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A NOVEL APPROACH IN COLORECTAL CANCER AND
DIABETES MANAGEMENT: ROLE OF METFORMIN AND
RAPAMYCIN

Abstract

The link between colorectal cancer (CRC), diabetes mellitus (DM) and inflammation is well
established, and polytherapy, including rapamycin, has been commonly adopted. However, due to
the relatively weak response of CRo rapamycin, combination with other molecules including
metformin has become a potentially promising approach. This study is a novel approach that aimed
at assessing the effect of a combination therapy of metformin and rapamycin on the control or
prevertion of colorectal cancer in diabetic animals, in presence or absence of probiotics.

Fifty NOD/SCIDs male mice developed xenograft by inoculating HCT116 cells into the flank; they
were equally divided into diabetics (induced by STZ) anddiabetics. Mdbrmin was given in
drinking water, whereas rapamycin was administered via i.p injections. Probiotics were added to
the double therapy two weeks before the sacrifice. Assessment was performed by clinical
observation, gross anatomic inspection of abdongrgdns, histological analysis, mast cells and
ROS activities determination, as well as, by molecular analysis éffianmatory cytokines (IL

3, IL-6 and TNR), AMPK and mTOR.

A decrease in the level of tumorigenesis resulted, to various extents, evitiffdrent treatment
regimens. The combination of rapamycin and metformin had no significant added effect, however,
when probiotics were added to the combination, there was a marked delay in tumor formation and
reduction of its size, suppression of RO$ andecrease in inflammatory cytokines as well as an
inhibition of pmTOR.

Existing evidence clearly supports the use of rapamycin and metformin especially in the presence
of probiotics. There is an immunomodulatory effect of probiotics in colorectahogemesisT his

study confirmed some of the effects observed in several studies and clinical trials. It also described
the possible mechanism of action of the 2 drugs through AMPK and mTOR signaling pathways
and offered preliminary data on the significesle of probiotics in the combination. However, the
application of probiotics in CRC still needs further investigation aiming to clarify its exact role and

decipher in more details the involved pathways.

Key words:CRC, DM, Probiotics, Inflammatory Cytokines, AMPK, mTOR, ROS.
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Chapter One: INTRODUCTION

1. Background

Several investigators, including our team, reported theccarrence of diabetes mellitus (DM)

and colorectal cancer (CRC) along with bowel inflammation and dismicr¢Biasso et al., 2014;
Cannata, Fierz, Vijayakumar, & LeRoith, 2010; Cheng et al., 2011; Fischb#gittes, 2014;

Jurjus et al., 2016; Tomasello et al., 201Mpreover, multiple reports suggested that the gut
microbiome is involved in the evolution of DM, in particular type 1 diabetes (T1DM), and that
potential modulation of the intestinal microbiota could prevent or delay its progréksidim et

al., 2018) Furthermore, data are increasing about the greater risk for CRC in patients with DM by
almost 1.2% to 1.5 YKasznicki, Sliwinska, & Drzewoski, 2014 ccording to the ®bal Burden

of Disease study data, mortality from CRC increased annually from 1990 through 2013 in line
with a worldwide decrease in the age of onset of (@M Kort et al., 2017)In addition, Type 2
diabetes mellitus (T2DM) has been reported to increase the risks of a wide spectrum of cancers
including CRC, and that most colorectal cancers have a multifactorial pathogenesis. Estimates
suggesthat 14% of CRC patients have T2DM as a comorbid condition at diagitasidikar,
BurnettHartman, Cohen, & Newcomb, 201 They conferred an increased risk of CRC in T2DM
patients and a higher mortality rgf@e Kort et al., 2017; de Kort et al., 2016; Jurjus et al., 2016;
Luo, Lin, He, & Hendryx, 2014; Mills, Bellows, Hoffman, Kelly, & Gagliardi, 2013; Zhu et al.,
2017)

