energy expenditure has been suggested to be a
therapeutic target for obesity [365][366]. In this study (Paper I11), we showed that the
increased energy expenditure took place only during nighttime (relevant to active
energy expenditure) shortly after GB and switched to daytime (relevant to resting
energy expenditure) at long-term after GB, whereas the daytime energy expenditure
(resting energy expenditure) was increased both at short-term and long-term after DS
and nighttime energy expenditure (active energy expenditure) was additionally
increased at long-term after DS. We also observed that DS, but not GB, caused diarrhea
shortly after surgery (2 weeks) and malabsorption (measured at 2 months

postoperatively) in rats, which is in line with observations in patients [214].

In general, research in obese patients has direct impacts on clinical practice. However,
there are discrepancies in the clinical obesity studies due to the heterogeneity of patient

populations and the technical limitation of measurements of eating behavior and energy
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expenditure, e.g., simply using questionnaires to examine eating behavior or portable
metabolic carts under artificial rather than “free-living” conditions [367][368], whereas
studies in animals provide much greater latitude in control and experimental
manipulation of the system. Thus, research using animal models is an excellent way of
developing and learning bariatric surgical techniques as well as understanding the
postsurgical physiology and the underlying mechanisms, and it ultimately enables to
translate the findings from animals into humans [369][370]. Taken the data from the
previous and the present studies (Papers I, 111) together, the appropriately designed rat
models provide significant insights into the mechanisms of bariatric surgery which

explain well the clinical observations.

Personalized medicine for the treatment of gastric cancer and obesity

(Papers I-111)

We demonstrated that Wnt signaling pathway is the key factor to inhibit gastric
tumorigenesis by denervation (Paper I). The Wnt signaling is up-regulated in the most
gastric cancer patients [162], yet gastric cancer is highly heterogeneous between
patients from morphological and molecular standpoints so that not all the patients
overexpress Wnt signaling [70][71][72][73][74]. Therefore, personalized denervation
therapy is conceivable to be more effective for the gastric cancer patients associated
with up-regulated Wnt signaling. As a future aspect, to consider the heterogeneity of
CSC niche would enable more specific personalized denervation therapy. CSC niche is

complexed and consists of various components, however it is unlikely that every niche
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necessarily includes all of the components [105][119]. In fact, we previously reported
the cancer CSC niche forming microvillus mesh through desmosomes, which is
independent of innervation [110] (Paper S2). Hypoxia is closely related to CSC niche,
and CSCs are predominantly localized in hypoxic regions within tumors and the
increase in CSCs in response to hypoxia is medicated via the activation of Wnt
signaling pathway [106][143][371][372]. Recently, real-time imaging of hypoxia or
nerves including vagus nerve under endoscopy has been developed [373][374][375].
Thus, combination of hypoxia imaging (to identify the location of CSC niche) and nerve
imaging (to identify the innervation in gastric tumor) would be able to detect the nerve-
dependent CSC niche, leading to more personalized Botox therapy by identification of

more specific and appropriate injection points.

Obesity is one of the risk factors for gastric cancer [81] and bariatric surgery is only
treatment showing the long-term efficacy on weight loss which also reduces the risk of
cancer in obese patients [214][215]. Thus, bariatric surgery can be considered as one of
the preventive methods for cancer in obese patients. Obesity is multifactorial disease
[240] and we demonstrated that each bariatric surgery has different mechanism of
weight loss (Papers 11, I11), strongly suggesting selection of right bariatric surgical

procedure should be personalized.
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Conclusions

Part I: Translational research in gastric cancer (revealed in Paper I);

B Denervation suppresses gastric cancer initiation as well as progression through
inhibition of the CSC niche by down-regulation of Wnt signaling pathway via MzR
(Fig. 15).

B Denervation therapy by endoscopic Botox injection has a strong clinical

significance to treat gastric cancer patients.

B Denervation therapy should be personalized depending on Wnt signaling

expression on each gastric cancer patient.
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Figure 15 | lllustration showing the mechanism of denervation on suppressing gastric tumorigenesis.

(modified from Rabben et al. Curr Neuropharmacol. 2016 [236])
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Part Il: Translational research in obesity (revealed in Papers I1, I11);

B Weight loss after each bariatric surgical procedure (VTPP, SG, DS and GB) differs
in terms of degree, duration and the underlying mechanisms, indicating the need of

personalized bariatric surgery.

B DS procedure per se (without SG) could be an independent weight loss surgery

with lower risk of surgical complications.

B DS with SG procedure is superior to GB in body weight loss through different

mechanisms.

B Control of food intake is independent on the stomach size.
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Errata

Paper 11

“Serum CCK level” should be replaced to “Plasma CCK level”

Paper 111

Page 5, section “Energy Expenditure”, column 2: “Fig. 5A, C” should be “Fig. 5A, B”

Page 5, section “Energy Expenditure”, column 5: “Fig. 5B, D” should be “Fig. 5C, D”
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Denervation suppresses gastric tumorigenesis

Chun-Mei Zhao,'* Yoku Hayakawa,”* Yosuke Kodama," Sureshkumar Muthupalani,?

Christoph B. Westphalen,?* Ggran T. Andersen,’> Arnar Flatberg,' Helene Johannessen,’
Richard A. Friedman,® Bernhard W. Renz,? Arne K. Sandvik,"” Vidar Beisvag,' Hiroyuki Tomita,?
Akira Hara,® Michael Quante,’ Zhishan Li,'® Michael D. Gershon,'® Kazuhiro Kaneko,’

James G. Fox,? Timothy C. Wang,?" Duan Chen'*

The nervous system plays an important role in the regulation of epithelial homeostasis and has also been postu-
lated to play a role in tumorigenesis. We provide evidence that proper innervation is critical at all stages of gastric
tumorigenesis. In three separate mouse models of gastric cancer, surgical or pharmacological denervation of the
stomach (bilateral or unilateral truncal vagotomy, or local injection of botulinum toxin type A) markedly reduced
tumor incidence and progression, but only in the denervated portion of the stomach. Vagotomy or botulinum toxin
type A treatment also enhanced the therapeutic effects of systemic chemotherapy and prolonged survival.
Denervation-induced suppression of tumorigenesis was associated with inhibition of Wnt signaling and sup-
pression of stem cell expansion. In gastric organoid cultures, neurons stimulated growth in a Wnt-mediated fashion
through cholinergic signaling. Furthermore, pharmacological inhibition or genetic knockout of the muscarinic ace-
tylcholine M; receptor suppressed gastric tumorigenesis. In gastric cancer patients, tumor stage correlated with
neural density and activated Wnt signaling, whereas vagotomy reduced the risk of gastric cancer. Together, our
findings suggest that vagal innervation contributes to gastric tumorigenesis via M3z receptor-mediated Wnt
signaling in the stem cells, and that denervation might represent a feasible strategy for the control of gastric cancer.

INTRODUCTION

The nervous system regulates epithelial homeostasis in different ways,
and this regulation by the nervous system partly involves modulation
of stem and progenitor cells (I, 2). There is also crosstalk between tu-
mor cells and nerves, such that tumors induce active neurogenesis, re-
sulting in increased neuronal density in preneoplastic and neoplastic
tissues (3-6). In addition, activation of muscarinic receptors has been
shown to promote cell transformation and cancer progression (3-6). A
recent study demonstrated that prostate tumors are infiltrated by au-
tonomic nerves contributing to cancer development and dissemination
(7). Given the potential ability of nerves to influence gut stem and
progenitor cells, and the prevailing notion that persistently elevated
gut epithelial proliferation predisposes to cancer formation, it is be-
lieved that axonal reflexes could also modulate the conversion of stem
or progenitor cells into cancer cells (8, 9).

Gastric cancer is the fifth most common cancer and the third lead-
ing cause of cancer mortality worldwide, with a 5-year survival rate of
less than 25% (10, 11). It has been demonstrated that vagotomy decreases
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gastric mucosal thickness and cellular proliferation (12, 13). An epide-
miological study showed that the risk of gastric cancer [standardized
incidence ratio (SIR)] after vagotomy was not reduced during the first
10-year period, but was reduced by 50% (SIR 0.5) during the second
10-year follow-up (14, 15). Here, we provide evidence that proper in-
nervation is critical for gastric tumorigenesis, and suggest that nerves
may represent a therapeutic target for the treatment of gastric cancer.

RESULTS

Gastric lesser curvature has high vagal innervation and high
incidence of tumors

In humans, there is a higher incidence of gastric cancer in the lesser
(~80% of tumors) than the greater curvature (16, 17). We also observed
this distribution in the INS-GAS mouse model, a genetic mouse model
of spontaneous gastric cancer (18, 19), in which there was a similar prev-
alence (77%) of tumors in the lesser curvature (Fig. 1A). INS-GAS mice
do not display obvious preneoplastic lesions until 6 months of age, but
afterward, they develop gastric cancer through stages of atrophy, meta-
plasia, and finally, dysplasia at 12 months of age (18, 19). Topographic
analysis of vagus nerve fibers and terminals in the murine stomach re-
vealed a higher density of neurons and larger ganglia in the lesser cur-
vature compared to the greater curvature (Fig. 1B), correlating with the
observed pattern of tumor formation. This possible association be-
tween the distribution of vagal nerve fibers and the appearance of gas-
tric tumors in INS-GAS mice prompted us to study the role of nerves
in gastric tumorigenesis (fig. S1 and table S1).

Surgical denervation at preneoplastic stage attenuates
tumorigenesis in mouse models of gastric cancer

In the first set of experiments, vagotomy was performed in INS-GAS
mice at 6 months of age. Subsequently, the effects of vagotomy were

www.ScienceTranslationalMedicine.org 20 August 2014 Vol 6 Issue 250 250ra115 1

Downloaded from stm.sciencemag.org on January 8, 2015



RESEARCH ARTICLE

Fig. 1. Denervation attenuates tu-
morigenesis at the preneoplastic
stage in mouse models of gastric
cancer. (A) Tumor prevalence at the
lesser curvature (LC) and greater curva-
ture (GC) of the stomach of INS-GAS
mice. (B) Images of carbocyanine dye
(Dil)-labeled vagal terminals in an adult
mouse stomach. A montage of a low-
power image showing the lesser cur-
vature and greater curvature of the
gastric wall (top scale bar, 2.0 mm),
and higher-power images of lesser cur-
vature (middle) and greater curvature
(bottom) show a higher density of
vagal innervation in lesser curvature
than in greater curvature (89 and
54% of the visual field, estimated by
point counting method) (middle and
bottom scale bars, 72 um). (C) Tumor
incidence at 12 months of age in INS-
GAS mice that underwent sham oper-
ation (Sham), pyloroplasty alone (PP), 0
bilateral vagotomy with pyloroplasty
(VTPP), or anterior unilateral vagoto-
my (UVT) (A, anterior; P, posterior side
of the stomachs) at 6 months of age.
***p=49x 10" (VTPP versus PP), P=
1.32 x 107° [UVT(A) versus UVT(P)]
(Fisher's exact test). (D) Represent-
ative microphotographs of histopath-
ological appearance of the anterior
and posterior sides of the stomach from
INS-GAS mice (at 12 months of age) that
underwent sham, PP, VTPP, and UVT
at 6 months of age. Scale bars, 100 um.
(E) Pathological score for dysplasia.
Means + SEM. Comparisons between
anterior and posterior sides were per-
formed by paired t test within sham
(n = 27) and UVT (n = 30), or by Tukey
test between PP (n = 25) and VTPP (n =
25). %P =531 x 107 (UVT), P=0.0001
or 0.00006 (PP and VTPP, anterior or
posterior side, respectively). ns, not
significant (P = 0.987). (F) Number of
proliferating cells. Means + SEM. Com-
parisons between anterior and pos-
terior sides were performed by paired
t test within sham (n = 27) and UVT
(n = 30), or by Tukey test between PP
(n =25) and VTPP (n = 25). **P = 577 x 107 (UVT), P = 1.90 x 10~* (an-
terior), and P = 149 x 1073 (posterior) between PP and VTPP. ns, not sig-
nificant (P = 0.229). (G) Representative photographs showing gross
appearance of stomachs opened along the greater curvature and cor-
responding microphotographs of histopathological appearance of the sto-
machs (antrum) from mice treated with MNU + PP or MNU + VTPP. Scale
bars, 100 um. (H) Volume density of tumor (measured by point counting
method). Means + SEM. Student’s t test was used to compare between
MNU + PP (n = 11) and MNU + VTPP (n = 9). (I) Representative photograph
showing gross appearance of gastric tumors (indicated by dashed line)in a
stomach opened along the greater curvature from an Hp-infected H*/K*-
ATPase-IL-1B mouse, which underwent UVT in the anterior side (indicated by
asterisk). (J) Number of proliferating cells in Hp-infected H'/K*~ATPase-IL-18 mouse
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stomachs subjected to UVT in the anterior side. Means + SEM. ***P =
0.00006 (Student'’s t test). ns, not significant (P = 0.120) between sham
(n =12) and UVT (n = 12) in the anterior and the posterior sides. (K)
Photographs showing the Botox injection procedure (upper left),
gross appearance of Botox-injected stomach after 6 months (A, anterior
where Botox was injected; P, posterior) (upper right), and representative
microphotographs of histopathological appearance of anterior (lower left)
and posterior (lower right) stomach (corpus). Red arrow, injection site.
Scale bars, 100 um. (L to N) Volume density of tumor, pathological score
for dysplasia, and number of proliferating cells after anterior Botox
injection. Means + SEM (n = 16). ***P = 2.75 x 107" (L), P = 0.01 (M), or
P = 0.001 (N) between the anterior and posterior sides of the stomach
(paired t test).
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examined 6 months after surgery. One hundred seven INS-GAS mice
were subjected to either subdiaphragmatic VIPP, UVT (fig. S2), sham
operation, or PP. The unilateral vagotomy approach takes advantage
of the fact that each (anterior or posterior) vagal trunk innervates only
one-half of the stomach. Consequently, denervation of one side of the
stomach does not impair the overall functional capacity of the stom-
ach, leaving gastric acid output, circulating gastrin levels, and gastric
motility unchanged (13, 20).

Six months after surgery, body weight was unchanged in either
male or female mice (fig. S3). Tumor incidence was 17% after VTPP
versus 86% after PP alone, 14% in the anterior side versus 76% in the
posterior side after anterior UVT, and 78% in the sham-operated mice
(Fig. 1C). Histological examination revealed the reduction of mucosal
thickness after VTPP (compared to PP) or UVT (compared to the cor-
responding posterior side) (Fig. 1D and fig. $4), indicating successful
denervation (12, 13). Pathological evaluation (21) revealed that vagot-
omy attenuated the score for dysplasia and reduced the number of
proliferating cells (Fig. 1, E and F) and the scores for inflammation, epi-
thelial defects, oxyntic atrophy, epithelial hyperplasia, pseudopyloric
metaplasia, and gastric histological activity index (GHAI) (fig. S5, A to F).

To confirm these findings, we tested the surgical approach in
two other mouse models of gastric cancer, namely, the carcinogen-
induced [N-nitroso-N-methylurea (MNU)] (22) and the Helicobacter
pylori (Hp)-infected H*/K*~ATPase (adenosine triphosphatase)-
IL-1B (interleukin-1B) mouse models (23). In the MNU model, VIPP
performed 1 week after completion of MNU treatment inhibited tu-
mor development at 13 months of age (Fig. 1, G and H). Infection of
H'/K"-ATPase-IL-1pB mice with Hp accelerated gastric tumorigenesis,
resembling Hp-related atrophy-metaplasia-dysplasia sequence in hu-
mans. UVT performed 8.5 months after Hp infection (at 12 months
of age) reduced tumor size and number of proliferating cells in the
denervated side of the stomach at 18 months of age (Fig. 1, I and J).
Thus, the findings from these three independent models demonstrate
the importance of functional innervation in gastric tumorigenesis.

Pharmacological denervation at an early preneoplastic
stage attenuates gastric tumorigenesis

To prove that the effects of surgical denervation were primarily local
(acting at vagus nerve terminals within the gastric mucosa), unilateral
injection of botulinum toxin A (Botox) into the gastric wall was per-
formed in INS-GAS mice at 6 months of age. Botox enters into the
axon terminal through vesicle internalization and cleaves synaptosomal-
associated protein 25, leading to impaired exocytosis of neurotransmit-
ters, including acetylcholine (24). Botox was injected subserosally along
the greater curvature in the anterior side of the stomach (Fig. 1K). Six
months later, tumor size, score for dysplasia, and number of prolifer-
ating cells were markedly reduced in the anterior wall compared with
the posterior side of the stomach (Fig. 1, L to N). Moreover, these changes
were associated with attenuated scores for inflammation, epithelial de-
fects, atrophy, hyperplasia, pseudopyloric metaplasia, and GHAI (fig.
S6, A and B). Hence, these findings confirm an important role of local
signaling from vagus nerve endings in early gastric tumorigenesis.

Surgical or pharmacological denervation attenuates

gastric tumor progression

Because vagotomy or Botox treatment had a protective effect at pre-
neoplastic stages, we next examined whether gastric denervation could
also inhibit tumor progression at later stages. INS-GAS mice at 8, 10,

www.ScienceTranslationalMedicine.org

or 12 months of age were subjected to anterior UVT and euthanized
at 18 months of age. In these mice, the tumors were smaller with less
severe dysplasia in the anterior side compared to the posterior side of
the stomach, suggesting that denervation inhibits tumor progression
in mice with established neoplastic changes (Fig. 2, A to C).

Whereas the average life span of wild-type FVB/N mice is well over
24 months, the survival of INS-GAS mice at 18 months of age was
53% (16 of 30 mice). Attenuation of tumor burden by UVT improved
the 18-month survival when compared to age-matched INS-GAS
mice: 71% when UVT was performed at 8 months, 64% when performed
at 10 months, and 67% when performed at 12 months, respectively
(Fig. 2D). Next, INS-GAS mice at 12 months of age were subjected
to vehicle or Botox treatment unilaterally or bilaterally, with or with-
out UVT. The tumor cell proliferation was reduced in the anterior side
of the stomach where Botox was injected, when compared to the pos-
terior side or vehicle-treated anterior side (Fig. 2E). The combination
of UVT and Botox did not further reduce cellular proliferation, indi-
cating that vagotomy and Botox likely act through the same mecha-
nism. These results further suggest that surgical or pharmacological
denervation inhibits gastric cancer progression even when applied at
later stages of gastric tumorigenesis.

Denervation enhances the effect of chemotherapy in the
treatment of gastric cancer

Next, we examined whether denervation could enhance the effects of
systemic chemotherapy in gastric cancer. INS-GAS mice at 12 to
14 months of age received systemic administration of 5-FU + oxalipla-
tin or saline along with unilateral Botox treatment or UVT. The ex-
periment was designed such that the nondenervated half of the
stomach in each animal served as an internal control, either a
chemotherapy-only control (the posterior side of the stomach in two
of the groups received chemotherapy alone) or an untreated control.
An additional group of INS-GAS mice was included as untreated con-
trols. As early as 2 months after starting treatment, tumor size was
reduced in mice treated with chemotherapy, specifically in the dener-
vated areas of the stomach (the anterior side) after unilateral vagotomy
or Botox injection (Fig. 2, F and G). The combination of either Botox
or UVT with chemotherapy increased survival compared to chemo-
therapy alone (Fig. 2H). Together, these findings suggest that the com-
bination of denervation and chemotherapy has an enhanced effect on
tumor growth and survival.

Denervation inhibits gastric Wnt signaling and suppresses
stem cell expansion through the M; receptor

We performed gene expression profiling in INS-GAS mice versus
wild-type mice, and in unilaterally vagotomized INS-GAS mice (UVT
performed at 6 months of age). Comparison between INS-GAS mice
and wild-type mice showed up-regulation of the Wnt signaling pathway
in INS-GAS mice (fig. S7). Comparison between the vagotomized an-
terior and the untreated posterior side of the same stomach revealed
many differentially expressed KEGG pathways, including those in-
volved in gastric acid secretion, mitogen-activated protein kinase sig-
naling, cell cycle, apoptosis, autophagy, vascular endothelial growth
factor signaling, and actin cytoskeleton (fig. S8). The Wnt and Notch
signaling pathways were markedly inhibited in the vagotomized side
[validated by quantitative reverse transcription polymerase chain
reaction (QRT-PCR) arrays] (Fig. 3 and fig. S9). The inhibition of
Wnht signaling was persistent at 2, 6, 8, and 10 months after vagotomy.
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Fig. 2. Denervation attenu-
ates gastric tumor progression
in mice. (A) Gross appearance of
mouse stomachs at 18 months
of age and representative micro-
photographs of the histopatho-
logical appearance of the corpus
region of the anterior and poste-
rior sides of the stomach from
age-matched INS-GAS mice (Con-
trol) and mice that underwent an-
terior UVT at 8 or 12 months of
age. Scale bars, 100 um. Red ar-
rows, vagotomy side. (B) Volume
density of tumor. Means + SEM.
Paired t test between the anterior
and the posterior sides of the
stomach: P = 0.589 (n = 21, Con-
trol), P=2.56 x 107 (n = 17, UVT
at8months of age), P=2.17x107*
(n = 14, UVT at 10 months), P =
0.055 (n =12, UVT at 12 months).
(C) Pathological score for dysplasia.
Means + SEM. Paired t test be-
tween the anterior and the pos-
terior sides of the stomach: P =
0.38 (n = 21, Control), P = 0.002
(n =17, UVT at 8 months of age),
P=0047 (n=14,UVT at 10 months),
P=0018(n=12,UVT at 12 months).
(D) Kaplan-Meier curves show-
ing survival of INS-GAS mice that
underwent UVT at 8 (red), 10 (green),
or 12 months of age (blue), or of
age-matched INS-GAS mice (Con-
trol) (black). P = 0.01 between
control and UVT groups at 8
months. (E) Proliferating cells in
the anterior and posterior muco-
sa of the stomach of INS-GAS
mice at 2 months after vagoto-
my and/or Botox injection.
Means + SEM. Paired t test was
used to compare the anterior
and posterior sides of the stom- 0

ach.P=0.291 (n =6, Vehicle), P= Vehicle uB BB BB+UVT Control UB* UB+ UVT+
0.007 [n = 6, unilateral anterior saline 5-FU  5-FU
Botox (UB)], P = 0.595 [n = 7, bi- +OXP +OXP

lateral Botox (BB)], P = 0.326 [n =
7, bilateral Botox plus anterior
UVT (BB + UVT)], P = 0.0007 (Ve- UB+5-FU+ OXP UVT +5-FU + OXP 804

hicle anterior versus UB anterior, - E 4
Dunnett’s test). (F) Volume densi-
ty of tumor in INS-GAS mice
subjected to saline (intraperito-
neally) (Control), UB + saline (in-
traperitoneally), UB + 5-fluorouracil
(5-FU) + oxaliplatin (OXP) (intra- 0 ¥ v ¥ y y
peritoneally), or UVT + 5-FU + OXP (intraperitoneally). Means + SEM. Paired t test was used to 0 10 20 30 40 50
compare the anterior and posterior sides of the stomach. P = 0.172 (n = 10, Control), P = 0.200 Days after 5-FU + OXP treatment

(n =10, UB + saline), P = 0.0004 (n = 24, UB + 5-FU + OXP), P = 0.006 (n = 16, UVT + 5-FU + OXP).

(G) Gross appearance of representative stomachs from INS-GAS mice subjected to 5-FU + OXP with UB or UVT (reduced tumor burden indicated by arrows).
(H) Kaplan-Meier curves showing survival of INS-GAS mice that underwent sham operation and 5-FU + OXP treatment (black), UB and 5-FU + OXP (red), or
anterior UVT and 5-FU + OXP (blue). *P = 0.041, **P = 0.0069.
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Fig. 3. Denervation leads to inhibition of Wnt signaling in the mouse
model of gastric cancer. Gene expression of Wnt signaling pathway
(determined by gRT-PCR array analysis) in vagotomized anterior stomach
of INS-GAS mice at 12 months of age (6 months UVT). Log, fold changes of
expressed genes in comparison with the posterior side of the same stomach
are shown. Red, down-regulation; blue, up-regulation.

Inflammation-related pathways, including T cell receptor signaling, natural
killer cell-mediated cytotoxicity, leukocyte transendothelial migration,
and chemokine signaling, were activated at 2 months, but then
inhibited at 4 and 6 months after vagotomy, whereas Toll-like recep-
tor signaling was inhibited at all the time points (Fig. 4A).

The Wnt signaling pathway is a major regulator of gastrointestinal
stem cells and tumorigenesis (25, 26). CD44 is a known target of the
Wnt signaling pathway (27) and has been shown to label a cancer-
initiating cell population (28). Lgr5 is a marker of gastric stem cells in
normal as well as cancer tissues, and also a target of the Wnt signaling
pathway (29). Either vagotomy (VTPP and UVT) or Botox treatment
induced down-regulation of CD44 (and CD44v6) in the gastric mu-
cosa of INS-GAS mice, although the combination of vagotomy and

Botox did not lead to a further decrease in CD44 expression (Fig.
4, B and C, and figs. S10 and S11). Vagotomy also reduced the ex-
pression of Wnt target genes, such as Cyclin D1, Axin2, Myc, Lgr5,
and Cd44, in MNU-treated mice (Fig. 4D). The number of cells with
nuclear translocation of B-catenin and the number of Lgr5* cells in
MNU-treated mice were reduced after vagotomy (Fig. 4, E and F).
These results suggest that disruption of neuronal signaling inhibits
Wnt signaling and thereby stem cell expansion, resulting in the sup-
pression of tumor development in both INS-GAS and MNU mouse
models.

Wt signaling is also known to be involved in tumor regeneration
(30). We have established a mouse model of tumor regeneration through
topical application of acetic acid in INS-GAS mice (31). In this model,
vagotomy delayed tumor regeneration in the denervated side of the
stomach (fig. S12).

We next examined whether vagotomy down-regulated Lgr5 ex-
pression via the muscarinic acetylcholine receptors. Gastric epithelial
cells from Lgr5-GFP mice were sorted on the basis of green fluorescent
protein (GFP) expression. Afterward, gene expression of the musca-
rinic acetylcholine receptors was tested in Lgr5-negative, Lgr5-low, and
Lgr5-high cell populations (Fig. 5A). We found that there was coex-
pression of Lgr5 and Chrm3, the gene encoding muscarinic acetylcho-
line receptor 3 (M3R), in the sorted cells from Lgr5-GFP mouse
stomach, but other subtypes of muscarinic receptor were little expressed
in those cells (Fig. 5, B and C), suggesting that Lgr5" stem cell function
may be modulated by M;R signaling. To investigate the involvement
of M; receptors in gastric tumorigenesis, we treated INS-GAS mice by
continuous infusion of the specific M5 receptor antagonist, darifenacin
(32), in combination with chemotherapy. Using an experimental de-
sign similar to that of the Botox and vagotomy experiment, we found
that the combination of darifenacin and chemotherapy reduced cel-
lular proliferation of the tumors (Fig. 5D). Furthermore, we analyzed
the Wnt signaling pathway in M;KO versus wild-type mice and found
that several key genes, including one encoding -catenin, were down-
regulated (fig. S13). We then exposed M;KO and wild-type mice to
MNU treatment. At 7.5 months after MNU treatment (11 months
of age), M;KO mice had less tumor induction (57.1% versus 100%)
and smaller tumor size when compared to wild-type controls (Fig.
5, E and F). Thus, the vagus nerve regulates gastric tumorigenesis at
least in part through M; receptor-mediated Wnt signaling, which is
operative in Lgr5" stem cells.

Neurons activate Wnt signaling in gastric stem cells
through M; receptor

To demonstrate the potential regulatory role of nerves in the mainte-
nance of gastric epithelium, we used an established in vitro culture sys-
tem for gastric organoids (9). Primary neurons were isolated from
murine spinal cord or the enteric nervous system of guinea pigs, and
cocultured with gastric glands (9, 33, 34). In culture, neurons showed
outgrowth of neurites and evidence of direct contact with the gastric
organoids (Fig. 6, A to C). Furthermore, coculture with neurons markedly
promoted gastric organoid growth (Fig. 6, D and E). The addition of
either Botox or scopolamine (an unspecific muscarinic receptor antag-
onist) inhibited this stimulatory effect (Fig. 6, D and E), whereas pilo-
carpine (an unspecific muscarinic receptor agonist) stimulated organoid
growth (Fig. 6F). Pilocarpine caused up-regulation of the gastric stem
cell markers and Wnt target genes Lgr5, Cd44, and Sox9 (9) in a dose-
dependent manner. However, in gastric organoids of M;KO mice,
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Fig. 4. Denervation
alters inflammation-
related signaling and
suppresses stem cell
expansion in mouse
models of gastric can-
cer. (A) Time course of
five signaling pathways
determined by microar-
ray analysis in the ante-
rior side of the stomach
at 2 (blue), 4 (green), and
6 (red) months after
anterior UVT compared
with the posterior side
of the stomach in INS-
GAS mice. Total net
accumulated perturba-
tion (expressed as tA
score): 4 to 6. tA score >
0: activation; tA score <
0: inhibition. (B) Num-
bers of CD44™" cells
in the anterior and the
posterior sides of the
stomach of INS-GAS
mice at 6 months after
surgery. Means + SEM.
P =0.037 (n = 27, paired
t test) between the an-
terior and the posterior
sides in sham operation
(Sham), P = 100 x 10
or P=600x10°(n=
25, Dunnett’s test) be-
tween PP and VTPP
(anterior and posterior
sides, respectively), and
P=174x107 (n =30,
paired t test) between
the anterior and the pos-
terior sides within ante-
rior UVT. (C) Numbers of
CD44-immunoreactive
cells (CD44) and CD44v6-
immunoreactive cells
(CD44v6) in the anterior
and the posterior sides
of the stomach of INS-
GAS mice at 6 months
after Botox injection.
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Means + SEM. P = 0.034 and P = 0.021, respectively (n = 16, paired t test) between the
anterior and the posterior sides of the stomach. (D) Relative gene expression of Cyclin D1,
Axin2, Myc, Lgr5, and Cd44 in the gastric tumors of sham-operated or VTPP-treated mice 36
weeks after MNU treatment (n = 4 per group). Means + SEM. P = 0.04 (Cyclin D1), 0.04
(Axin2), 0.03 (Myc), 0.001 (Lgr5), and 0.01 (Cd44) (Student’s t test). (E) Number of cells showing nuclear B-catenin accumulation in the gastric tumors
of PP- or VTPP-treated mice 36 weeks after MNU treatment (n = 4 per group). Means + SEM. P = 7.00 x 107 (Student’s t test). Representative immu-
nohistochemical microphotographs are shown below. Scale bars, 40 um. (F) Number of Lgr5* cells in the stomachs of PP- or VTPP-treated mice 6 weeks
after MNU treatment (n = 5 per group). Means = SEM. P = 4.00 x 10° (Student's  test). Representative Lgr5-GFP* microphotographs are shown below.
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Fig. 5. M; receptor signaling in gastric stem cells regulates tumorig is in mouse of gas-
tric cancer. (A) Representative fluorescence-activated cell sorting gating showing forward scatter (FSC)
and Lgr5-GFP expression. (B and C) Relative gene expression of Lgr5 and muscarinic receptors (Chrm1
to Chrm5) in sorted Lgr5-negative, Lgr5-low, and Lgr5-high populations. Means + SEM (n = 4). (D) Number
of proliferating cells in the tumors of INS-GAS mice treated with saline (Control, n = 19), M3 receptor
antagonist darifenacin (MsR, n = 15), 5-FU + oxaliplatin (Chemo, n = 12), or combination of 5-FU +
oxaliplatin + darifenacin (M3R + Chemo, n = 8), respectively. Means + SEM. P values were calculated
by Dunnett’s test. (E) Representative photographs showing gross appearance of stomachs opened
along the greater curvature from wild-type (WT) or M5 receptor knockout mice (M3KO) treated with
MNU. (F) Volume density of tumor in the stomachs of MNU-treated WT (n = 13) versus MNU-treated
M3KO mice (n = 7). Means + SEM (Student’s t test).

pilocarpine showed no effects on the expression of these genes (Fig. 6G),
highlighting the importance of the M; receptor for stem cell expan-
sion. Furthermore, coculture with neurons could substitute for Wnt3a

in gastric organoid cultures that are other-
wise strictly dependent on addition of Wnt
ligands (35) (Fig. 6H), confirming the abil-
ity of cholinergic signaling to induce ligand-
independent Wnt signaling in this in vitro
system.

Gastric cancer patients display
dysregulation of Wnt signaling
and innervation in the tumors

To further investigate the involvement of
Wnt signaling, innervation, and gastric can-
cer progression in humans, we evaluated
three separate cohort studies of gastric can-
cer patients (table S2). In tumors from 17
primary gastric cancer patients, Wnt sig-
naling, neurotrophin signaling, and axo-
nal guidance pathways (along with other
pathways) were activated in cancerous tis-
sue when compared to adjacent noncan-
cerous tissue (Fig. 7 and fig. S14). In another
group of 120 primary gastric cancers, neu-
ronal density was correlated with more ad-
vanced tumor stages (Fig. 8, A to C). A
similar increase in neuronal density was
confirmed in tumors of mice treated with
MNU (Fig. 8, D to F). In the third cohort
of 37 patients, who developed gastric stump
cancer after distal gastrectomy with or
without vagotomy, 35% (13 of 37) of pa-
tients had undergone vagotomy. Of those
13 patients, only 1 had a tumor in the pos-
terior wall and none had tumors in the an-
terior wall. In the 24 patients without
vagotomy, tumors were observed in both
anterior and posterior walls (fig. S15).

DISCUSSION

The results of the present study, using
three independent mouse models of gas-
tric cancer, demonstrate that either
surgical or pharmacological denervation
suppresses gastric tumorigenesis. The ef-
fect takes place primarily on terminal and
intramucosal vagal branches, as shown by
the response to unilateral vagotomy and
localized Botox injection. Denervation ther-
apy was effective in both early preneopla-
sia and late neoplasia/dysplasia, and it
enhanced the effect of chemotherapy and
prolonged survival in mice with advanced
tumors. Gene expression and immuno-
histochemical analysis of stem cell markers,

along with the in vitro gastric organoid test, revealed that cholinergic
nerves directly modulate epithelial stem cells through activation of
Wnht signaling via the M; receptor. Analysis of human patients with
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ganoids along with neurite outgrowth. (A) Guinea pig enteric neuron (green
arrowhead) with gastric organoids (red asterisks). Scale bar, 5 um. (B)
Three-dimensional images (low and high magnifications) obtained by
two-photon microscopy of gastric organoids (red) derived from an ACTB-
tdTomato mouse and neurons (green) derived from a UBC-GFP mouse. Scale
bars, 20 um (left) and 5 um (right). In (C), fluorescent images show gastric

organoids (red) alone (left, Control) or cocultured with neurons (green) (right, Neuron) at day 4. Scale bars,
10 um. (D) Relative number of organoids after 72 hours in control, neuron coculture, control plus Botox, or
neuron coculture plus Botox. Means + SEM. n = 4 per group. **P = 0.002 (Student’s t test). ns, not significant

compared to control. (E) Relative number of organoids after 72 hours in control or neuron coculture with or
without scopolamine (SCOP) (1 ug/ml). Means + SEM. n = 4 per group. **P = 0.003 (Student’s t test). ns, not significant compared to control. (F) Relative
number of organoids at day 10 with or without 100 uM pilocarpine. Means + SEM. n = 4 per group. **P = 0.006 (Student's t test) between control and
pilocarpine. (G) Relative mRNA expression for Lgr5, Cd44, and Sox9 in relation to Gapdh on day 7 with or without 10 or 100 uM pilocarpine in gastric
organoids isolated from WT or M3KO mice. Means + SEM. Student’s t test between 0 uM and 10 or 100 uM pilocarpine. n = 4 per group. (H) Relative

number of organoids at day 10 with or without neurons and/or Wnt3a.

Control + Wnt3a (Student's t test).

gastric cancer also showed correlations between neural pathways
and Wnt signaling and increased innervation in more advanced tumors,
with decreased tumor risk in vagotomized stomach.

In contrast to our current results, previous vagotomy studies in rat
models of chemically induced gastric cancer did not reveal an inhib-
itory effect (12, 36, 37). This is likely due to the earlier approach of

www.ScienceTranslationalMedicine.org

Means + SEM. n = 4 per group. ns, not significant. *P = 0.030 compared to

bilateral vagotomy without pyloroplasty, which delayed gastric empty-
ing and therefore increased the exposure time of orally administered
chemical carcinogens on the gastric mucosa. To ensure that dose and
time of MNU exposure were equalized in all the groups and to prevent
retention of gastric contents, we performed bilateral vagotomy with
pyloroplasty or PP (as control) after completion of the MNU dosing
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Fig. 7. Gastric cancer patients exhibit a dysregulation of Wnt signaling. Gene expression of Wnt

1
Log, fold change

2

signaling pathway (microarray analysis) in human gastric cancer tissue. The graph shows log, fold

changes of expressed genes in comparison with the adjacent noncancerous tissue of the same stomach.

Red, down-regulation; blue, up-regulation.

protocol, allowing analysis of the specific
effects of the vagus nerve on the gastric
mucosa. Thus, we found that vagotomy
inhibited gastric tumorigenesis in the
MNU model. The data from two differ-
ent genetically engineered mouse models
of gastric cancer further established the
inhibitory effect of denervation against
gastric tumorigenesis. Given the limited
availability of metastatic models of gas-
tric cancer, the effect of denervation in
metastatic lymph nodes or other organs
remains unclear and needs to be further
investigated in suitable models.