Published data also showed that CRC, colorectal adenoma and chronic colitis are positively
associated with T2DM and hyperinsulinemia, thus representing the link between the various
disease entiti¢$oma et al., 2013)Further studies have also shown that in human epithelial
colorectal cancer cells, high glucose or insulin activates a cascade of cross reacting pathways
leading to an alteration in a panoply of proteins in the signaling cascade involved in cell
proliferaion, survival and apoptogitoma et al., 2013)

It is also well documented that diabetes and CRC, there is an increased generation of Reactive
Oxygen Species (ROS). More importantly, in tumors,SR@etabolites can act as signaling
molecules to promoteell survival over apoptosis. On the other hand, studies have also shown that
in diabetes, there is an increased production eHEBUE which, through a ROS dependent

pathway contributes to organ damage. So we hypothesize that inhibitordH& T2 synthes
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might have anticancer and adiabetic activities. However, the upstream and downstream
signaling pathways leading to injury are not yet fully studied and defined. The mechanistic
pathway can be simplified by inactivating AM#etivated protein Kinase (APK), activating the
mammalian target of rapamycin (mTOR) signaling pathway, and consequently increasing tumor
development.

On the other hand, it is important to note that chronic inflammation, as a process, has been
considered as forming a favorable baaml a promising environment for such a mechanistic
pathway to occur. This task is achieved through a complex inflammatory response which may
involve a balance between a huge panel of bioactive molecules, pro aidlammatory (IL-6,
NFKB, TNFW ,anadmomn@F ot hers ¢é), provided from
cells(Jurjus et al., 2016However, a persistent or an inadequately resolved chronic inflammation,
due to the tilting of the balance in favor mio-inflammatory agents, may increase the risk of
several pathologies such as IBD, CRC and T2, Zhu, & Gu, 2016)Phamacologically
modulating the inflammatory process might be of value in decreasing, preventing or even
managing the disease process underlying these digdages et al., 2016)

Metformin, an oral biguanide discoveteas a pharmacological molecule, almost a hundred years
ago, is prescribed to over 120 million people worldwide for the treatment of conditions including
T2DM, polycystic ovarian syndrom(@®COS) and gestational diabetésinaan, Ding, & Triggle,

2015) Over the past decade, mplé epidemiologic, preclinical and clinical studies have
consistently associated metformin with decreased cancer incidence andretatedrmortality,
shedding light on the antiancer effects of this hypoglycemic agéhirjus et al., 2016; Zhang et

al., 2011) Although the exact mechanisms of metfarraction are not entirely understood, there

is robust literature that defines the hallmarks of its cellular and molecular signaling in colon cancer
cell lines with regards to AMPK activation that leads to inhibition of mMTOR and a reduction in
translation mitiation, thus providing a possible mechanism of action of metformin in the inhibition
of cancer cell growtt§Dowling, Zakikhani, Fantus, Pollak, & Sonenberg, 2007; Hosatnal.,

2010)

Similarly, rapamycin, discovered more than thirty years ago, as an immunosuppressor has been
used successfully to reduce organ rejection with kidney transplan(&aamders, Metcalfe, &
Nicholson, 2001)Furthermore, rapamycin inhibited cell growth in tumor cell lif&sto, 2012)

which involves binding to the mammalitarget of rapamycin (mMTOR) whose signaling pathway

14



is critical to cell growth, proliferation, and survival; in brief, rapamycin could inhibit most of these
hallmark processes of cangat. C. Chen, Lo, Lin, & Hsiue, 2013; Seto, 2012)

Exploring the possible additive effectd metformin (an AMPK activator) and rapamycin (a
blocker for mTOR activation) might open a new horizon in dealing with the twoarbid disease
entities. Furthermore, modulation of the microbiota by increasing its diversity through probiotic
use might bld the promise of effective protection against both DM and QR1p & Honkanen,

2017) The aim of this study is to determine the roles of metformin and rapamycin alone and in
combination in the management of diabetes and colorectal cancer in an ectopic xenografts mouse
model, at dhical, histological and molecular levels, with an emphasis on the downstream

signaling elicited by these drugs in the presence of probiotics.