Previous studies suggested that nerves
contribute to the normal stem cell niche
(1, 2, 38), and a recent report has linked
sympathetic nerves to prostate cancer pro-
gression (7). However, the stomach dif-
fers from other solid organs in that its
autonomic innervation is largely parasym-
pathetic in nature, and cholinergic nerves
have been shown to regulate gastroin-
testinal proliferation (39). The present
study demonstrated that Lgr5" gastric stem
cells express the Mj receptor, and that Wnt
signaling in those cells is directly acti-
vated by cholinergic vagus stimulation,
resulting in epithelial proliferation and
stem cell expansion. Gastrointestinal stem
cells are supported by a number of niche
cells including Paneth cells, mesenchy-
mal stem cells, myofibroblasts, smooth
muscle cells, lymph and vascular endo-
thelial cells, and bone marrow-derived
stromal cells (40-42). Here, we identified
nerves regulating gastric stem cell expan-
sion during the tumorigenesis.

The vagus nerve has been shown to
stimulate cell proliferation in the brain,
liver, and stomach through the M; re-
ceptor (43-45). Furthermore, activation
of muscarinic receptors in cancer cells
leads to enhanced Wnt signaling inde-
pendent of Wnt ligands (46), and M; re-
ceptor signaling has been implicated in
the pathogenesis of intestinal neoplasia
(6, 47, 48). Consistent with those find-
ings, the present study demonstrates that
genetic knockout or pharmacological in-
hibition of Mj; receptor suppresses gas-
tric tumor progression, pointing to the
M; receptor as a potential target for gas-
tric cancer therapy. The M; receptor an-
tagonist darifenacin is already in clinical
use for overactive urinary bladder (49) and
has been shown to inhibit growth of small
cell lung cancer xenografts (50). Given
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Fig. 8. PGP9.5 and peripherin may represent neural markers for gastric cancer progression. (A)
Representative microphotographs showing human gastric cancer [indicated by yellow arrowheads, hema-
toxylin and eosin (H&E) staining] and PGP9.5-labeled nerve (green arrowhead). Scale bars, 50 um. (B) Vol-
ume density of PGP9.5-labeled nerves in different levels of depth of tumor invasion [T2 (tumor invading
muscularis propria) versus T3 (tumor penetrating subserosal connective tissue without invasion of visceral
peritoneum or adjacent structures)] in the stage Il and Ill gastric cancer patients. Means + SEM (n = 120).
P = 0.008 (Student’s t test). (C) Number of lymph node metastases in patients with stage Il and Ill or
stage IV gastric cancer that has low or high expression of PGP9.5. Means + SEM (n = 120). P values were
calculated by Student’s t test. (D) PGP9.5- and peripherin-immunoreactive nerve densities in gastric mu-
cosa of control mice (nontumor) and MNU-treated mice (tumor). PGP9.5 is a ubiquitin-protein hydrolase
that is expressed in the neuronal cell bodies and axons in the central and peripheral nervous system.
Peripherin is a type Ill intermediate filament protein that is expressed in peripheral and some central
nervous system neurons. Both can be used as neuronal markers in the gut. Means + SEM (n = 6 per
group). P values were calculated by Student’s t test. (E and F) Representative immunohistochemical mi-
crophotographs showing PGP9.5 and peripherin (indicated by red arrows) in the nontumor and tumor
areas of the mouse stomachs. Scale bars, 20 um (E) and 40 um (F).

of available agents has restricted their clin-
ical use to this point (54). Finally, we can-
not exclude a role for additional pathways
(for example, prostaglandin E, pathway)
that may be modulated by nerves in gas-
tric tumorigenesis.

Our finding that nerves play an im-
portant role in cancer initiation and pro-
gression highlights a component of the
tumor microenvironment contributing to
the cancer stem cell niche. The data strongly
support the notion that denervation and
cholinergic antagonism, in combination
with other therapies, could represent a viable
approach for the treatment of gastric cancer
and possibly other solid malignancies.

MATERIALS AND METHODS

We used 581 mice divided into 14 exper-
imental groups. In each experiment, mice
were randomly divided into different sub-
groups (fig. SI and table S1). INS-GAS mice
with spontaneous gastric cancer were used
as previously described (18, 19). Denerva-
tion was achieved by subdiaphragmatic
bilateral truncal vagotomy, unilateral va-
gotomy, or Botox local injection. The tu-
mor prevalence/incidence, tumor size, tumor
regeneration, pathological changes, gene
expression profiles, and immunohisto-
chemical biomarkers were examined after
denervation. In vitro gastric organoid
culture was performed as described pre-
viously (9). We also performed three
cohort studies of human primary gas-
tric cancer and gastric stump cancer, as
well as gene expression profiling and
KEGG pathway analysis. All studies and
procedures involving animals and hu-

that chemotherapeutic agents and darifenacin appear to show cooper-
ative effects, M; receptor-targeting therapy combined with chemo-
therapy in unresectable gastric cancer patients could be considered
in future trials, although further studies are needed to evaluate the
safety and long-term effects of those regimens.

Canonical Wnt signaling controls epithelial homeostasis in the in-
testine and the stomach, and is thought to play a role in a subset of
gastric cancers (9, 51). Here, we have shown that Wnt signaling is up-
regulated in the tumorigenic stomach and is down-regulated after
vagotomy, suggesting that vagus nerve is a critical regulator of Wnt
signaling in gastric tumorigenesis. Furthermore, gastric Wnt signaling
was down-regulated in M3KO mice, which were resistant to MNU-
induced tumorigenesis. In addition, inhibition of Notch signaling was
also observed after vagotomy, which is in line with both Wnt and Notch
signaling promoting the initiation of intestinal tumors (52, 53). There-
fore, therapeutic modulation of Wnt signaling blockade using tankyrase
inhibitors could also be considered, although the dose-limiting toxicity

man subjects were approved by the Norwegian National Animal Re-
search Authority, the Columbia University Institutional Animal Care
and Use Committee, Gifu University, and the National Cancer Center
Hospital East, Japan. Statistical comparisons were performed between
experimental groups, between the anterior and posterior sides of the
stomachs, and between groups of patients. See the Supplementary
Materials for the complete Materials and Methods.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/6/250/250ra115/DC1
Materials and Methods

Fig. S1. Flowchart showing the animal study design.

Fig. S2. Anterior UVT in mice.

Fig. $3. Body weight of male and female INS-GAS mice after surgery.

Fig. S4. Thickness of the gastric oxyntic mucosa after surgery in INS-GAS mice.
Fig. S5. Pathological scores for the stomach after surgery in INS-GAS mice.
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Fig. S6. Pathological scores for the stomach after Botox injection in INS-GAS mice. 2
Fig. S7. Wnt signaling in INS-GAS mice compared with wild-type mice.

Fig. S8. Altered signaling pathways after vagotomy in INS-GAS mice.

Fig. S9. Wnt and Notch signaling pathways after vagotomy in INS-GAS mice. 2
Fig. $10. Immunostaining of CD44 after vagotomy in INS-GAS mice.

Fig. S11. Numbers of CD44-immunoreactive cells after Botox treatment + vagotomy in INS-GAS mice.

Fig. $12. Tumor regeneration in the stomach after vagotomy in INS-GAS mice.

Fig. $13. Wnt signaling KEGG pathway in M3KO mice compared with wild-type mice. 23.
Fig. S14. Altered signaling pathways in human gastric cancer tissue compared with adjacent
noncancerous tissue.

Fig. S15. Gastric stump cancer after distal gastrectomy with or without vagotomy.
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Editor's Summary

Treating Cancer by Getting on Its Nerves

The nervous system plays a role in the regulation of many different organs, including the gut. Now, Zhao et al.
have shown that the vagal nerve, which signals to the stomach through muscarinic receptors, contributes to the
growth of gastric tumors. The authors demonstrated that vagotomy (surgical interruption of the vagal nerve) can
prevent gastric cancer in mice and reduce the recurrence of gastric tumors in human patients. Moreover, the same
result can be achieved in mice treated with Botox or anticholinergic drugs to inhibit vagal nerve signaling, raising the
hope of a safer treatment for gastric cancer without irreversible side effects.
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can be found at:
http://stm.sciencemag.org/content/6/250/250ra115.full.html
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Supplementary Materials and Methods

Animals

The insulin-gastrin (INS-GAS) transgenic mice wgemerated by Dr. T.C. Wan§g), and

imported to Norway by Dr. D. Chen for these studisimals were further bred through

sibling mating for more than 20 generations. 8284GBIAS mice have been examined during

the past 9 years. The percentage of the mice withmneoplastic lesions was 3.7% at 6

months of age, and the prevalence of spontane@ismeancer increased from 75% (at the

beginning of this study in Jan. 2005) to 100% (N2&\13) at 12 months of age without an

additional infection wittHelicobacter pylori. 187 INS-GAS mice were examined at 1 to 20

months of age during 2005, and 61 mice were foartthte gastric tumors after 9 months of

age (see Fig. 1A: the tumor prevalence at the lemsgreater curvature of the stomach).

During 2012, 139 INS-GAS mice were examined at batims of age and all mice had gastric

tumors. MKO mice were obtained from Dr. Koji Takeuchi at KgoPharmaceutical

University @5). MsKO mice had higher water intake than age- and satcimed wild type

mice (14.62+1.7¥ss. 6.48+1.00 mL/100 g body weight/24 hours, MeandEEMSN=8), p =

0.01 (Student'st test). The chemically-induced gastric cancer modek established

according to our previous repoP?). In brief, mice were exposed to N-Methyl-N-nitoosea

(MNU, Sigma Chemicals), which was dissolved initdést water at a concentration of 240

ppm and freshly prepared twice per week for adrration in drinking water in



light-shielded bottlead libitum. Starting at 4 weeks of age, mice were given dngpkvater
containing MNU on alternate weeks for a total ofwléeks.H. pylori infection was induced
in H'/K*-ATPase-IL-1R mice23) by inoculation with pre-mouse Sydney strain 1 [F$4]).
Three inocula (0.2 mL dfip, 10° colony-forming units/mL) were delivered every atday
by oral gavage using a sterile gavage needle.

In the present study, animals were housed 3-4 pececage on wood chip bedding with a
12-hour light/dark cycle, room temperature of 22%@ 40-60% relative humidity. INS-GAS
mice and FVB wild-type (WT) mice were housed at stendard housing conditions in a
specific pathogen-free environmentzfD mice, Hp-infected H/K*-ATPase-IL-1R mice,
and WT controls (C57BL/6 mice, Taconic, Denmarkevhoused in a guaranteed animal
facility at Comparative Medicine Core Facility abiWegian University of Science and
Technology All the mice had free access to tapewand standard pellet food (RM1
801002, Scanbur BK AS). Animal experiments wererapgd by the Norwegian National
Animal Research Authority (Forsgksdyrutvalget, FDaRid by the Columbia University

Institutional Animal Care and Use Committee (IACUC)

Experimental designs



581 mice were divided into 14 experimental groupable S1). In each experiment, mice
were randomly divided into different subgroups. EHmémals, samples, and treatments were
coded until the data were analyzed.

In the ' experiment, 107 INS-GAS mice underwent bilaterain¢al vagotomy with
pyloroplasty (VTPP) (6 males, 19 females), pyloasty alone (PP) (7 males, 18 females),
unilateral anterior truncal vagotomy (UVT) (11 n®ld9 females), or sham operation (11
males, 16 females) at 6 months of age. Six morftes surgery (at 12 months of age), the
animals were euthanized, and the anterior and posfgrts of the stomachs were collected
for histopathological and immunohistochemical asaty

In the 29 experiment, 20 WT mice (FVB, the same genetic emknd as INS-GAS mice)
were exposed to MNU for one week every other weekftycles (10 weeks). At 3.5 months
of age, half of the MNU-treated mice underwent VTd@ the other half underwent a sham
operation (PP). All the mice were euthanized atridths of age, and the stomachs were
examined macroscopically and collected for histoplaigical analysis.

In the 3° experiment, 24 HK*-ATPase-IL-1R mice (14 males and 10 females, basked

to C57BL/6 for 10 generation) were inoculated wHihat 3.5 months of age. At 12 months of
age, half of the infected mice underwent UVT areldther half underwent a sham operation
(laparotomy). All the mice were euthanized 6 mortisr. The stomachs were examined

macroscopically and collected for histopathologanaalysis.



In the 4" experiment, 16 INS-GAS mice (5 males and 11 fes)ad 6 months of age
underwent unilateral Botox treatment and were eutfeal at 12 months of age. The anterior
and posterior parts of the stomachs were colldotedistopathological analysis.

In the 8" experiment, 64 INS-GAS mice at 8 months (7 mates 0 females), 10 months (6
males and 8 females) and 12 months (6 males amahélés) of age underwent UVT, and 21
age-matched mice (8 males and 13 females) had meryu At 18 months of age, all
surviving mice including 12 (6 males and 6 femaliesin the 8-month group, 9 from the
10-month group (3 males and 6 females), 8 fronithenonth group (4 males and 4 females),
and 10 from the un-operated group (4 males and@les) were euthanized, and the anterior
and posterior parts of the stomachs were colledtedhistopathological analysis and
genome-wide gene expression profiling analysisvigal analysis was also performed.

In the 8" experiment, 26 INS-GAS mice at 12 months of agdenment Botox treatments
(only anterior or both anterior and posterior sidéshe stomach with or without UVT) or
vehicle injection (both anterior and posterior sidé the stomach). Mice were euthanized at
14 months of age. Both the anterior and posterotspof the stomachs were collected for
histopathological analysis.

In the 7" experiment, 133 INS-GAS mice at 12-14 months & egeived no treatment (6
males and 6 females), saline (5 males and 5 fejn&édhiorouracil (5-FU) (5 males and 5

females), oxaliplatin (5 males and 8 females)nsaft unilateral Botox treatment (4 males

4



and 6 females), unilateral Botox treatment + 5-BUn@les and 6 females), unilateral Botox
treatment + oxaliplatin (6 males and 7 femalesanstoperation (laparotomy) + 5-FU +
oxaliplatin (6 males and 9 females), unilateral ®otreatment + 5-FU + oxaliplatin (11
males and 13 females), or UVT+ 5-FU + oxaliplabmgales and 10 females).Denervation
treatment was applied to only half of the stomaefth that the non-denervated half of the
stomach in each animal served as a control, eitbehemotherapy only or as an untreated
control. All mice were euthanized 2 months aftartgstg the treatments, except for mice that
died before the end of study, and both the antamaokr posterior parts of the stomachs were
collected for histopathological analysis. Surviaablysis was also performed.

In the & experiment, 16 INS-GAS mice at 6 months of ageemwent UVT and were
euthanized at 2 months (1 male and 4 females),tha@2 males and 3 females), or 6 months
(2 males and 4 females) postoperatively. The amtemd posterior parts of the stomachs
were collected for genome-wide gene expressioriliogpf

In the ¢ experiment, 44 INS-GAS mice at 12-14 months of regeived saline (3 males and
3 females), 5-FU + oxaliplatin (5 males and 8 fesagldarifenacin (6 males and 6 females),
or a combination of 5-FU + oxaliplatin and darifeima(8 males and 5 females). Two months
after starting the treatments, the mice were eigkdnand both the anterior and posterior

parts of the stomachs were collected for histopatical analysis.



In the 18" experiment, both INS-GAS mice (6 males and 6 fesjgand WT mice (10 males
and 10 females) were subjected either to UVT dremtment. Six months after surgery (at 12
months of age), the animals were euthanized anchmiterior and posterior parts of the
stomachs were collected for gene expression asalysi

In the 11" experiment, 12 MNU-treated mice (6 males and &ifes) were subjected to PP or
VTPP at 6 months of age and euthanized 4 monthks. [@he stomachs were collected for
gRT-PCR analysis.

In the 13" experiment, 7 MNKO mice (4 males and 3 females) and 13 WT micedmand 8
females) (C57BL/6, the same genetic backgrounda#§®Imice) were exposed to MNU and
euthanized at 11 months of age. The stomachs wemaired macroscopically and were
collected for histopathological analysis.

In the 13" experiment, 37 mice (20 males, 17 females) at8xdnths of age underwent a
topical application of acetic acid on the anterside of the stomach with or without
simultaneous UVT and were euthanized 1 week (5 sndldemales), 2 weeks (3 males, 9
females), or 3 weeks (12 males, 1 female) latat,tha anterior parts of the stomachs were
collected for histopathological analysis.

In the 14" experiment, 10 Lgr5-GFP mice (all males) weret&éavith MNU at 2 months of

age, subjected to PP or VTPP at 19 weeks of ageeathanized at 25 weeks of age.



Animal surgery

All surgical procedures were performed under igafhe inhalation anesthesia (2-3 %), with

buprenorphine (0.1 mg/kg subcutaneously) givenoasoperative analgesia. The abdominal

cavity was accessed through a midline incision. Bham operation consisted of a

laparotomy with mild manipulation of organs, indluglidentification of the vagus nerve. PP

was done by longitudinal incision of the pylorichgpcter followed by transverse suturing.

VTPP was performed by subdiaphragmatic dissectidroth the anterior and posterior vagal

trunks and simultaneous PP to prevent post-vagotefgyed gastric emptying. In UVT,

only the anterior truncal vagus nerve was cut (6B), leading to a specific vagal denervation

of the anterior aspects of the stomach, with pxeskrpyloric function making PP

unnecessary. Sample collection was done underatibalanesthesia as described, and the

animals were euthanized by exsanguination whileustder anesthesia.

Botox treatment

Botox 100 U (Botox Allergan Inc.) was dissolvedi®% cold saline and 1% methylene blue

(to visualize the injection), achieving a concetitra of 0.25 U of Botox/mL. The Botox

solution was injected subserosally along the greatevature into the anterior (unilateral

Botox treatment) or both anterior and posterioresidbilateral Botox treatment) of the

stomach (only the corpus area where tumor devejogethe dose of 0.05 U/mouse (0.2



mL/mouse) or 0.1 U/mouse (0.4 mL/mouse), respegtiemce per month until the end of the
study. In the control group, the vehicle solutioaswprepared with 0.9% saline and 1%
methylene blue and injected into both anterior pasterior sides of the stomach (only the

corpus area where tumor developed) at a volumedafnf/mouse.

Chemotherapy and Ms receptor antagonist treatment

5-Fluorouracil (5-FU, Flurablastin, Pfizer, Inc.agvdiluted in saline and given at a dose of 25
mg/kg in a volume of 1 mL. Oxaliplatin (Hospiraclhpwas diluted in saline and given at 5
mg/kg in 1 mL. Combination of 5-FU (25 mg/kg in OrL.) and oxaliplatin (5 mg/kg in 0.5
mL) was given at the same time, but the drugs \weeeted separately. Chemotherapy was
given by intraperitoneal injection weekly in 2 ays) namely 3 injections in thé' inonth
(starting one week after th& Botox, UVT, or the T osmotic mini-pump implantation), and
3 injections in the ¥ month (starting at one week after tH€ Botox, no UVT, or the ¥
mini-pump). Age- and sex-matched mice receivedperitoneal injection of saline (1 mL)
as controls. The injection needle was 27 G. Thag®es and regimens were made based on
our pilot experiments for selecting the doses. &hveas no effect on tumor size by 5-FU or
oxaliplatin alone (Fig. S16).

Darifenacin hydrobromide (Santa Cruz Biotechnologg$ given at a dose of 1 mg/kg/h for 2

months via an osmotic mini-pump (ALZET 2006) asomed previously48).



Tumor regeneration model

Topical application of acetic acid was found tomppily cause necrosis in the tumor tissue in
INS-GAS mice. Under isoflurane anesthesia, the attmwas exposed through a midline
abdominal incision, and 60% acetic acid was topicapplied to the serosa of the anterior
side of the stomach for 60 seconds using a 5 mennat diameter cylindrical metal mold. In
the experiment combining acetic acid-induced nécrdeers with UVT, the mice underwent

acetic acid application during the UVT surgery.

Pathological and immunohistochemical analyses

The stomachs were removed, opened along the gaateture, washed in 0.9% NacCl, and
pinned flat on a petri-dish-silicone board. Eactnsch was photographed digitally; the
tumor profiles in both anterior and posterior sidéthe stomach were drawn separately and
subjected to morphometric analysis of the volumesidg (expressed as the percentage of
glandular volume occupied by the tumor) using peoiminting technique with a test grid
comprised of a 1.0 cm square lattice. This grid plased over each photograph (40 x 30
cn), and the numbers of test points overlying thedumnd gastric glandular area were
determined. The samples for histology comprisedtipiallinear strips along the greater

curvature of the stomach wall, extending from theasmocolumnar junction through the
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antrum. Samples were fixed in 4% formaldehyde fdr28hours at room temperature and

embedded in paraffin. Sections (4 um thick) wernsd with hematoxylin and eosin.

Pathological evaluation was performed by compagagiathologists and a histologist who

were blinded to the sample source. The gastriomssivere scored on an ascending scale

from O to 4, using criteria adopted from previoeparts 21). Inflammation scoring were

assigned for patchy infiltration of mixed leukocytén mucosa and/or submucosa (1),

multifocal-to-coalescing leukocyte infiltration nektended below submucosa (2), marked

increase in leukocytes with lymphoid follicles €/xtension into tunica muscularis (3), or

effacing transmural inflammation (4). The epithkdiafects were defined as gland dilatation,

surface erosions and gland atrophy, and ulceratiohfibrosis. Immunohistochemistry was

performed using a DAKO AutoStainer (Universal StainSystem with DAKO EnVision

System, Dako). Antibodies used were Ki67 (1:10@ech 7249, Dako), PCNA (1:100, code

M0879, Dako), CD44 (1:100, code 550538, BD Pharemg CD44V6 (1:200, code

AB2080, Millipore), PGP9.5 (1:1000, code 75116, Daland code 7863-0504, AbD

Serotec), peripherin (1:500, code AB1530, Millipprié-catenin (1:500, code 610654, BD

Transduction Laboratories), Alexa Fluor 488 Phdiloi (1:200, code A12379, Life

Technologies), Alexa Fluor 555 Goat Anti-Rabbit 1d8+L)(1:200, code A21428, Life

Technologies). Cellular proliferation is expressasl the number of Ki67 or PCNA

immunoreactive cells/gland. There was no differdnesveen the two markers between two

10



labs (TW and DC). Slides were visualized on a NikbB2000-U and representative
microhistophotos were taken. Positive-stained cellth nuclei were counted only in

dysplastic glands, with least 50 glands countedpenal in a blinded fashion, and results are
expressed as numerical densities (number of cetlgland, number of cells per 10 glands or
per object field). Positive-stained nerves werengjteted by ImageJ software and are

expressed as positive area per total mucosal area.

Vagus nerve fibers and terminals in the mouse stonsh traced with carbocyanine dye
(Dil)

The esophagus, diaphragm and stomach were remavadafiult mice and fixed for 3 days
with formaldehyde. Dil crystals were placed on #rgerior and posterior thoracic vagal
trunks about 1 cm above the diaphragm, which waisuteisturbed. The preparation was
incubated at 37°C in PBS containing 0.5% sodiurdeaimi a sealed container for 3 months.
After incubation, the stomach was opened alongditeater curvature, the mucosa and
submucosa were removed, and the preparations weueted, serosal side up, in buffered
glycerol for microscopic examination. Dil fluoresme was viewed with a Leica CTR6000
microscope equipped with a cooled CCD camera ampater assisted video imaging. The
entire gastric wall was scanned with a 2.5x objectand a montage was made from the

resulting images. In order to observe the densitpiblabeled vagal fibers within the
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myenteric plexus, additional images were obtainediigher magnification in the lesser

curvature close to the esophagogastric junctionimride greater curvature. The density of

Dil-labeled fibers was estimated by point countiechnique. A test system comprising a 1.0

cm square lattice was placed over each photogeaphthe numbers of test points overlying

the Dil-labeled fibers and the visual field werdesmined.

RNA isolation, gene expression profiling by microaay, gRT-PCR arrays and

gRT-PCR in mice and humans

The collected mouse and human stomach sampleskepterozen at -80°C until further

processing. Total RNA from the frozen stomach sasplas isolated and purified using an

Ultra-Turrax rotating-knife homogenizer and the Vi@ina miRNA Isolation Kit (AM1560,

Ambion) according to the manufacturer’s instrucsioBoncentration and purity of total RNA

were assessed using a NanoDrop photometer (Nand@amologies, Inc.). The A260/280

ratios were 2.05 + 0.01 for mouse samples and *.9610 for human samples (mean *

SEM). RNA integrity was assessed using a Bioanaly&gilent Technologies) and found

satisfactory, with RNA integrity number (RIN) vaki8.1 + 0.1 for mouse samples, and 8.7 +

0.9 for human samples (means + SEM). The microageme expression analysis followed

standard protocols, analyzing 300 ng total RNA g@nple with the lllumina MouseWG-6

and HumanHT-12 Expression BeadChips (lllumina). rieicray data were confirmed by
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gRT-PCR array (RY Profiler PCR Array, SABiosciences) (StepOnePlysApplied
Biosystems). Mouse microarray data were depositéde Gene Expression Omnibus (GEO
accession no. GSE30295), and human data in ArragEgaccession no. E-MTAB-1338).
Longitudinal strips of gastric tissue from the aiztewall as well as the posterior wall were
harvested and snap-frozen in dry ice and kept-80&C freezer until processed for analysis.
Total RNA was extracted with Nucleospin RNA Il K&lontech), and cDNA was synthesized
by Superscript Ill First-strand Synthesis SystemR®-PCR (Invitrogen). See Table S3 for
primer sequences used. Expression levels of ireticgenes were quantified by real-time
PCR assays with SYBR Green dye and the AppliedyBiesns 7300 Real Time PCR

System.

Fluorescence-activated cell sorting (FACS)

Single epithelial cells were isolated frdmr5-GFP mouse stomachs. Isolated crypts were
dissociated with TrypLE Express (Invitrogen) indhugl 1 mg/ml DNase | (Roche Applied
Science) for 10 minutes at 37°C. Dissociated eediee passed through a aés cell strainer,
washed with 2% FBS/PBS, and sorted by FACS (BD FAGSCell Sorter Ill). Viable
single epithelial cells were gated by forward smaside scatter and a pulse-width parameter,

and negative staining for propidium iodide. Celpressing high and low levels of GFP and
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GFP-negative cells were sorted separately, and RNAs isolated by using

RNAqueous-Micro Kit (Ambion).

In vitro culture system

Wild-type  (WT), Ubiquitin C-green fluorescent prote (UBC-GFP), or

Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J mice €Thackson laboratory) were

used forin vitro culture. Gastric gland isolation and culture wpezformed as described

previously @), with minor modifications. Stomachs removed fréfit and MKO mice were

opened longitudinally, chopped into approximatelynB pieces, and incubated in 8 mM

EDTA in PBS for 60 minutes on ice. The tissue fregts were vigorously suspended,

yielding supernatants enriched in gastric glandanfractions were centrifuged at 900 rpm

for 5 minutes at 4°C and diluted with advanced DMEMP (Invitrogen) containing B27, N2,

1 uM n-Acetylcysteine, 10 mM HEPES, penicillin/streptgcin, and Glutamax (all

Invitrogen). Glands were embedded in extracellutaatrix (Fisher Bioservices/NCI

Frederick Central Repositgryand 400 crypts/well were seeded on pre-warmetegla

Advanced DMEM/F12 medium containing 50 ng/mL EGB0 hg/mL Noggin, and fig/mL

R-spondinl was applied. Wnt3a (PeproTech) was a@detioO ng/mL when indicated.

Growth factors were added every other day, andetitee medium was changed twice a

week. Passage was performed at day 7 as describeidysly ©). Mouse primary neuronal

cells were prepared following the protocol desdatilpeeviously 83). Neuronal cells were
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mixed with extracted gastric crypts in the extradal matrix at the ratio of crypt:neuron 1:5.
The enteric nervous system was isolated from guigsaas described previousB4j. Botox,

scopolamine hydrochloride, and pilocarpine hydrodbe (Sigma) were dissolved in PBS
and added in the cultured medium every other dag ifhages of gastric organoids were
acquired using fluorescent microscopy (Nikon, TH2Q) and two-photon microscopy
(Nikon, A1RMP). Isolation of mRNA from cultured agoids was performed with a
NucleoSpin RNA XS kit (Clontech Laboratories Inapcording to manufacturer's
instructions. The first-strand complementary DNAswsynthesized using the ImProm-II
Reverse Transcription System (Promega). Amplifarativas performed using the ABI

PRISM 7300 Quantitative PCR System (Applied Biosyst).

Patients and methods

Three cohort studies were included (Table S2)hén' study, human stomach specimens
(both tumors and the adjacent non-tumor tissuesg ¥aken immediately after gastrectomy
from 17 patients during 2005 to 2010 at St. OldWfsversity Hospital, Trondheim, Norway
for gene expression profiling analysis. All patentere diagnosed histologically as primary
gastric carcinoma of stage I-IV. 10 of 17 patiemesre H. pylori positive at the time of
surgery. In the " study, human stomach tissues were obtained frobngbatric cancer

patients who underwent curative surgical resecfiiom 2001 to 2008 at Gifu University
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Hospital, Gifu, Japan. All patients were diagnodaidtologically as primary gastric
carcinoma of stage Il, Ill, or IV. Immunohistochemli analysis of the nerve density was
performed with PGP9.5 antibody. Low and high exgims of PGP9.5 were defined with
respect to the median of the volume density of P&R# the & study, clinical data of 37
patients with gastric stump cancer (GSC) who hamtived distal gastrectomy with or
without vagotomy during 1962 to 1995 at the Natladdancer Center Hospital East, Chiba,
Japan were evaluated. GSC was defined as gasmgeicthat occurred 5 years (from 5 to
36 years) after curative distal gastrectomy, rdgasdof the original benign or malignant
disease. GSC included in this study was adenocar@ninfiltrating the mucosal or
submucosal layer. The tumor location was recoraedraing to the recommendation by the
Japanese Gastric Cancer Association: anteriorgiegor wall, or lesser or greater curvature
(Fig. S15). All the study protocols were approvedthe ethics committees in Japan and

Norway, and written informed consent was obtaimedfpatients.

Data analysis and statistics

Values were expressed as means + SEM. Pairwisearsups between experimental groups
and between anterior and posterior sides of thaatb were performed with the paired and
unpairedt-test as appropriate. All tests were two sided witbignificance cutoff of 0.05.

Comparisons between more than 2 groups were pegfbriby ANOVA, followed by
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Dunnett’s test or Tukey’s test as appropriate. Canispns with categorical independent
variables were performed using Fisher's exact taplan-Meier survival curves were
calculated and were analyzed by the Cox proportiohazard method. Tumor
prevalence/incidence was analyzed by Fisher's eratt Affymetrix microarray data were
normalized using RMA, and lllumina microarray datas analyzed using Lumi. Both
gRT-PCR and microarray data were analyzed on tlgge $cale. The significance of
differential expression of qRT-PCR data was analyzsing parametric frequentist statistics,
and microarray data were analyzed using the enapiBayesian method implemented in
Limma. Gene expression profiles from both microaremd gRT-PCR were analyzed
independently by a paired robustest for mouse samples or a paitest for human
samples. Pairetistatistics were computed by fitting a linear rabarsnon-robust regression
to the anterior and posterior stomach samples mvigich mouse or to the cancer and the
adjacent non-cancerous tissue samples within eatddnp For microarray data, transcripts
with Benjamini-Hochberg false discovery rates lésan 0.05 were considered to be
differentially expressed. Regulated KEGG (Kyoto fiopedia of Genes and Genomes)
pathways were identified using Signaling Pathwaydot Analysis. All of the above

calculations were performed in the R/Bioconductdtvgare environment.
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Supplementary figures and tables

A | INS-GAS mice » Age (months) |
18

6 8 10 12 14 16
A 4+ 2+ 4 2 4

Vagotomy vs. sham operation

B | MNU mice > Age (months)
1 35 13

MNU Vagotomy vs. sham operation

C H.p. mice » Age (months
P 3.5 12 18 ge ( )
H.p. Vagotomy vs. sham operation
D | INS-GAS mice » Age (months)
g 8 10 12 14 18
Botox vs. saline
E ' INs-GAS mice » Age (months)
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Botox or vagotomy + chemotherapy vs. chemotherapy alone

F | INS-GAS mice » Age (months)
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M3 antagonist + chemotherapy vs. chemotherapy alone

G MNU mice - > Age (months)
0
M3KOMNU
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Fig. S1. Flowchart showing the animal study design.
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Before UVT After UVT

Figure S2: Anterior UVT in mice. Photographs shayviissected vagus nerve (indicated by

arrows) before and after anterior unilateral trdvegotomy (UVT) are shown.
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Figure S3: Body weight of male and female INS-GARBearafter surgery. Body weight of
sham (Sham), pyloroplasty (PP), bilateral vagotamitqh pyloroplasty (VTPP), and anterior
unilateral vagotomy (UVT)-operated INS-GAS mice H2 months of age (6 months
postoperatively). Means + SEM. ns: not significardifferent between ShanN(= 11 males,
16 females) and PR(= 7 males, 18 females), VTPR £ 6 males, 19 females), or UVN &

11 males, 19 females) (Dunnett’s test).
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Figure S4: Thickness of the gastric oxyntic mucadter surgery in INS-GAS mice.

Thickness of the oxyntic mucosa in sham (Shamprmyllasty (PP), bilateral vagotomy with

pyloroplasty (VTPP), and anterior unilateral vagoyo(UVT)-operated INS-GAS mice at 12

months of age (6 months postoperatively). Mean€EM STukey test: between PR E 25)

and VTPP K = 25). Paired test: between anterior vs. posterior sides withiars (N = 27)

and UVT (N = 30).
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Figure S5: Pathological scores for the stomactr aftegery in INS-GAS mice. Pathological

scores for inflammation (A), epithelial defects (Bxyntic atrophy (C), epithelial hyperplasia

(D), pseudopyloric metaplasia (E), and GHAI (gashistological activity index) (F) in sham

(Sham), pyloroplasty (PP), bilateral vagotomy wijtlloroplasty (VTPP), and anterior

unilateral vagotomy (UVT)-operated INS-GAS micel&t months of age (at 6 months after

surgery). Means + SEM. Tukey test: between RE £5) and VTPPN = 25). Paired test:
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between anteriors. posterior sides within Shar & 27) and UVT N = 30).
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Figure S6: Pathological scores for the stomachr @&@tox injection in INS-GAS mice.

Pathological scores for inflammation, epithelial fes, oxyntic atrophy, epithelial

hyperplasia, pseudopyloric metaplasia (A), and Gkfjaistric histological activity index) (B)

in Botox-injected (in anterior side of the stomadNS-GAS mice at 12 months of age

(monthly Botox injection starting at 6 months oeagMeans + SEMN = 16). Paired test

between anteriors. posterior sides.
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Figure S7: Wnt signaling in INS-GAS mice comparathwvild-type mice. Fold changes of

Whnt-related genes: upregulated (indicated by red)downregulated (green).
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Figure S8: Altered signaling pathways after vagotamINS-GAS mice. Altered signaling

pathways involved gastric acid, MAPK signaling, atissue homeostasis at 2 (blue), 4
(green), and 6 (red) months in the anterior oxymticcosa of the stomach after anterior
unilateral vagotomy compared with posterior sidesd¢ore: -4 to 6. tA score>0: activation;

tA score<0: inhibition.
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Figure S9: Wnt and Notch signaling pathways in st@mmach after vagotomy in INS-GAS

mice. Wnt and Notch signaling KEGG pathways indheerior oxyntic mucosa after anterior
unilateral vagotomy compared with the posterioresidt 6 months postoperatively.

Down-regulated genep<0.05) are indicated by pink; unchanged genes raeng
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Anterior

Posterior

Figure S10: Immunostaining of CD44 after vagotomylNS-GAS mice. Representative
microphotographs of CD44+ cells in the oxyntic me®f the anterior and the posterior
regions of the same stomach in a mouse subjecteditateral anterior vagotomy (UVT).

Scale bars = 2pm.
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Figure S11: Numbers of CD44-immunoreactive celteraBotox treatment + vagotomy in
INS-GAS mice. CD44-immunoreactive cells in mice jegted to saline (control) or Botox
injection into anterior and posterior sides of #temach (A) and Botox injection into
anterior and posterior sides plus anterior UVT (Bgans + SEM. Studenttstest was used

to compare controlN = 6) and Botox N = 7).
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Figure S12: Tumor regeneration in the stomach afegotomy in INS-GAS mice. (A)

Microphotographs showing histopathological appeegarof tumor regeneration at 3 weeks

after acetic acid-induced necrotic ulcer. Note negation (indicated by red arrow) without

unilateral vagotomy (No UVT) and no regeneratiolu¢barrow) after UVT. Scale bars: 50

pm. (B) Volume density of tumor regeneration 1a8d 3 weeks after application of acetic

acid in mice with or without UVT. Means + SEM. Samf’st test was used to compare no

UVT and UVT (N = 6, exceplN = 8 or 5, respectively, at 3 weeks).
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Figure S13: Wnt signaling KEGG pathway in,®D mice compared with wild-type mice.
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Figure S14: Altered signaling pathways in humantrgasancer tissue compared with

adjacent noncancerous tissue. tA score>0: activafindicated by green); tA score<0:

inhibition (red)
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Fig. S15. Gastric stump cancer after distal gasgineg with or without vagotomy. (A)
Tumors in both anterior and posterior walls in 2dignts without vagotomy. (B) No tumors
in anterior and one tumor in a posterior wall ama&8gpatients who underwent vagotomy.
= 0.01898 omp = 0.02718 for anterior or posterior wall of vagotaad patients compared

with non-vagotomized patients (Fisher test).
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or oxaliplatin (OXPN = 13). Means + SEM. P values were calculated byriBttis test.
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Table S1.Animal experimental groups.