2. Historical evolution of DiabetesM ellitus management

2.1. Definition

It is well established thaiabetes mellituss a chronic disease caused by inherited and/or acquired
deficiency in production of insulin by the pancreas or the ineffectiveness of the insulin produced.
Such a deficiency results in increased concentrations of glucose in the blood, vihiolaffects

the body ata multtorgan level. The blood gsels and nerves aparticularlysusceptible to this
damag@VHO, 2010)

2.2. Epidemiology

Worldwide in 2017, 424.9 million people agedi Z0 years or 451 million people agedi 28

years lived with diabetes. It was also predicted that the number of people with diabetes aged 20
79 years will rise to 629 million or ®93 million among 1899 years by 2045. The prevalence of
diabetes in adults agedil® years was estimated to be 8.4% in 2017 and predicted to rise to 9.9%
in 2045. It was also estimated that, in 2017, approximately 5.0 million deaths were attributable to
diabetes among people aged 29 years. Hence, diabetes accounted for 9.9% of the global all

cause mortality among people within this age rgi@je et al., 2018)

15



2.3. Evolution of diabetes mellitus management

2.3.1.Before the middle of the first millennium

Diabetes mllitus is well documented in ancient history and its management dates back to at least
1500 BC with multiple cornerstonesf new achievementsappearing over the vyears.

About 1500 BC, it was reported that the option preferreddfd t r eat ment by dAexp
Pharaoh of EgypB8,500 yearsagavas a mi xture of fiwater,oflrom tF
of roses, dates, raw quince, @akhbtakib, 2013; Whité,y o f
2014) Aftermorehan a century, in 250 B.C., the term
Apollonius of Memphis, who referred to a disease which drains patients of more fluid than they

can consuméThe Global Diabetes Community, 201@hen between 13201 B.C., a Greek

physician, Galen of Pergamon, theorizkdttdiabetes is an affliction of the kidneys. Later on, in

400500 A.D. anancient Indian physician, Sushruta, and the surgeon, Charaka, were able to
identify the two types, later to be named Type | and Type Il dialfleséhtakia, 2013)

2.3.2. After the middle of the first millennium

The Persian polymath called Avicenna (9800 3 7 ) published AThe Canon
providing a detailed account on diabetes mellitus. The sweet urine of people with diabetes was
described, also with abnormal appetite, diabetic gangrene and sexual tigsfurowever,
aroundtheMcent ury éuroscopyd became a way of iden
the color, sediment and odor of urine. Some physicians even tasted the urine, and this is apparently
how diabetes was given its second namé, ind t us, me an i (fhg Global®abetesd i n |
Community, 2016)

Inthe 1" centuryeven opi wrh (popwriesd) was prescribed
mellitus for over twvo hundred years (167B398); one can assume that it was used to treat
complications like gangren@.akhtakia, 2013)In the second half ofthe eighteenth century,

Matthew Dobsorl7731800identified the reason behind the sweet taste in the urine of people

with diabetes, namely, the presence of excess sugar in the urine and the blood. He also observed

that diabetes could be fatal for some, leading to death within five weeks, while otbensidi

16



longer. This was anothéndication of two different types of diabetes: type 1 and type 2. During

the same period, John Rollo treated a patient using af&iigimd protein diet, the first significant
dietary approach to the treatment of diabgfse Global Diabetes Community, 2018y the

early 19thCentury, chemical tests have been devised to detect excess sugar in the urine. Besides,
it was not until the FraneBrussian War, when the Frenchypitian Bouchardat noticed that
restricted diets and calorie intake helped his pati€s$.ard exercise advocacy was the hallmark

of treatment of that tim{@akhtakia, 2013; The Global Diabetes Community, 2016)

2.3.3. The twentieth century

About the same period, in the A@entury, Claude Bernard cenrd t he term fgl yco
discovering that a substance was formed by the liver related to the same sugar found in the urine

of people with diabetes. This was the first link between diabetes, glycogen and metabolism. In
addition Johann Peter Frank wa®dited as being the first physician to distinguish clinical
differences between diabetes mellitus and diabetes insiffdisl, Shakir, Asari, & Zulkifle).