Age*at  Age* at
operation examination
Mouse (N) Group (N) (months) (months)

1 INS-GAS (107)

Sham (27) 6 12
PP (25) 6 12
UVT (30) 6 12
VTPP (25) 6 12

2 MNU (FVB)(20)
MNU+ PP(11) 13
MNU+VTPP (9) 35 13

3 H.p.-infection (24)
Sham (12) 12 18
UVT (12) 12 18

4  INS-GAS (16)
UB (16) 6 12

5 INS-GAS (64)
No surgery (21) 18
UVT (17) 8 18
UVT (14) 10 18
UVT (12) 12 18

6 INS-GAS (26)
Vehicle (6) 12 14
UB (6) 12 14
BB (7) 12 14
BB+UVT (7) 12 14

7 INS-GAS (133)
No treatment (12) 12-14 14-16
Saline (10) 12-14 14-16
5-FU (10) 12-14 14-16
OXP (13) 12-14 14-16
UB+Saline (10) 12-14 14-16
UB+5-FU (10) 12-14 14-16
UB+OXP (13) 12-14 14-16
Sham+5-FU+OXP (15) 12-14 14-16
UB+5-FU+OXP (24) 12-14 14-16
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UVT+5-FU+OXP (16) 12-14 14-16

8 INS-GAS (16)
UVT (5) 6 8
UVT (5) 6 10
UVT (6) 6 12

9 INS-GAS (64)
Saline (19) 12-14 14-16
5-FU+OXP (12) 12-14 14-16
Darifenacin (15) 12-14 14-16
5-FU+OXP+darifenacin (8) 12-14 14-16

10 INS-GAS (12) INS-GAS - No treatment (6) 6 12

FVB (20) INS-GAS - UVT (6) 6 12

WT- No treatment (10) 6 12
WT- UVT (10) 6 12

11 MNU (12)
PP (6) 6 10
VTPP (6) 6 10

12 M3KO (7) M3KO+MNU (7) 11

C57BL/6 (13) WT+MNU (13) 11

13 INS-GAS (37)
Regeneration** 1 week (6) 12-18 12-18+1week
Regeneration 1 week after UVT (6) 12-18 12-18+1week
Regeneration 2 weeks (6) 12-18 12-18+2weeks
Regeneration 2 weeks after UVT (6) 12-18 12-18+Xwee
Regeneration 3 weeks (8) 12-18 12-18+3weeks
Regeneration 3 weeks after UVT (5) 12-18 12-1836ks

14 Lgr5-GFP (10)
MNU + PP (5) 4,75 6,25
MNU+ VTPP (5) 4,75 6,25

PP: Pyloroplasty, UVT: Unilateral vagotomy, VTPRtaBeral vagotomy+pyloroplasty

UB: Unilateral Botox injection, BB: Bilateral Botdrjection, OXP: Oxaliplatin
*Preneoplasia at 6 months and neoplasia at 12 mafthge in INS-GAS mouse. *Tumor
regeneration was induced by topical applicationagtic acid.
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Table S2.Cohorts of gastric cancer patients.

1%t cohort 2" cohort 39 cohort
Country Norway Japan Japan
Purpose Gene expression Innervation and  Stump cancer
profiling tumorigenesis after vagotomy
Study period 2005-2010 2001-2008 1962-1998
Patient
Number (male:female) 17 (14:3) 120 (78:42) 37 (31:6
Age (y.0.) 49-86 31-92 69-90
Pathological stage -1V I-v I-11
H.pylori status 10/17 positive n.d. n.d.
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Table S3.List of qRT-PCR primers used in this study.

Gene Forward (5'->3’) Reverse (5’->3’)

Lar5 TCCAACCTCAGCGTCTTC TGGGAATGTGTGTCAAAG

Cda4 CACATATTGCTTCAATGCCTCAG CCATCACGGTTGACAATAGTTATG
Axin2 ACTGACCGACGATTCCATGT TGCATCTCTCTCTGGAGCTG
Myc AGAGCTCCTCGAGCTGTTTG TGAAGTTCACGTTGAGGGG
Cyclin D1 TCCTCTCCAAAATGCCAGAG GGGTGGGTTGGAAATGAAC
Sox9 AGGAAGCTGGCAGACCAGTA TCCACGAAGGGTCTCTTCTC
Chrm1 CAGAAGTGGTGATCAAGATGCCTAT GAGCTTTTGGGAGGCTGCTT
Chrm2 TGGAGCACAACAAGATCCAGAAT CCCCTGAACGCAGTTTTCA
Chrm3 CCAGTTGGTGTGTTCTTCCTT AGGAAGAGCTGATGTTGGGA
Chrm4 GTGACTGCCATCGAGATCGTAC CAAACTTTCGGGCCACATTG
Chrm5 GGCCCAGAGAGAACGGAAC TTCCCGTTGTTGAGGTGCTT
Gapdh TCATTGTCATACCAGGAAATGAG AGAAACCTGCCAAGTATGATGAC
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Abstract

Background/Aim Food intake, eating behavior, and metabolic parameters in rats that underwent bilateral truncal vagotomy,
sleeve gastrectomy, and duodenal switch procedures were examined.

Methods Rats were subjected to bilateral truncal vagotomy plus pyloroplasty (VTPP), pyloroplasty (PP), laparotomy, sleeve
gastrectomy (SG), or duodenal switch (DS; with and without SG).

Results VTPP, but neither PP nor laparotomy, reduced body weight (BW; 10%) transiently (1 week postoperatively). SG
reduced BW (10%) for 6 weeks, while DS alone or SG followed by DS led to a continuous BW loss from 15% at 1 week to
50% at 8 weeks postoperatively. Food intake was higher and the satiety ratio was lower during the night than the day for all
groups of surgeries. Neither VTPP nor SG had measurable effect on food intake, eating behavior and metabolic parameters.
DS reduced daily food intake by more than 50%, which was associated with hypercholecystokinin(CCK)emia, reduced
meal size and increased satiety ratio, and increased fecal energy content (measured at 8 weeks).

Conclusions Weight loss after VIPP, SG, or DS differed in terms of degree, duration, and underlying mechanisms. DS
without SG was most effective in the long-term, probably due to hyperCCKemia-induced reduction in food intake and long-
limb intestinal bypass-induced malabsorption.
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During the evolution of surgery for morbid obesity, many
different surgical procedures have been developed in order
to reduce food intake and/or nutrition absorption. For
instance, gastric bypass surgery is designed to create a
small pouch in the stomach to produce early satiety and a
consequent reduction in food intake, and moreover to
induce malabsorption by creating a short gut syndrome and/
or by accomplishing distal mixing of bile acid and
pancreatic juice with ingested nutrients, thereby reducing
absorption. It has also been demonstrated that weight loss
surgery, including gastric bypass, changes the perception of
food and thus eating behavior, leading to the concept of
“behavior surgery”." We recently reported that rats devel-
oped an altered eating behavior for the short term, but not
the long term after gastric bypass. Gastric-bypassed rats ate
more during the daytime than sham-operated control rats
and were unable to keep up with the control rats with
respect to meal size and eating rate during the night. More
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interestingly, neither their food intake nor absorption was
reduced, despite the fact that the rats had a loss in body
weight following the gastric bypass.”

Based on the hypothesis that “common obesity” has
hypothalamic origins, truncal vagotomy was used for
treatment of severe obesity.” Based on the understanding
that the vagus nerve controls satiety/hunger and energy
homeostasis, an alternative minimally invasive treatment,
the so-called “Vagal BLocking for Obesity Control”
(VBLOC), has been developed to intermittently block vagal
nerve trunks with high frequency and low power electrical
signals through the laparoscopically implanted device.*
Hence, the first aim of the present study was to analyze
the eating behavior and energy expenditure in rats subjected
to bilateral truncal vagotomy. The measurements were
performed by utilizing a state-of-the-art method known as
a comprehensive laboratory animal metabolic monitoring
system (CLAMS), as performed in our previous studies.”>

Laparoscopically assisted vertical gastrectomy using a
Dexterity Pneumo Sleeve device, the so-called sleeve
gastrectomy, was originally proposed as the first stage
followed by Roux-en-Y gastric bypass or duodenal switch
as the second stage.”* This procedure has been recently
considered as an independent weight loss surgery, based on
clinical outcomes and presumably underlying mechanism in
which the ghrelin-rich gastric fundus is eliminated and the
volume of the stomach is reduced.”'? Previously, we
compared the eating behavior in rats that underwent a total
gastrectomy vs. gastric bypass (i.e., end-to-end anastomosis
of esophagus—proximal jejunum) and found that the food
intake and meal size were reduced after gastrectomy but not
gastric bypass, thus suggesting that the control of food
intake was independent of the food reservoir function of the
stomach.” Therefore, the second aim of the present study
was to analyze the eating behavior and energy expenditure
in rats subjected to sleeve gastrectomy.

The duodenal switch procedure was originally created as
a surgical solution for primary bile reflux gastritis and/or to
decrease post-gastrectomy symptoms after distal gastrecto-
my and gastroduodenostomy.'® Currently, a combined
procedure of sleeve gastrectomy and duodenal switch has
been applied to the treatment of morbid obesity based on
the rationale that the sleeve gastrectomy preserves the
pylorus and first portion of the duodenum which negates
the possibility of dumping symptoms and reduces the risk
of marginal ulcers.® The duodenal switch procedure
achieves complete pancreaticobiliary diversion. As a result,
postprandial biliary and pancreatic secretion will be
reduced or eliminated, and the negative feedback effect of
the bile acid and pancreatic juice on cholecystokinin
(CCK)-producing cells in the duodenum and jejunum will
be deprived, thereby leading to an increase in circulating
CCK levels. Since CCK is well known as a satiety
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hormone, we hypothesized that the duodenal switch
procedure could be an independent weight loss surgery
because this procedure would reduce the food intake due to
hyperCCKemia and induce malabsorption due to long-limb
intestinal bypass. Hence, the third aim of the present study
was to evaluate the effects of a duodenal switch with and
without a sleeve gastrectomy on body weight, eating
behavior, serum CCK levels, fecal energy content, and
energy expenditure.

Materials and Methods
Animals

Male rats (Sprague—Dawley, 3 months old) were purchased
from Taconic M&B, Skensved, Denmark. The males were
preferred because females change their food intake during
ovulation and males grow faster than females, making it
easier to detect body weight change. The rats were housed
in individually ventilated Makrolon cages with 12 h light/
dark cycle, room temperature of 22°C and 40-60% relative
humidity. They were allowed free access to tap water and
standard rat pellet food (RM1 801002, Scanbur BK AS,
Sweden). The study was approved by the Norwegian
National Animal Research Authority (Forseksdyrutvalget,
FDU).

Experimental Design

The animals were divided into the following groups:
laparotomy (LAP), pyloroplasty (PP), bilateral truncal vagot-
omy plus pyloroplasty (VTPP), sleeve gastrectomy (SG),
duodenal switch alone (DS), SG as the first stage and then DS
as the second stage (SG;+DS;), and SG and DS simulta-
neously (SG+DS). In consideration of the “3Rs” for the
human use of animals (e.g., reduction of animal numbers to
the minimum consistent with achieving the scientific
purposes of the experiment),' rats in control groups have
been re-used after a 9-week recovery from previous
operation and revealed an unchanged eating behavior and
metabolic parameters. The rats were first subjected to LAP
(n=7), PP (n=7), or VIPP (n=7), respectively. After
9 weeks, LAP and PP rats were subjected to SG and DS,
respectively. After an additional 11 weeks, SG rats were
subjected to DS, and VTPP rats were simultaneously
subjected to both SG and DS. An additional group of age-
matched rats were subjected to LAP (n=7).

Each rat was monitored weekly with respect to the body
weight development throughout the study period. Each rat
was placed in the CLAMS cage three times for 48 h, i.e.,
1 week before surgery, 1-2 and 8-11 weeks after surgery
for measurements of the eating and metabolic parameters.
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Fig. 1 Body weight developments after pyloroplasty (PP) and
bilateral truncal vagotomy plus pyloroplasty (VTPP) (a), and after
sleeve gastrectomy (SG), duodenal switch alone (DS) and SG as the
first stage and then DS as the second stage (SG;.DS,) (b). Data are
expressed as mean + SEM

Surgery

Rats were deprived of food but not water for 12 h pre- and
24 h post-operation. All operations were performed under
general anesthesia with isofluran (4% for induction and 2%
for maintenance). Buprenorphine (0.05 mg/kg) was admin-
istrated as a pain reliever subcutaneously immediately after
surgery. LAP was performed through middle-line incision.
PP was performed by cutting off the pyloric sphincter
(2 mm) and suturing it vertically against the incision. VTPP
was achieved by cutting both the anterior and posterior
vagal trunks immediately below the diaphragm and, while
at the same time performing a PP to prevent gastroparesis-
induced food retention and gastric dilation. SG was
performed by resecting 70% of the glandular stomach
along the greater curvature. DS was constructed by trans-
ecting the duodenum 1 cm to the pylorus, and a common
channel was created by dividing the ileum 5 cm proximal to
the ileocecal junction (rats have a much longer jejunum

than humans). The distal limb of the ileum was anasto-
mosed to the post-pyloric duodenum in an end-to-end
manner, and the stump of the duodenum was closed with
cross-suture. The distal anastomosis was performed by
joining the distal biliopancreatic limb at 1 cm to the
ileocecal junction in an end-to-side manner.

Eating and Metabolic Parameters

Eating and metabolic parameters were automatically
recorded by the comprehensive laboratory animal monitor-
ing system (CLAMS; Columbus Instruments International,
Columbus, OH, USA). This system is composed of a four-
chamber indirect calorimeter designed for the continuous
monitoring of individual rats from each chamber. An air
sample was withdrawn every 5 min. The energy expendi-
ture (kcal/h) was calculated according to equation: (3.815+
1.232 RER)xVO,, where the respiratory exchange ratio
(RER) was the volume of CO, produced per volume of O,
consumed. VO, was the volume of O, consumed per hour
per kilogram of mass of the animal. The energy expenditure
is expressed as kcal/h/100 g body weight. Urine production
was automatically recorded by weight. In order for rats to
acclimate to this system, they were placed in these
metabolic cages for 24 h before the first CLAMS
monitoring. The high-resolution eating data was generated
by monitoring all eating balances every 0.5 s, providing
accumulated food intake, meal size, and meal duration. The
end of an eating event (meal) was when the balance was
stable for more than 10 s and a minimum of 0.05 g was

a Daytime Nighttime
Kcal/rat Kcal/rat
50 50
40 ns ns 40
30 30
20 ns ns 20
10 10
0 ] 0
Pre 1 9 Pre 1 9
Kca/rat Kcal/rat
50 ns ns 50
40 40
30 30
20 ns ns 20
10 ’—'—‘ 10
0 0
Pre 2 1 Pre 2 1
Post Surgery Post Surgery
(Weeks) (Weeks)

Fig. 2 Calories intake (kcal/rat) during the day and the night at
1 week before (Pre), 1 and 9 weeks after bilateral truncal vagotomy
plus pyloroplasty (VTPP) (a), 1 week before (Pre), 2 and 11 weeks
after sleeve gastrectomy (SG) (b). Data are expressed as mean + SEM.
ns not significant between pre- vs. post-operation
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eaten. Parameters during daytime and nighttime for each rat
included: meal size, meal duration, accumulated food
intake, intermeal interval, rate of eating, and satiety ratio.
The intermeal interval was defined as the interval in
minutes between two meals. The rate of eating was
calculated by dividing meal size by meal duration. The
satiety ratio, an index of non-eating time produced by each
gram of food consumed, was calculated as intermeal
interval divided by meal size. The rats were placed in the
CLAMS chambers for 48 h (data from the first 24 h were
not used in the analysis) with free access to standard rat
powder food (RM1 811004, Scanbur BK AS, Sweden) and
tap water. The total metabolizable energy was 2.57 kcal/g
for both RM1 801002 and 811004.

Determination of Energy Content in Feces

Feces were collected when the rats were placed in
CLAMS cages 8 weeks after DS or age-matched control

LAP, and dried for 72 h at 60°C. The energy content was
determined by means of an adiabatic bomb calorimeter
(IKA-Calorimeter C 5000, IKA-Werke GmbH & Co. KG,
Staufen, Germany).

Determination of Serum CCK Levels

CCK levels in serum were analyzed by radioimmunoassay
with sulfated CCK-8 as standard, using a CCK kit (Euro-
diagnostica AB, Malmo, Sweden).

Statistical Analysis

The data were expressed as mean + SEM. Comparisons
between surgical groups and between three time points
(1 week before, 1-2 and 8-11 weeks after surgery) were
performed using an independent sample ¢ test or ANOVA
followed by a Tukey’s test when applicable. p<0.05 was
considered statistically significant.

Table 1 Eating and metabolic parameters at 1 week before VTPP, 1 and 9 weeks after VTPP

Parameters

1 W before VTPP

1 W after VTPP

9 W after VTPP

Daytime Food intake (g)

Food intake (g/100 g body weight)
Calories intake (kcal)

Calories intake (kcal/100 g body weight)
Number of meals

Meal size (g/meal)

Meal duration (min/meal)

Intermeal interval (min)

Satiety ratio (min/g)

Rate of eating (g/min)

Food intake (g)

Food intake (g/100 g body weight)
Calories intake (kcal)

Calories intake (kcal/100 g body weight)

Number of meals

Nighttime

Meal size (g/meal)

Meal duration (min/meal)

Intermeal interval (min)

Satiety ratio (min/g)

Rate of eating (g/min)

Energy expenditure (kcal/h/100 g body weight)
RER

Ambulatory activity

24 h

3.37+0.51 4.27+0.53 ns 4.08+0.31 ns
0.74£0.11 1.11+0.18 ns 0.86+0.07 ns
8.66+1.30 10.97+1.37 ns 10.49+0.79 ns
1.91£0.29 2.86+0.46 ns 2.20£0.18 ns
13.86+1.77 12.43+1.73 ns 15.57£1.95 ns
0.25+0.03 0.39+0.07 ns 0.28+0.03 ns
1.00£0.20 1.81+0.52 ns 1.12+0.14 ns
51.86+6.11 59.91+10.49 ns 46.82+6.47 ns
230.76+43.10 165.10+20.64 ns 166.71+13.47 ns
0.27+0.02 0.27+0.04 ns 0.26+0.02 ns
13.90+0.63 11.18+1.61 ns 12.80+0.70 ns
3.06£0.15 2.72£0.26 ns 2.68+0.14 ns
35.72£1.62 28.73+4.14 ns 32.89+1.80 ns
7.87£0.39 6.99£0.66 ns 6.88+0.36 ns
31.00+3.04 24.29+3.02 ns 31.00+5.32 ns
0.46+0.03 0.48+0.06 ns 0.50+0.10 ns
1.96+0.29 2.64+0.46 ns 2.12+£0.32 ns
21.78+1.92 29.97+5.48 ns 25.66+5.36 ns
46.70+£2.27 65.33+10.13 ns 50.59+2.40 ns
0.25+0.02 0.20+0.03 ns 0.24+0.02 ns
0.39+0.01 0.43+0.01 ns 0.36+0.01*
0.95+0.01 0.93+0.01 ns 0.95+0.01 ns

7,494.14+1,240.97

6,902.00+923.12 ns

6,504.00£999.08 ns

Data are expressed as mean + SEM
ns not significant
*p<0.01 (1 W vs. 9 W)
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Results
Mortality

There was no mortality in rats that underwent LAP, PP, or
VTPP. The mortality rate was one of seven in rats subjected
to SG, two of seven to DS alone, one of six to SG;+DS,,
and six of seven to SG+DS simultaneously.

Body Weight

Both LAP and PP had no effect on body weight
development. VTPP transiently reduced the body weight
(about 10% at 1 week postoperatively; Fig. 1a). SG reduced
the body weight (approximately 10%) for about 6 weeks
(Fig. 1b). DS alone or SG followed by DS reduced the
body weight in a similar manner: a rapid and continuous
weight loss of about 10% at 1 week and 50% at 8 weeks
postoperatively (Fig. 1b).

Food Intake, Eating Behavior, Energy Expenditure,
and Fecal Energy Content

Food intake was higher and the satiety ratio was lower
during the night than the day for each rat.

There were no differences between LAP and PP in terms
of food intake and eating behavior parameters at either 1 or
9 weeks postoperatively (data not shown).

VTPP was without any measurable effects on food
intake, eating behavior, and metabolic parameters measured
at either 1 or 9 weeks postoperatively (Fig. 2a; Table 1).

SG had no effects on food intake and eating behavior
parameters, except for meal duration during the night
measured at 2 weeks (Fig. 2b; Table 2). In addition, SG
reduced the water intake during one interval (0.91+0.07 vs.
0.47+0.07 mL at 2 weeks and vs. 0.45+£0.08 mL at
11 weeks, both p<0.01). Energy expenditure was increased
at 2 weeks and RER was increased at 11 weeks postoper-
atively (Table 2).

Table 2 Eating and metabolic parameters at 1 week before SG, 2 and 11 weeks after SG

Parameters 1 W before SG 2 W after SG 11 W after SG
Daytime Food intake (g) 5.62+0.70 3.92+0.38 ns 4.76£0.63 ns
Food intake (g/100 g body weight) 1.01+0.15 0.77+0.07 ns 0.83+0.10 ns
Calories intake (kcal) 14.43+1.79 10.08+0.97 ns 12.24+1.62 ns
Calories intake (kcal/100 g body weight) 2.60+0.38 1.97+0.18 ns 2.13+0.27 ns
Number of meals 13.83+1.83 9.83+1.42 ns 11.17+1.54 ns
Meal size (g/meal) 0.41+0.01 0.44+0.08 ns 0.43+0.04 ns
Meal duration (min/meal) 1.52+0.13 1.72+0.20 ns 1.29+£0.07 ns
Intermeal interval (min) 51.45+7.09 70.24+8.34 ns 62.28+7.13 ns
Satiety ratio (min/g) 124.13+£14.28 170.13£18.28 ns 149.69+23.39 ns
Rate of eating (g/min) 0.28+0.02 0.254+0.03 ns 0.334+0.02 ns
Nighttime Food intake (g) 13.61+0.89 14.41+1.39 ns 13.47+0.69 ns
Food intake (g/100 g body weight) 2.43+0.17 2.80+0.22 ns 2.34£0.09 ns
Calories intake (kcal) 34.97+2.28 37.04+3.57 ns 34.63+1.78 ns
Calories intake (kcal/100 g body weight) 6.23+0.43 7.19+0.56 ns 6.01+0.22 ns
Number of meals 28.50+3.40 23.17+3.59 ns 28.00+4.27 ns
Meal size (g/meal) 0.50+0.06 0.73+0.15 ns 0.53+0.07 ns
Meal duration (min/meal) 1.69+0.19 2.88+0.47* 1.7740.18 ns
Intermeal interval (min) 24.46+2.86 31.58+5.83 ns 26.76+5.05 ns
Satiety ratio (min/g) 48.93+3.63 45.93+4.93 ns 48.68+2.50 ns
Rate of eating (g/min) 0.30+0.00 0.25+0.02 ns 0.30£0.01 ns
24 h Energy expenditure (kcal/h/100 g body weight) 0.34+0.01 0.38+0.00* 0.37+0.01 ns
RER 0.96+0.01 0.94+0.01 ns 1.0240.01%%, ***

Ambulatory activity

7,014.50£1,001.57

6,721.17+807.00 ns

5,094.67+549.75 ns

Data are expressed as mean + SEM

ns not significant

#p<0.05

*##p<0.01 (pre vs. 2 Wor 11 W)
***p<0.01 (2 W vs.11 W)
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DS regardless of whether it was accompanied by SG
reduced the daily food/calories intake by approximately 50%
when measured at 2 as well as 8 weeks postoperatively
(Fig. 3a; Table 3). The reduced food intake was associated
with a reduced meal size and an increased satiety ratio, but
not with the number of meals (Fig. 3b—d; Table 3). The fecal
energy content of DS rats was higher than that of control
LAP rats (20411.15+177.86 J/g vs. 18756.36+51.61 J/g,
p<0.001) at 8 weeks. It was difficult to collect the feces at
2 weeks after DS due to a severe diarrhea. There were no
differences between DS and SG;+DS, in terms of food
intake and eating behavior parameters, except RER and
energy expenditure at 2 weeks and water intake at 8 weeks
postoperatively.

a Daytime Nighttime
Kcal/rat Kcal/rat
50 50
40 40
30 30
20 ns . * 20
10 rj* ’—j 10
0 0
Pre 2 8 Pre 2 8
b
g/meal g/meal
0.8 0.8
0.6 0.6
0.4 . . * ¥ 0.4
0.2 0.2
0 0
Pre 2 8 Pre 2 8
C
min/g min/g
300 300
*
200 ns *x 200
*
100 100
o 0
Pre 2 8 Pre 2 8
meals meals
40 ns 40
30 ns i ns 30
20 20
10 10
0 0
Pre 2 8 Pre 2 8
Post Surgery (Weeks) Post Surgery (Weeks)

Fig. 3 Calories intake (kcal/rat) (a), meal size (g/meal) (b), saticty
ratio(min/g) (¢), number of meals (meals) (d) during the day and the
night at 1 week before (Pre), 2 and 8 weeks after duodenal switch
(DS)(regardless of whether it was accompanied by SG). Data are
expressed as mean + SEM. *p<0.05, **p<0.01, ns not significant
between pre- vs. 2 W or 8 W postoperatively
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One surviving rat that was subjected to SG+DS had
reduced food intake and altered eating behavior, much like
the rats subjected to SG;+DS,. However, this was not
analyzed statistically.

Circulating CCK Levels

Serum CCK levels were 12.6+3.0 pmol/L in SG;+DS,
rats. This was more than ten times higher than the value of
rats subjected to the sham operation in our previous report
(plasma CCK levels were 1.1£0.5 pmol/L)."> Unfortunate-
ly, there was a technical error in the determination of the
CCK levels in age-matched control LAP and DS rats in the
present study.

Discussion

The role of vagus in physiologically controlling eating
behavior has been studied during the past decades. It is
believed that food interacts with the gut to provide the brain
via vagal afferents with information regarding food com-
position, amount of ingested food and energy content. The
brain determines the rate of nutrient absorption, partition-
ing, storage, and mobilization through vagal efferents as
well as the sympathetic nervous system and hormonal
mechanisms.'® This food—gut-brain axis is considered as an
autonomic neurohumoral pathway regulating energy ho-
meostasis. In the present study, disruption of the gut-brain
axis by VTPP was without any measureable effect on the
energy homeostasis. The body weight loss was slight (about
15%) and transient (1 week postoperatively). This may
explain why vagotomy as treatment for obesity has received
little attention since it was used 30 years ago.> However,
with the substantial need for effective treatment of obesity
at younger ages and the improved safety of laparoscopic
procedures, it has been suggested that surgical treatment
can be justified at lower levels of BMI, before the eating
disorder has become intractable and requires malabsorptive
operations. The possibility for utilizing a laparoscopic
abdominal vagotomy has been well discussed elsewhere.'”

SG weight loss surgery is believed to be restrictive as
well as a neurohormone-mediated procedure. The early
clinical results seem promising, but long-term data is still
needed to define the place of LSG within the bariatric
surgery armamentarium.'®!'? In the present study, SG
reduced the body weight by about 10% in the short-term
(1-6 weeks) but not in the long-term (after 7 weeks). The
reduction was not associated with reduced food intake but
possibly with increased energy expenditure, which is in line
with previous observations in rats subjected to total
gastrectomy or gastric bypass.” The underlying physiolog-
ical mechanisms are still unknown. It should also be



I Gastrointest Surg

Table 3 Eating and metabolic parameters at 1 week before DS both with and without SG, 2 and 8 weeks after DS both with and without SG

Parameters

1 W before operation

2 W after operation

8 W after operation

Daytime

Nighttime

Food intake (g)

Food intake (g/100 g body weight)
Calories intake (kcal)

Calories intake (kcal/100 g body weight)
Number of meals

Meal size (g/meal)

Meal duration (min/meal)

Intermeal interval (min)

Satiety ratio (min/g)

Rate of eating (g/min)

Food intake (g)

Food intake (g/100 g body weight)
Calories intake (kcal)

Calories intake (kcal/100 g body weight)
Number of meals

Meal size (g/meal)

Meal duration (min/meal)

Intermeal interval (min)

Satiety ratio (min/g)

Rate of eating (g/min)

Energy expenditure (kcal/h/100 g body weight)
RER

Ambulatory activity

4.99+0.31 3.54+0.44* 4.30£0.44 ns
0.92+0.05 0.87+0.11 ns 1.60+0.20%*, *3k*
12.83+0.79 9.11+1.14%* 11.05+1.14 ns
2.36+0.13 2.25+0.28 ns 4.10£0.51%%, *3xkk
12.80+1.18 17.50£3.79 ns 25.70+4.86*
0.41+0.03 0.24£0.03* 0.25+0.06*
1.33+0.10 2.35+0.41 ns 3.74£1.82 ns
54.01+4.00 54.86+14.48 ns 42.19+12.04 ns
134.37+8.03 210.35+29.60* 163.30£20.66 ns
0.31+0.01 0.13+0.03%* 0.10+0.01%*
13.34+0.43 4.89+£0.73** 6.16+0.54**
2.47+0.12 1.19+0.17%* 2.20+£0.15%***
34.29+1.10 12.56+1.86%* 15.82+1.38%%*
6.35+£0.30 3.07+£0.44** 5.65+£0.39%***
25.20+2.62 20.30+3.43 ns 31.20+4.48 ns
0.58+0.05 0.28+0.06* 0.29+0.09*
1.96+0.19 3.64+1.28 ns 3.84+1.58 ns
28.19+2.96 40.29£6.97 ns 27.13+7.01 ns
48.90£1.66 161.24+26.37** 109.27+11.90*
0.30+0.01 0.10£0.01%* 0.09+0.01%**
0.37+0.01 0.38+0.02 ns 0.43£0.01%, **x*
0.99+0.02 0.90+0.03 ns 1.11£0.07%%%%*

5,410.30+696.92

5,773.60+891.92 ns

3,533.70+618.31 ns

Data are expressed as mean + SEM

ns not significant

#p<0.05

**p<0.01 (pre vs. 2 Wor 8 W)

*5%p<().05
#H45p<0.01 (2 W vs. 8 W)

mentioned that SG rats, like totally gastrectomized rats,
seemed to drink frequently postoperatively, probably owing
to lower ghrelin and obestatin levels.”=%'

In the present study, DS alone and SG+DS exhibited
well-matched postoperative effects on body weight, meta-
bolic parameters and eating behavior, leading to a long
lasting and effective body weight loss. More interestingly,
the results of the present study support our hypothesis that
the DS procedure per se could be considered as an
independent weight loss surgery because this procedure
reduces the food intake due to hyperCCKemia and induces
malabsorption due to intestinal bypass. As expected after
pancreaticobiliary diversion,'>*** circulating CCK levels
were elevated after SG,+DS,, which in turn increased the
satiety ratio and reduced meal size. Malabsorption is
believed to be due to long-limb intestinal bypass after DS.
In fact, DS patients also showed a decreased appetite and
continuously body weight loss.”” In addition to CCK,

glucagon-like peptide-1 (GLP-1) levels in the circulation
have been reported to be elevated in rats subjected to
pancreaticobiliary diversion, which could have a beneficial
effect on B cells in the pancreas.”**” Unfortunately, GLP-1
was not measured in the present study, thus it will be of
interest for future study.

In conclusion, VTPP, SG, and DS, like gastric bypass,
reduced the body weight, though the effectiveness and
underlying mechanisms appear different. Since obesity is
believed to a multifactorial disease, the options for the
treatment, including various surgical procedures, should be
individualized.
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Discussant

DR. THOMAS H. MAGNUSON (Baltimore, MD): I would like to thank
Dr. Kodama and congratulate him on an excellent presentation, and he
and his coauthors on an excellent manuscript. They have given us some
important insights into how some these bariatric operations work from a
metabolic perspective. This is an important topic, with the ultimate goal
of better selecting the right operation for each individual patient.

They found, interestingly, that vagotomy alone or sleeve gastrec-
tomy alone seemed to have little impact on weight loss or eating
behavior, but the duodenal switch operation did have a dramatic
impact on weight loss and also altered energy expenditure.

I have a couple quick questions.

First, with regards to your sleeve gastrectomy model, it looks like
this didn’t work very well, but yet there’s other animal models, obese
rats and mice for example, as well as our human clinical experience,
showing that the sleeve works pretty well as an operation for weight
loss. I wonder if you could comment briefly on why your results differ
from that of others. Did you measure circulating levels of ghrelin,
which has been implicated as being important in the function of the
sleeve gastrectomy as an appetite suppressant?

The second question involves your duodenal switch model. It
looks like these animals lost dramatic weight, but was this really a
physiologic model? It seems like most of these animals had severe
diarrhea and over 30 or 40% of your animals actually died in the
study. Was this due to severe malnutrition? Did you measure
nutritional parameters, such as serum albumin levels, to make sure
this wasn’t a model of severe protein calorie malnutrition contributing
to the deaths and the severe diarrhea?

In addition, you measured CCK levels and postulated that that
might be an effect of the duodenal switch and its impact on satiety, but
did you think about measuring other GI peptides. GLP-1, adiponectin,
NPY and PYY have all been implicated as being important to weight
loss in animal models that bypass variable lengths of intestine.

Once again, I enjoyed your presentation.
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Closing discussant

DR. YOSUKE KODAMA: Thank you very much for your comments.
In this study with normal rats, duodenal switch, but not vagotomy or
sleeve gastrectomy, resulted in the dramatic weight loss. It will be of
interest to repeat this study but with obese rats to see whether the
effect differs. We did not measure ghrelin levels in this study, because
we did not see a significant weight loss after the sleeve gastrectomy.

As reported in our manuscript, 2 of 7 rats died after duodenal
switch procedure alone, and 1 of 6 rats died after sleeve
gastrectomy as the first stage and duodenal switch as the second

stage. Such mortality is generally acceptable in the experimental
surgery with small animals. All survived animals from duodenal
switch had severe diarrhea but it lasted only for a short time
period (e.g. 2 weeks). We did not measure the serum albumin
levels. In the case that the two procedures were performed at the
same time, 6 of 7 rats died, which was most likely due to surgical
trauma.

This was our first experimental study suggesting that duodenal
switch alone might be used as an independent weight loss surgery. The
underlying mechanism should be further investigated, for example, by
measuring not only CCK but also other GI hormones as you have
suggested.

@ Springer
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Background: Both gastric bypass (GB) and duodenal switch with sleeve gastrectomy (DS) have been widely used as bariatric
surgeries, and DS appears to be superior to GB. The aim of this study was to better understand the mechanisms leading to
body weight loss by comparing these two procedures in experimental models of rats.
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composed of comprehensive laboratory animal monitoring system and adiabatic bomb calorimeter.

Results: Body weight loss was greater after DS than GB. Food intake was reduced after DS but not GB. Energy expenditure
was increased after either GB or DS. Fecal energy content was increased after DS but not GB.