Moreover,in 1869, a medical student Paul Langerhans described two types of cells, forming
islands in the pancreas referred to | ater as
1889, Joseph von Mering and Oskar Minkowskixperiments produced an extract of pancreas

that reduced the hyperglycemia and glycosuria in dogs made diabetic by the removal of their
pancreases. Next, they developed a procedure for extraction from the entire pancreas without the
need for duct ligatin. This new extract, was made from whole beef pancreas and it was successful

for treating humans with diabetéRosenfeld, 2002; The Global Diabetes Community, 20h&)

name finsul i nomtlkedate insula theaning esland, finrreference tdrtbelin-
producingisletsof Langerhans in thpancreagAmerican Diabetes Assosiation, 2014)

Early in the 28§ century, Stanley Rossiter Benedict devised a new method to measure glucose in
uri ne, call ed | at About thessanBeeeriedd in toibfictt JoSlo, IMDtai o n .
clinician and educator published the first edition fdthe Treatment dDiabetes Mellitu

(American Diabetes Assosiation, 201#) addition, Dr Frederick Allen, in 1919, published a
book, ATot al Dietary Restriction in the Trea
treated withtk o6st arvation dietd. The treatment helop
many of his patients died as a result of starvation. In the next yearatO®terican called Moses

Barron links the Langerhans cells with the basis of diabetes meHicigsng up on the research
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of Barron, a doctor calleBrederick Bantingonductectritical experiments linking the pancreas

and diabetegThe Global Diabetes Community, 201&rederick Banting, MD, and his then

student asistant, Charles Best, MD, extracted insulin fromgoaases of dog#heywere working

in a laboratory space at the University of Toronto provided by Professor J.J.R. Macleod. They
injected the insulin into dogs whose pancreases have been removed,amdithema | sugarb | oo d
levels went down. James Collip purified the extract and used it in humathe finst time on a
14-yearold Leonard ThompsarEven though he was put on dadtdiet of450 cal/day, his llood

glucose easily reached 28 mmol/L, after two insulin injections his blood glutroppedto
6.7mmol/L(Québec, 2016)'he work was considered a great succelss.average life expectancy

for a child with type 1 diabetes at the beginning of the 20th Century was roughly a year; Leonard
lived until the age of 27, when he eventually died of pneum@meerican Diabetes Assosiation,

2014; The Global Diabetes Community, 201B)y Jul y 1922, the first b
(insulin) arrived 1in Banti ngos Elollly and €ompanydbegany t he
commercial production of insulin. In the decades that followed, the manufacturers developed a
variety of sloweracting insulins, the first being protamine insulin introducedbyo Nordisk in
1936(American Diabetes Assosiation, 2014; White, 20T next major advanoeent in insulin

was its crystallization in 1926, and 10 years latef,986 Sir Harold Percival differentiated again
between 2 types of diabetes based on the degree of insulin sensitivity in p@trentslobal

Diabetes Community, 2016; White, 2014)he same year, the first commercially available,
extendeeaction insulin, PZl (protamine zinc insulin), was released. This formulation was
composed of an amorphous combination of protamine, zindnaakih. PZI continues to be used

today in the management of cats with diabetethdr1940s the American Diabetes Association

was founded to address the increasmuidenceof diabetes and th@mplicationghat develop

from the disease. Insulin treaénts continued to develop and by 1945 the life expectancy of
someone with diabetes was increagifige Global Diabetes Community, 2016; White, 20The

next major development in insulin formtian came in 1946, when the Nordisk Insulin Laboratory

in Denmark released the second exteraigtebn insulin, NPH (neutral protamine Hagedorn). This

insulin contained ~ 10% of the protamine found in PZI along with zinc insulin crystals. This insulin

was $orter acting than PZl and could be combined with regular in§tihe Global Diabetes
Community, 2016)One year later,in 1943, 0s 1 i n al so sets up NAThe Vi

celebrate patients who lived with diabetes for 25 years and had no health complications regarding
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their kidneys, eyes arblood vesseléThe Global Diabetes Communi016) In 1949,Rachmiel