Conclusion: GB induced body weight loss by increasing energy expenditure, whereas DS induced greater body weight loss
by reducing food intake, increasing energy expenditure and causing malabsorption in rat models.
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Introduction corpus) and rumen (forestomach), while the human stomach is
divided into antrum, body and fundus (Fig 1A, E). The rat
jejunum represents almost 90% of the small intestine, the human
jejunum about 40% [5]. Unlike humans, rats are nonemetic (not

Various bariatric surgical procedures, such as gastric banding,
gastric bypass (GB) and duodenal switch with sleeve gastrectomy
(DS), have been developed in order to reduce food intake and/or
lead to malabsorption [1]. GB was invented by Dr. Edward Mason
as a bariatric surgery in 1965, and later it was converted to Roux-

vomiting) and has no gallbladder. The Roux-en-Y reconstruction
was initially created to prevent post-gastrectomy bile vomiting in
patients [6]. Apparently, it is not necessary to create the Roux-en-
Y reconstruction in rats that are subjected to GB [7-9]. The
duodenal switch procedure was originally created as a surgical
solution for primary bile reflux gastritis and/or to decrease
postoperative symptoms after distal gastrectomy and gastroduo-
denostomy [10]. In patients, the operation usually consists of a
75% longitudinal gastrectomy (the so-called sleeve gastrectomy),
creation of an alimentary limb approximately 50% of total small
bowel length (i.e. bypassing jejunum), a common channel length of
100 c¢m, and cholecystectomy. In the present study using rats, GB

en-Y procedure which was created by Dr. Cesar Roux already in
1897. Recently, a laparoscopic mini-GB procedure has been
shown to be regarded as a simpler and safer alternative to
laparoscopic Roux-en-Y with similar efficacy at 5 or 10 year
experience [2]. However, the different procedures have shown
different efficacy in individual patients, and the underlying
mechanisms are not yet clear. Therefore, it is a challenge to
select the most effective bariatric procedure for individual patients.
Various rat models of bariatric surgery have been developed in
order to understand the underlying physiological mechanisms of a5 performed without the Roux-en-Y reconstruction and the
different surgical procedures. There have been many studies in the postsurgical anatomy was similar to mini-GB on humans, and DS
was performed according to the rat anatomy (Fig 1A-H) [11].
GB is the most common procedure because of relatively high
efficacy and safety, whereas DS seems to be even more effective,

literature reporting the surgical procedures (such as Roux-en-Y) in
rats that are made as same as they are used in humans [3,4].
However, there is a significant difference in the anatomy and
physiology of the gastrointestinal tract between rats and humans,

particularly in super-obese patients [12]. Both GB and DS are
which should be kept in mind when creating the surgical models in

believed to cause restriction in food intake and malabsorption by
decreasing stomach size and bypassing part of the small intestine.
In patients, DS is superior to GB in body weight loss as well as in

rats and translating findings from animals and humans. For
instance, the rat stomach consists of antrum, fundus (also called

PLOS ONE | www.plosone.org 1 September 2013 | Volume 8 | Issue 9 | €72896
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Figure 1. Schematic drawing of anatomy. The gastrointestinal tract of human (A-D) and rat (E-H) before (A, E) and after Roux-en-Y gastric
bypass (GB) (B, F), mini-GB (C, G), and duodenal switch (D, H). Glandular stomach is indicated by grid gray and jejunum by light grid gray. The rumen
of rat stomach is non-glandular (white area). Note: In A, E, percentages mean % of small intestine, e.g. in E, jejunum is 90% of total small intestine in
rats based on [11]; in F, rat Roux-en-Y GB [3], and in G, Mini-GB used in the present study.

doi:10.1371/journal.pone.0072896.9001

improvement of comorbidities such as diabetes, hypertension and
dyslipidemia [12-18]. Mechanisms underlying the postoperative
weight loss and possible regain remain unclear. Whether this is
due to biological or behavioral factors is one of the major debates
[19]. The aim of the present study was to compare the
postoperative effects of GB vs.DS on eating behavior and energy
expenditure in rat models.

Materials and Methods

Animals and Experimental Design

Adult rats (male, Sprague-Dawley, 6-12 months of age) were
purchased from Taconic M&B, Skensved, Denmark and housed in
ventilated cages in a specific pathogen free environment with room
temperature of 22°C, 40-60% relative humidity and 12 hr day/
night cycle with 1 hr dusk/dawn. The rats had free access to tap
water and standard rat pellet food (RM1 801002, Scanbur BK AS,
Sweden). In our previous studies, we have reported that the male
rats gained body weight mainly as a result of continuous expansion
of the fat compartment after puberty (8 weeks of age with 200 g
body weight), and that the male rats that were fed a high-fat diet
starting at 5 weeks of age gained body weight up to ~650 g at
40 weeks of age as a result of increased fat mass [7,8]. In the
present study, normal adult male rats (~600 g body weight) were
chosen after considerations of the small difference in body weight
(~650 g vs. ~600 g induced by high-fat diet) and the experimental
efforts in terms of time-consuming and financial expense (Fig 2A).
Furthermore, the body weight development of naive rats reaches a
plateau (58020 g) at 40 weeks of age, and laparotomy performed

PLOS ONE | www.plosone.org

at 13 weeks of age did not affect the development of body weight
(Fig 2A).

Thirty-four rats, at 587.0=8.1 g body weight, were randomly
divided into experimental (GB and DS) as well as control groups
(laparotomy, LAP): GB (14 rats), DS (7 rats), and LAP (13 rats).
The body weight was not different between the groups before
surgery (p=0.276). Because of markedly loss of body weight after
DS, the group of DS rats, together with age-matched group of
laparotomized rats (LAPps, 7 rats), were followed up only for
8 weeks, while GB rats and the rest of laparotomized rats (LAPgp,
6 rats) were followed up for 14 weeks. In consideration of the
“3Rs” for the human use of animals (i.e., reducing the number of
animals while achieving the scientific purposes of the experiment),
rats that had been used for studies of the effects of individual
surgical procedures were re-used [8,20]. The study was approved
by the Norwegian National Animal Research Authority (For-
soksdyrutvalget, FDU).

Surgery

All operations were performed under general anesthesia with
isofluran (4% for induction and 2% for maintenance) (Baxter
Medical AB, Kista, Sweden). Buprenorphine (0.05 mg/kg) (Scher-
ing-Plough Europe, Brussels, Belgium) was administrated as an
analgesic agent subcutaneously immediately during surgery. LAP
was performed through a middle-line incision with gentle
manipulation of viscera. A rat model of Roux-en-Y GB procedure
has been described by Stylopoulos and his colleagues [3]. Gastric
pouch in that rat model was created at the site of rumen which
does not exist in humans (Fig 1F). In the present study, GB was
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Figure 2. Body weight. Naive rats (data from Taconic), rats that
underwent laparotomy (LAP) at 13 weeks (LAP) and rats that have had
high-fat since 5 weeks of age (data from [31]) (A). Rats after gastric
bypass (GB), duodenal switch (DS) and laparotomy (LAP) (B). Data are
expressed as means * SEM. **: p<<0.01, ***: p<<0.001 between LAP vs.
GB or DS.

doi:10.1371/journal.pone.0072896.9g002

performed by anastomosing the distal esophagus to the proximal
jejunum about 2-3 cm distal to the Treitz ligament in an end-to-
side manner (Fig 1G) as described previously [7,8]. DS was
achieved in two stages. The two-stage procedure has been
recommended in patients because the single-stage procedure
increases the risk of postoperative complications and staged DS
may avoid biliopancreatic diversion in some patients [21]. In the
present study, sleeve gastrectomy was performed by resecting
approximately 90% of the rumen and 70% of the glandular
stomach along the greater curvature. Three months later,
duodenal switch was achieved by creating biliopancreatic limb,
alimentary limb (bypassing jejunum) and common channel length
of 5 cm (Fig 1H). The duration of surgical time was 30-60 min for
GB or DS. In all surgeries performed in the present study, proper
aseptic surgical techniques were applied, and therefore, neither
prophylactic nor postoperative antibiotics were used. This was
done according to the guidelines and recommendations by the
Federation of European Laboratory Animal Science Associations
(FELASA 2008) and the guide for the care and use of laboratory
animals by the Committee of USA National Research Council
(2010). After recovering from anesthesia, the animals were placed
2-4 per cage throughout the study period.

PLOS ONE | www.plosone.org
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Measurements of Eating Behavior and Energy
Expenditure Parameters

These were monitored by the Comprehensive Laboratory
Animal Monitoring System (CLAMS, Columbus Instruments
International, Columbus, OH, USA) 2-3 weeks after GB, DS or
LAP and 14 weeks after GB, 8 weeks after DS or 8-14 weeks after
LAP. The CLAMS is composed of a 4-chamber indirect
calorimeter designed for the continuous monitoring of individual
rats from cach chamber. The ecating data was generated by
monitoring all feed balances every 0.5 s. In CLAMS program used
in the present study, the end of an eating event (meal) was when
the balance was stable for more than 10 s and a minimum of
0.05 g was caten. The eating parameters during daytime and
nighttime (12 hr each time) for each rat included: accumulated
food intake (g or kcal), number of meals, meal size (g/meal), meal
duration (min/meal), intermeal interval (min), rate of eating (g/
min), and satiety ratio (min/g). The intermeal interval was defined
as the interval in minutes between two meals. The rate of eating
was calculated by dividing meal size by meal duration. The satiety
ratio, an index of non-eating time produced by each gram of food
consumed, was calculated as intermeal interval divided by meal
size [22]. The volume of Oy consumption (VO, mL/kg/hr) and
the volume of CO, production (VCO, mL/kg/hr) were measured
by an air sample withdrawn every 5 min from each chamber
through the gas dryer. The energy expenditure (kcal/hr) was
calculated according to equation: (3.815+1.232 RER) x VO,,
where the respiratory exchange ratio (RER) was obtained by
VCO, divided by VO,. In order for rats to acclimate to CLAMS,
they were placed in these metabolic chambers for 24 hr one week
before the first CLAMS monitoring. For the measurement of
cating and metabolic parameters, the rats were placed in the
CLAMS for 48 hr. In order to minimalize possible effect of stress,
only data from the last 24 hr in CLAMS were used for the
analysis. An analysis of eating pattern in control rats over a time
period from day 1 and 21 showed no significant differences in any
parameters, indicating that the animals had acclimated to CLAMS
(Table S1). The rats have had free access to standard rat powder
food (RM1 811004, Scanbur BK AS, Sweden) and tap water while
they were in CLAMS. The total metabolizable energy was
2.57 keal/g for both the pellet food (RM1 811002) and the powder
food (RM1 811004).

Determination of Fecal Energy Density

Feces were collected while the rats were placed in CLAMS
chambers and dried for 72 hr at 60°C. The energy density was
determined by means of an adiabatic bomb calorimeter (IKA-
Calorimeter C 5000, IKA-Werke GmbH & Co. KG, Staufen,
Germany).

Determination of Plasma Levels of Cytokines

Blood was drawn from the abdominal aorta under the
anesthesia just before the animals were killed, and plasma was
stored at —80°C until determination of levels of cytokines. The
multiplex cytokine assay was used (Cat no:171-K1002M, Bio-plex
Pro Rat Cytokine Th1/Th2 12-plex Panel; Bio-Rad Laboratories,
Hercules, CA, USA). It contained the following analytics: IL-1a,
1L-1B, IL-2, TL-4, IL-5, IL-6, IL-10, IL-13, granulocyte-macro-
phage colony stimulating factor (GM-CSF), interferon gamma
(IFNYy), and tumor necrosis factor alpha (TNFa).

Statistical Analysis

The values were expressed as means * SEM. Two-tailed
independent-samples #test or Mann Whitney U test was
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term after surgery: 3 weeks after gastric bypass (GB), 2 weeks after duodenal switch (DS) or 2-3 weeks after lapatoromy (LAP). Long-term after
surgery: 14 weeks after GB, 8 weeks after DS or 8-14 weeks after LAP. Data are expressed as means * SEM. *: p<<0.05, **: p<<0.01, ns: not significant

between LAP (n=13) vs. GB (n=8) or DS (n=5).
doi:10.1371/journal.pone.0072896.9003

performed for two-group comparisons. ANOVA followed by
Bonferroni test was performed for multiple comparisons. Homo-
geneity of regression assumption test and ANCOVA were
performed for analysis of energy expenditure. SPSS version 19.0
(SPSS Inc. Chicago, IL, USA) was used. A p-value of <0.05 was
considered statistically significant.

Results

Mortality
No one died after LAP alone, 6 after GB, and 2 after DS due to

surgical complications, trauma and learning curve factors.

Body Weight

LAP alone did not reduce body weight during the study period
(maximum 14 weeks). GB caused approximately 20% weight loss
throughout the study period (14 weeks). DS induced approxi-
mately 50% weight loss within 8 weeks (Fig 2B).

PLOS ONE | www.plosone.org

Food Intake and Eating Behavior

In comparison with LAP, GB increased daytime (but not
nighttime) food intake (expressed as either kcal/rat or kcal/100 g
body weight) at 3 weeks, and had no effects afterwards (14 weeks
postoperatively). In contrast, DS reduced nighttime (but not
daytime) food intake (kcal/rat at both 2 and 8 weeks or kcal/100 g
body weight at 2 weeks). The food intake (kcal/100 g) at 8 weeks
was not reduced because of markedly loss of the body weight after
DS (Fig 3).

GB was without effects neither on satiety ratio (min/g) nor rate
of eating (g/min), whereas DS increased satiety ratio during
nighttime, and decreased rate of eating during both daytime and
nighttime at 2 weeks and 8 weeks postoperatively (Fig 4)
(Tables 1,2).

Energy Expenditure

Age-matched control rats that underwent LAP only were
included for comparisons because metabolic parameters are age-
dependent [23,24]. GB increased nighttime energy expenditure
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doi:10.1371/journal.pone.0072896.9004

(kcal/hr/100 g body weight) at 3 weeks and daytime energy
expenditure at 14 weeks postoperatively (Fig 5A, C) (Tables 3, 4).
RER was unchanged after GB. DS increased daytime energy
expenditure both at 2 and 8 weeks as well as nighttime energy
expenditure at 8 weeks postoperatively (Fig 5B, D) (Tables 3, 4).
RER tended to be reduced during nighttime at 2 weeks after DS
(»=0.051) (Table 3).

Analysis of the homogeneity of regression slopes indicated that
there was positive correlation between the body weight and energy
expenditure (kcal/hr) particularly in LAPpg rats and similar
regression slopes between LAP and GB or DS (p>0.05) (Fig S1).
ANCOVA showed that there was no significant difference in
adjusted energy expenditure between LAP and GB or DS (p>0.05)
(Fig S2).

Fecal Energy Density

There was no change in the fecal energy density after GB. DS
had severe diarrhea within 2 weeks postoperatively, so that it was
difficult to collect the fecal samples. At 2 months, the solid feces
were collected and the energy density was increased (Fig 6).

PLOS ONE | www.plosone.org

Plasma Levels of Cytokines
There was no difference between LAP vs. GB or DS in the
plasma levels of the 11 cytokines measured (Table S2).

Discussion

The present study shows that the rat models provide results that
are in accordance with results from clinical series in patients , i.c.
greater weight loss by DS than GB [17,18,25]. Furthermore, the
results of the present study show different postsurgical effects of
GB vs. DS in terms of food intake, eating rate, energy expenditure
and absorption.

It is a common dogma that to reduce size of stomach by surgery
would lead to early satiety and consequently reduce food intake.
Regardless of difference in surgical procedure, either GB or DS
reduces stomach size and bypasses part of the small intestine
(duodenum and most of the jejunum). Previously, we have found
that the food intake was independent on the size of stomach by
comparing gastrectomy and GB in rat models [9]. In clinical
studies, the size of pouch after GB was found not to correlate with
weight loss outcome in patients [25,26]. In our previous and the
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Table 1. Eating behavior.
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Parameter LAP GB DS
Day Food Intake (g) 4.08+0.3 5.69+0.68*% 3.67+031"
Food Intake (g/100g body weight) 0.7+0.06 1.14+0.13%* 0.93+0.11
Food intake (kcal) 10.5+0.76 14.62+1.74% 9.42+0.80"
Food intake (kcal/100g body weight) 1.83+0.14 2.93+0.33** 2.39+0.28
Number of meals 12.15%+0.97 18.29+2.48* 16.6+0.92
Meal size (g/meal) 0.35+0.03 0.32+0.02 0.22+0.021*
Meal size (kcal/meal) 0.91+0.08 0.82+0.05 0.57+0.05*%
Meal duration (min) 13.5+1.39 17.96+2.82 34.47+3.29%%, 11
Meal duration (min/meal) 1.140.1 0.98+0.08 2.13:£0.29%,TT1
Intermeal interval (min) 57.5+4.42 40.37+5.38* 39.38+2.04
Satiety ratio (min/g) 171.89+15.81 127.93%16.63 182.34+18.24
Rate of eating (g/min) 0.32+0.03 0.33+0.02 0.11+£0.07%, 17
Night Food Intake (g) 16.45+0.69 15.58+1.72 4.96+0.70%** 1T
Food Intake (g/100g body weight) 2.86+0.15 3.11%0.30 1.240.19%#x 11
Food intake (kcal) 4228+1.77 40.05+4.41 12.76:+1.81%%, 111
Food intake (kcal/100g body weight) 7.35+0.39 7.98+0.78 3.19+0.50%* 1T
Number of meals 34.38+3.92 31.71+3.01 24.40+3.85
Meal size (g/meal) 0.57+0.09 0.51+0.07 0.21+0.03*
Meal size (kcal/meal) 147+0.22 1.30+0.17 0.55+0.08*
Meal duration (min) 54.21+4.54 56.25+5.13 53.21+9.39
Meal duration (min/meal) 1.88+0.36 1.82+0.18 2.20+0.28
Intermeal interval (min) 22.6+3.08 21.36+1.97 29.43+5.57
Satiety ratio (min/g) 40+1.86 44.64+5.41 145.51£31.17%% 111
Rate of eating (g/min) 0.32+0.02 0.30+0.06 0.10+0.01%**, "

doi:10.1371/journal.pone.0072896.t001

present studies, GB did reduce body weight but not food intake in
rats [7-9]. Behavior of rats is mostly driven on instincts, while
behavior of humans is much more complicated. In fact, there is
still an open question: “Does GB reduce food intake in humans?”.
A recent review shows that large and persistent alterations in
macronutrient intake after GB have not generally been reported,
and when the changes do occur, they are ecither transient or
relatively modest. The authors argue for more direct measures of
food intake in human studies that are similar to those used in
animal studies [27]. Food intake in patients is also affected by
following the “postoperative instruction” to achieve the best
possible conditions for weight reduction and to minimize side-
effects like gastro-esophageal reflux and dumping syndrome which
unlikely occur in rats. Recently, a human study of eating behavior
and meal pattern following GB was still performed by manually
weighing differences to determine food and water intake and by
the Three-Factor Eating Questionnaire to evaluate eating
behavior [28]. However, in that human study, the food intake
was not reported, but ad lbitum meal size was reduced while
number of meals per day was increased, and hunger and satiety
scores did not change after GB, which are in line with our findings
in rats following GB [8]. Methods with more direct measures of
food intake (and food-selection and taste-related behavior) for
humans are needed in order to facilitate translation between
findings from animal models and clinical research [27].

PLOS ONE | www.plosone.org

Parameters during day- and night-time at 3 weeks after gastric bypass (GB), 2 weeks after duodenal switch (DS) and 2-3 weeks after laparotomy (LAP). Data are
expressed as means = SEM. *: p<0.05, **: p<<0.01, ***: p<<0.001 between LAP vs. GB or DS. ': p<0.05, ™: p<0.01, "": p<0.001 between GB vs. DS.

Unlike GB, DS does reduce the food intake. Previously, we have
shown that food intake was reduced by duodenal switch alone but
not by sleeve gastrectomy alone by comparing sleeve gastrectomy
only vs. duodenal switch without sleeve gastrectomy in rats [20]. In
the present study, DS markedly reduced food intake and increased
satiety ratio particularly during nighttime. The rate of eating has
also impacts on body weight. It has been reported that there is a
correlation between rate of eating and body weight or body mass
index (BMI) [29,30]. Previously, we have shown that high-fat-diet-
induced obesity was associated with increased rate of eating,
increased size of meals, but not with daily calories intake [31]. In
the present study, DS decreased the eating rate during both day-
and night-time.

Mechanisms underlying postoperative weight loss and possible
regain remain unclear. A major point of controversy is whether
this is due to biological or behavioral factors [19,32]. We and
others have shown that GB increased the energy expenditure in
rats and mice, which could be one of the mechanisms explaining
the physiologic basis of weight loss after this procedure [8,33,34].
The increased resting energy expenditure in the animal models
after GB is in accordance with some, but not all, reports in
humans. The discrepancies in the clinical studies may include the
heterogeneity of patient populations and measurements of energy
expenditure for a limited time using portable metabolic carts
under artificial rather than “free-living” conditions [35]. Nerve-
less, resting energy expenditure has been suggested to be a
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therapeutic target for obesity [32,36]. In the present study, we
further showed that the increased energy expenditure took place
only during nighttime (relevant to active energy expenditure)
shortly after GB (weeks) and switched to daytime (resting energy
expenditure) after months, whereas the energy expenditure was
increased during daytime shortly after DS and during both day-
and night-time months after DS.

The most extensively used method for calculation of energy
expenditure is dividing Oy consumption by body weight or body
surface area [37]. In the present study, the energy expenditure was
calculated by taking into account both Oy consumption and COy
production, and expressed as kcal/hr/rat, kcal/hr/100 g body
weight, and kcal/hr/cm? body surface. Dividing the energy
expenditure by body weight does not take into account differences
in body composition, and therefore, the fat-free mass or lean body
mass (as denominator) has often been used in both human and
mouse studies. However, this could be inappropriate because
brown fat can be the most metabolically active tissue in the body
[37]. ANCOVA has been suggested to be appropriate method for
analysis of the mouse energy expenditure, but it cannot be used
when the samples sizes are small [37,38]. In rat studies, ANCOVA
has not been used with the exception of a few reports including our
previous study of ileal interposition associated with sleeve
gastrectomy [5,39]. The reasons for not widely use of ANCOVA
than ANOVA in rat studies might be less statistical power when
sample size is small and nonlinear relationship between covariate

PLOS ONE | www.plosone.org

Table 2. Eating behavior.
Parameter LAP GB Ds
Day Food Intake (g) 3.97+0.51 3.71+0.85 3.42+0.50
Food Intake (g/100g body weight) 0.66+0.09 0.72+0.19 1.22+0.21
Food intake (kcal) 10.19+1.32 9.54+2.18 8.78+1.29
Food intake (kcal/100g body weight) 1.71+0.24 1.85+0.48 3.14*0.54
Number of meals 10.92+1.29 11.25+1.81 18.60+4.50
Meal size (g/meal) 0.4+0.06 0.34+0.06 0.23+0.05
Meal size (kcal/meal) 1.03+0.17 0.86+0.15 0.59+0.12
Meal duration (min) 13.54+1.74 13.89+3.86 37.17:+6.92%+, 111
Meal duration (min/meal) 1.37+0.22 1.23+0.22 2.34+045
Intermeal interval (min) 68.39+7.92 73.68+16.91 50.16+17.90
Satiety ratio (min/g) 200.34+27.9 252.16+57.01 203.50+32.22
Rate of eating (g/min) 0.31+0.03 0.29+0.02 0.100.01***
Night Food Intake (g) 14.15+0.71 13.00+0.38 6.43+0.96*, 11t
Food Intake (g/100g body weight) 23+0.1 245+0.10 2.20+0.26
Food intake (kcal) 36.35+1.82 33.42+0.98 16.52+2.46*,71
Food intake (kcal/100g body weight) 5.92+0.25 6.29+0.26 5.65+0.68
Number of meals 26.92+2.76 26.50+3.69 34.20+7.13
Meal size (g/meal) 0.59+0.06 0.58+0.09 0.24+0.07*%F
Meal size (kcal/meal) 1.52+0.15 1.48+0.23 0.61-0.19%"
Meal duration (min) 50.66+4.57 56.36+2.96 70.58+5.38*%
Meal duration (min/meal) 2.01+0.18 2.53+0.47 2.39+0.44
Intermeal interval (min) 27.78+3.84 27.91+4.11 21.49+4.03
Satiety ratio (min/g) 46.78+2.4 49.20+1.56 108.1817.98%* 1t
Rate of eating (g/min) 03+0.02 0.24+0.02 0.09+0.01%**, T
Parameters during day- and night-time at 14 weeks after gastric bypass (GB), 8 weeks after duodenal switch (DS) and 8-14 weeks after laparotomy (LAP). Data are
expressed as mean = SEM. *: p<0.05, **: p<0.01, ***: p<<0.001 between LAP vs. GB or DS. ': p<0.05, ': p<0.01, "' p<0.001 between GB vs. DS.
doi:10.1371/journal.pone.0072896.t002

(s) and dependent variable. Another reason may be that
ANCOVA is best used with quasi-experimental data, such as
genetically-modified mice [37] or humans [40,41]. The results of
the present study showed that there were highly correlation
between the body weight and the energy expenditure (kcal/hr/rat)
in control LAP rats, and significant increases in the energy
expenditure (kcal/hr and/or kcal/hr/100 g body weight) after GB
or DS (by ANOVA). However, ANCOVA showed no significant
difference in the energy expenditure (kcal/hr) between LAP and
GB or DS. The difference in terms of p values by ANOVA us.
ANCOVA (i.e. testing the body-weight independent differences)
can be interpreted as that GB or DS increases the energy
expenditure (possible cause) while reducing the body weight
(effect), which is at odds with the positive correlation between the
body weight and the energy expenditure in control animals (LAP).

Both GB and DS are designed for restriction and malabsorption
by creating the alimentary limb. However, DS, but not GB, caused
diarrhea shortly after surgery (2 weeks) and malabsorption
(measured at 2 months postoperatively) in rats, which is in line
with observations in patients [42].

It should be noticed that in the present study, neither
prophylactic nor postoperative antibiotics were used and none of
the 11 plasmas cytokines measured was changed after surgery,
indicating no or little impact of microflora and inflammation on
the eating behavior and the body weight changes. Recently, a
mouse study showed that specific alterations in the gut microbiota
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doi:10.1371/journal.pone.0072896.9005

contributed to the beneficial effect of bariatric surgery on energy
balance [43]. Whether GB or DS alters the gut microbiota and
consequently leads to the weight loss via same or different
pathways might be of interest for future study.

There are several limitations of the present study. 1) The rats
used were not obese. Whether or not the postsurgical effects of
these two procedures are different between normal and obese rats
that are induced by high-fat diet or developed spontaneously (e.g.
Zucker, Otsuka Long-Evans Tokushima Fatty, Obese SHR, or
Wistar Ottawa Karlsburg W rats), and which animal model of
obesity best mimics the obese humans in response to the bariatric
surgery could be the subjects for further research. 2) GB procedure
used in rats was not exactly the same as it was applied in humans.
Fig 1 shows different procedures of GB. A laparoscopic mini-
gastric bypass procedure (which is similar with one used in the
present study) has been shown to be regarded as a simpler and
safer alternative to laparoscopic Roux-en-Y procedure with similar
efficacy at 5 or 10 year experience [2,44]. It may be of interest to
compare different GB procedures in the future, if there is any

PLOS ONE | www.plosone.org

clinical relevancy. 3) Although the size of gastric pouch after GB
does not correlate with weight loss outcome in patients [25,26], it
cannot be excluded whether lack of the pouch in GB has impact
on food intake, satiety and eating behavior. 4) The differences
between rats and humans are not only in terms of the GI anatomy
but also the responses to surgery. For instance, sleeve gastrectomy
only (without duodenal switch) works in some patients but not in
rats [20,45]. It may be of interest to directly compare the effects of
sleeve only vs. sleeve with duodenal switch (one or two-staged) in
the future.

In general, research in patients is directly clinical relevant.
However, studies in animals provide much greater latitude in
control and experimental manipulation of the system, and
ultimately help to reveal the underlying mechanisms and to
adopt the protocols and methods that are tested in animals to
humans [46]. Research using animal models is an excellent way
of developing and learning bariatric surgical techniques as well as
understanding the postsurgical physiology [47]. Taken the data
from the previous and the present studies together, the
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Table 3. Metabolism.
3 weeks after surgery 2 weeks after surgery
Parameter LAPgs GB LAPps DS
Day Energy expenditure (kcal/hr) 2.08+0.03 1.9320.06 2.08%0.07 1.660.12%*
Energy expenditure (kcal/hr/100g body  0.36+0.01 0.39+0.01 0.36+0.01 0.41£0.01**
weight)
Energy expenditure (kcal/hr/cm? body 0.0030.0001 0.0040.0001 0.0030.0001 0.004:0.0002
surface)
RER 0.94+0.01 0.93+0.02 1.02+0.03 0.96+0.03
VO, 726.68+15.56 779.91+23.26 705.18+18.00 823.91+31.49%*
VCo, 682.50+12.08 727.85+23.54 717.08+26.45 791.69+26.59
Night Energy expenditure (kcal/hr) 1.75+0.14 1.85%0.10 2.45+0.08 1.660.10%**
Energy expenditure (kcal/hr/100g body  0.30+0.02 0.3720.02* 0.42+0.01 0.41£0.02
weight)
Energy expenditure (kcal/hr/cm? body 0.003+0.0002 0.003:0.0002 0.0040.0001 0.004:0.0002*
surface)
RER 1.00£0.01 1.01£0.03 1.07£0.03 0.97+0.04
VO, 600.02+36.70 737.88+43.20* 820.65+20.88 823.94+35.51
VCO, 594.19+37.54 735.07 +35.39* 877.73%£35.71 803.06+49.36
Parameters during day- and night-time at 3 weeks after gastric bypass (GB) and the age-matched laparotomy-operated group (LAPgg), and at 2 weeks after duodenal
switch (DS) and the age-matched laparotomy-operated group (LAPps). Data are expressed as means =+ SEM. *: p<<0.05, **: p<<0.01, ***: p<<0.001 between LAPgg vs. GB or
LAPps vs. DS.
doi:10.1371/journal.pone.0072896.t003

appropriately designed rat models provide significant insights into expenditure, whereas DS induces greater body weight loss by
the mechanisms of bariatric surgery which explain well the reducing food intake, increasing energy expenditure and causing
clinical observations, e.g. that DS is superior to GB in body malabsorption.

weight loss. The results of the present study may suggest further
that GB induces body weight loss by increasing energy

Table 4. Metabolism.
14 weeks after surgery 8 weeks after surgery
Parameter LAPgs GB LAPps DS
Day Energy expenditure (kcal/hr) 1.92+0.08 1.90+0.05 2.10+0.06 1.27+0.07***
Energy expenditure (kcal/hr/100g  0.31+0.01 0.360.01** 0.34%0.01 0.4420.01%**
body weight)
Energy expenditure (kcal/hr/cm?  0.003+0.0001 0.003+0.0000* 0.0030.0000 0.003+0.0001
body surface)
RER 0.98+0.03 0.91+0.05 0.99+0.03 0.98+0.01
VO, 622.25+27.61 720.95+14.41%* 681.99+13.62 873.32£25.35%**
VCO, 605.31+£17.73 652.48+25.93 675.60+23.89 853.15£25.17**
Night Energy expenditure (kcal/hr) 1.48+0.11 1.60+0.10 245+0.12 1.34+0.01%**
Energy expenditure (kcal/hr/100g  0.24+0.02 0.30+0.02 0.40+0.01 0.460.02%**
body weight)
Energy expenditure (kcal/hr/cm?  0.002+0.0002 0.003£0.0002 0.0040.0001 0.004+0.0001*
body surface)
RER 0.97+0.06 1.04+0.05 1.06+0.03 0.99+0.03
VO, 475.14+36.56 598.36+45.29 778.37%+16.51 919.50+28.99%*
VCO, 487.63+35.15 609.64+55.95 825.43+27.97 906.74+39.86
Parameters during day- and nighttime at 14 weeks after gastric bypass (GB) and the age-matched laparotomy-operated group (LAPgg), and at 8 weeks after duodenal
switch (DS) and the age-matched laparotomy-operated group (LAPps). Data are expressed as means = SEM. *: p<<0.05, **: p<<0.01, ***: p<<0.001 between LAPgg vs. GB or
LAPps vs. DS.
doi:10.1371/journal.pone.0072896.t004
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Figure 6. Fecal energy density. Three weeks after gastric bypass (GB) or laparotomy (LAPgg) (A) and eight weeks after duodenal switch (DS) or
laparotomy (LAPps) (B). Data are expressed as mean = SEM. **: p<<0.01, ns: not significant between LAPgg (n=7) vs. GB (n=8) or LAPps (n=6) vs. DS

(n=5).
doi:10.1371/journal.pone.0072896.9g006

Supporting Information

Figure S1 Scatterplot of energy expenditure against
body weight. LAPqp , ps: laparotomy as control for GB or
DS; GS: gastric bypass; DS: Duodenal switch.

(TTF)

Figure S2 Adjust energy expenditure by ANCOVA.
LAPGg o ps: laparotomy as control for GB or DS; GS: gastric
bypass; DS: Duodenal switch. Means = SEM.

(TIF)

Table S1 CLAMS measurements of normal rats. Data at
day 1 and 21 one wecek after 24 hours training with CLAMS cage
are expressed as means = SEM. ns: not significant between day 1
vs. day 21.

(DOC)

Table S2 Plasma levels of cytokines. Data of rats after
gastric bypass (GB) and duodenal switch (DS) compared with the
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Supplementary Fig. 1:
Scatterplot of energy
expenditure against
body weight for each
of the experimental
groups. LAP ¢z o, ps:
laparotomy as control
for GB or DS; GS:
gastric bypass; DS:
Duodenal switch.



0.142
%)
(@)

p=0.

8 dV1

p

0.116
Joa)
U]

o ~ — o
(A136ans 13346 W3- 1oys) swmybiu je
(4y/1e23) aunyipuadxa ABisus paisnipy

(aa]

=0.503

Sa dv1

p

0.911

99 dV'1

p

m (o] - o

(K1961ns J33je WId)- 1OoYS) dwinkep e
(4y/1e3¥) 21npuadxa ABisua parsnipy

<

wn

g ﬁ sa

o

iy Sa 4V
3 ﬁ D)
o
I 8 4y

m o — (=)

(K1964ns 121y WI}-buo|) awmybiu je
(4y/1e2%) 3unypuadxa AbBisus paisnipy

(@)

ﬁ sa
sS4 dv1

ﬁ a9
8 dV1

p=0.480

p=0.134

o™ o — o

(A196.ns 133ye WiL)- Buo)) swnhep e
(4y/1e33) 4n3puadxa ABIsud parsnipy

v

Supplementary Fig. 2: Adjust energy expenditure (kcal/hr) by ANCOVA (data from Figure. 5). LAP
cBorDs: laparotomy as control for GB or DS; GS: gastric bypass; DS: Duodenal switch. Means + SEM



Supplementary Table 1. CLAMS measurements of normal rats at day 1 and 21 one week after 24
hours training with CLAMS cage. Data are expressed as means + SEM. ns: not significant between
day 1 vs. day 21.

Parameter Day 1 Day 21

Day Food Intake (g) 6.76+0.67 7.36+0.60 "s
Food Intake (g/100g body weight) 1.38+0.14 1.46+0.14 ns
Food intake (kcal) 17.36+£1.72 18.90+1.53 ns
Food intake (kcal/100g body weight) 3.54+0.35 3.74+0.36 s
Number of meals 14.17+1.66 13.50+1.48 ns
Meal size (g/meal) 0.52+0.10 0.56+0.05 ns
Meal size (kcal/meal) 1.34+0.25 1.45+0.12 s
Meal duration (min) 18.98+2.07 21.104£1.95 s
Meal duration (min/meal) 1.45+0.27 1.61+0.15"s
Intermeal interval (min) 49.4445.95 50.43+4.48 ns
Satiety ratio (min/g) 101.03+9.37 90.73+6.44 s
Water intake (mL) 2.17+0.64 2.24+0.42 ns
Water intake (mL/100g body weight) 0.45+0.13 0.45+0.09 ns
Water intake during one interval (mL/time) 0.25+0.07 0.28+0.05 s
Ambulatory activity 1305.17+318.30 1451.17+326.57 s

Night  Food Intake (g) 19.38+0.72 21.0740.78
Food Intake (g/100g body weight) 3.94+0.13 4.15+0.19 ns
Food intake (kcal) 49.80+1.85 54.16+2.00 ns
Food intake (kcal/100g body weight) 10.13+0.33 10.67+0.50 s
Number of meals 29.17+2.65 28.83+3.89 s
Meal size (g/meal) 0.68+0.04 0.79+0.09 s
Meal size (kcal/meal) 1.75+0.11 2.02+0.24 ns
Meal duration (min) 62.62+3.01 63.66+2.10 "s
Meal duration (min/meal) 2.21+0.15 2.36+0.24 ns
Intermeal interval (min) 22.57+1.80 23.88+2.95 ns
Satiety ratio (min/g) 32.98+1.22 30.20£1.05 s
Water intake (mL) 16.14+0.74 17.70+0.60 ns
Water intake (mL/100g body weight) 3.28+0.12 3.48+0.13 s
Water intake during one interval (mL/time) 0.87+0.15 0.89+0.09 s

Ambulatory activity

5292.00+1166.98

4484.00+£833.95 s




Supplementary Table 2. Plasma levels of cytokines in rats after gastric bypass (GB) and duodenal
switch (DS) compared with the age-matched laparotomy-operated groups (LAPgg or LAP,
respectively). Data are expressed as means = SEM. ns: not significant between LAPsg vs. GB or
LAP vs. DS.

Cytokine LAPGs GB LAPps DS

IL1a (pg/mL) 66.20+21.31 33.48+21.01 " 94.34+33.31 124.84+19.20 "
IL-1B (pg/mL) 74.06£22.89 32.63+11.51 1 310.22+175.16  215.53%87.70 s
IL-2 (pg/mL) 201.62+59.23 112.19+46.99 ns 190.21+40.10 373.21+69.13 ™
IL-4 (pg/mL) 10.62+2.48 27.33+22.06 1 39.37+17.56 41.69+9.90 s
IL-5 (pg/mL) 38.08+8.80 41.19+10.48 s 129.45+26.03 106.05+18.71 1S
IL-6 (pg/mL) 111.53+51.69 208.33+176.17 216.85+82.11 158.36+49.23 1S
IL-10 (pg/mL) 213.33+29.71 145.88+31.72 1 534.60+139.86  588.50+74.00 "
IL-13 (pg/mL) 19.52+8.16 4.47+1.23 1 61.05+33.76 55.41+19.65 1S
GM-CSF (pg/mL) 9.42+4.59 1.23+0.41 s 41.06+24.68 30.81+12.69 ns
IFNy (pg/mL) 53.90+25.31 106.47+105.90 ™ 76.90+38.39 75.45£24.11 1

TNFa (pg/mL) 9.25+6.98 3.72+0.35 s 65.66+46.06 56.94+29.70 ns
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