Levine, MD, discovered that insulin worked like a key, transpodingoseinto cells. In the same
year,Becton Dickinson and Company began production of a standardized isyiigedesigned

and approved by the American Diabetes Asgamn. One year later, the American Dietetic
Association (ADA) and the U.S. Public Health Service devised a meal planner that divided foods
into six groups, or i e x catbh@hydtepsotein, anda i;m eath on t h
serving of food.

At the turn of the second half of the20entury, in 1952, the ADA funded its first direct research
grants(American Diabetes Assosiation, 20I4)e following year, in 1953, DiElliot Proctor

Joslin and his staff deloped the first hospital blood glucose monitoring system and Helen Free
devel oped t h-endrCdadnd sunixneidti @st which all owed
glucose levels. About the same time, the first oral drug carbutamide was developedarliddbut

helped to lower blood glucose levels. Two years later, by 1955, sulfonylureas, oral medications
that stimulate the pancreas to release more insulin, were available. Moreover, in 1959, Solomon
Berson, MD and Rosalyn Yalow, PhD, developed a radioimm@assay technique, a method for
measuring insulin in the blood. They noticed that some people with diabetes still make their own
insul i n, and t heegpdmrddeennti d i (etdysyhied relp)e nadmdc t dnon y
diabeteg American Diabetes Assosiation, 2014; The Global Diabetes Community,.Q€ih6)
stripswerenade avail abl e i tasting;hekinglp8ofld®vatk diabetes gehfastere
readings. Moreover, Miles Laboratories released Dextrostix, testing strips which required a drop

of blood for a minute. The blood was then washed off and an indic#tliood sugar levels was

revealed on a&olor chart. At the same time, doctors at the University of Minnesota attempted the

first pancreas transplantation in an attempt to cure type 1 diapBtes Global Diabetes
Community, 2016) On the other hand, glucagorh@armoneproduced by the pancreas that raises
glucose levels, was introduced by Eli Lilly and Company as a treatment for bgpegycemia,

and in 1964, the Ames Company introduced the first strips for tddtiod glucos by color code.

Two years later, in 1966, the first successful pancreas transplant was performed at the University
of Minnesota HospitalBesides, n the 1970s, the Ames Company introduced the first glucose
meter and in the same period, the first synthletiman insulin was produced using recombinant

DNA techngues. Prior to this developmeimsulin manufacturers have had to stockpile pancreatic

tissue from animalandduring this periodnsulin receptors were diseered oncell membranes
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(American Diabetes Assosiation, 2014; Lakhtakia, 2013; The Global Diabetes Community, 2016)
This discovery raised the possibility that missing or d&fe insulin receptorsnay prevent
glucose from entering the cells, thus contributing tarikalin resistancef type 2 diabetes. About

the same timghe relationship between blood vessel diseaségperglycemiavas reported. In

1972 U100 insulin wa introduced along with insulin syringes marked with only a U100 scale;
consequentlythe frequency of dosing errors was reduced. Then, in 1974, the development of the
Biostator enabled continuous glucose monitoring and closed loop insulin infusion.itinradd
human Leukocyte Antigens (HLAs) were discovered on cell surfaces and peoplypsith
diabetesad specific patterns of HLA that were associated with varying levels of risk for diabetes.
In the last quarter of the ¥Qcentury, in1976, the first insulin pumps were invented by Dean
Kamen and Rosalyn Yalow, PhD, was awarded the Nobel Prize in Physiology and Medicine for
her work in measuring insulin in the body. Moreover, researchers from Boston developed a test to
measure glycosytad hemoglobin (HbAlc) which became the gold standard for meadonigg

term diabetes control. Twygeass later, in 1978, researchers at the City of Hope National Medical
Center in Duarte, California, and Genentech, Inc., in San Francisco, induced liactefia to
produce insulin identical to human insulin. After some time, portable insulin pumps were
introduced and researchers, using them, achieved normal blood glucose levels in patients,
however, due to their large size, they were impractical at itthat tn addition, The Natioha
Diabetes Information Clearinglouse was created by the federal government to gather and
document all diabetes literature. Furthermore, in 1979, The National Diabetes Data Group
developed a new diabetes classification systenmsulindependent or type 1 diabetes, 2) nhon
insulinrdependent or type 2 diabetes, 3) gestational diabetes, and 4) diabetes associated with other
syndromes or conditions. One year later, in 1980, a new animal model of type 1 diabetes in the
nonobe® diabetic (NOD) strain of micevas described in JapéAmerican Diabetes Assosiation,
2014) Humulin, the first biosynthetic human insulin, insulin produced by genetically altered
bacteria, was FDA approved in 1982 fiistribution in several countries. It is identical to the
structure of human insulin and has the advantage of being less likely to lead to allergic reactions
than animal insulin. In the same year, a 64K autoantibody was discovered and was found to be
asso@ted with type 1 diabetes. A year latem 1983, a link between hypoglycemia and
brainmetabolismwas established and the secayaheration sulfonylureas entered the market

allowing patients to take smaller doses with redwsdd effects. In 1984he nsulin molecule
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was identified to be a target of autoimmune response in indigidugh type 1 diabetes and
scientists discovered a relationship between pregnancy and the worsettisigetit retinopathy

About the same time the first insulin pen delwsystem, called the NovoPen, was introduced by
Novo Nordisk (American Diabetes Assosiation, 2014; Lakhtakia, 2013; The Global Diabetes
Community, 2016)In 1986, the National Diabetes Data Group reported that type 2 diabetes was
more common among African Americans, Mexican Americans, and Native Americans than among
Caucasians. Fifty percent of all Pima Indians in Arizona, over the age of 35, had diathetes
highest rate in the world. In 1987, the 64K autoantibody originally discovered in 1982 was found
to be predictive of type 1 diabetes. In addition, researchers determined that tight control of glucose
levels during pregnancy is important for the healfhthe baby, and continued to study how
diabetes increases the risk for birth defects. In 1989, the American Diabetes Association released
its first Standards of Care to guide physicians in the treatment of diabetes. At the same time,
glucose was discoved to be distributed into muscle and fat cells via a transporter known as
GLUT-4. Understanding how glucose was transported from the bloodsineaoells to be used

as fuel wasmportant to locatinglifferent drug targets that coulchprove insulin sestivity. In

1990, the proteirglutamate decarboxylase (GAD), an importamtymenvolved in cellular
communication in the brain and pancreas was identified andthenune sy st embs att e
triggering a progressive autoimmune response that leads letesawas describ@simerican
Diabetes Assosiation, 2014h 1991, the World HealtlOrganizationlaunched World Diabetes

Day in response to the rapid rise of diabetesraldhe worldheld on November 14, the birtag

of Frederick Banting. In 1992, Medtronic released the MiniMed 506 insulin pump, which delivers
meal bolus ramory and daily insulin totalfhe Global Diabetes Community, 2016)ne year

later n 1993, the Diabetes Control and Complications Trial (DCCT) showed that keeping blood
glucose levels aslose to normal as possible slowed the onset and progression of eye, kidney, and
nerve diseases caused by diabetes. In fact, it demonstrated that any sustained lowering of blood
glucose helps, even if the person has a history of poor cqAmmrican Diabetes Assosiation,

2014) Their report demonstrated that regular activity and good nutrition help to improve diabetes
control and stave off the risk of losigrm health complicationd he Global Diabetes Community,

2016) In mid 1900s the incretin hormone GilPwas discovered. Incretin hormones are secreted
from the gut in response to food and encourage the body to produce insulin. Its discovery led to a

new class of diabetes drugs that can increase insulin secretion in response to glucose, and even
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increaselte amount of beta cells in the pancreas. About the same time, the drug metformin, the
focus of this studyfirst discovered n 191 8, redi scovered in the 1¢
time to treat diabetes in 199¥%came available in the U.i8.1995.Metforminis abiguanidethat

prevents glucose production in theer. In 1996, the drug acarbose, brand name Precose (Bayer
Corporation) became available in the UASarboses an alphaglucosidase inhibitor that slows

digestion of some carbohydratésthe same year, Lispro (a lysipeoline analog) was introduced

by EI i Lilly and Company as the worl dos faste:
Rezulin (ParkeDavis), was approved by the FDA. It was the first in a class of drugs knewn a
thiazolidinediones, it improved insal sensitivity in muscle cells, howevet, was eventually

removed from the market due to liver toxiciRosiglitazoneandpioglitazone, also in this drug

class, were later brought on to the market. At the same timefasting glucose level for
diagnosing diabetes was lowered from 140 mg/dl tordgall. In 1998, Repaglinide, brand name

Prandin (Novo Nordisk) was develop&ktpaglinidebelongs to a class of drugs known as
meglitinides. They stimulate insulin secoetiin the presence of glucose. In the same year, the

United Kingdom Prospective Diabetes Study (UKPDS) showed that people with type 2 diabetes

who practice tight control of blood sugar levels atmbd pressur&evels reduce their risk of
complications, snilar to the results of the DCCT in people with type 1 diabetes. Together these

two studies transformed the nature of diabetes care around the (#onekican Diabetes
Assosiation, 2014)

2.3.4. The twenty first century

At the turn of the twenty first century, there was a growing interest in islet cell transplantation as
Shapiro et al published findings from seven patients with type 1 diabetes who underwent the
procedure as a means of helping them achieve insulin indepen@&apio, 2012) In 2002 a

more targeted therapy was repongth the antiCD3 monoclonal antibody, hOKT3gammal(Ala

Ala), which slowed the deterioration of insulin production and improved metabolic control during
the first year of type 1 diabetes in the meyoof patients/American Diabetes Assosiation, 2014;

The Global Diaktes Community, 2016[puring 2002, the American Diabetes Association defined
prediabetes as impaired fasting glucose (IFG) and/or impaired glucose tolerance (IGT). IFG was
defined adastingblood glucose of 106025 mg/dl, and IGT was defined as a glucose level from
140 mg/dii 199 mg/dl two hours after consuming a glucash drink. Later, A1C levels of 5.7%
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to 6.4% were also used to identify individuals wtiediabetes. In 2005, Exenatideand name

Byetta, was approved in the U.S. as aAimstlass incretin mimetic (GL-R) drug to treat type 2
diabetes. An injectable drug, exenatide works by increasing insulin production in response to blood
glucose levels. In addition, pramlintide,abd name Symlin, was approved in the U.S. as an
injectable adjunct treatment for people who use insulin at mealtimes but still fail to achieve
desirable blood glucose levelBesides,in 2006, the FDA approved JANUVIA (sitagliptin
phosphate), the first ia new class of drugs known as DR hhibitors that enhance the body's
ability to lower elevated blood sugar. DBHs an enzyme that naturally blocks GLHrom
working, so by inhibiting this enzyme, GLP works in the gt to promote insulin secretion
(American Diabetes Assosiation, 201Mpreover, in 2008, Suzanna M. de la Monte proposed the

t ertype Jidiabeteas t o descri be i nmio.Fiveryears &a®rin@lathec e i n
University of Cambridge reported trials of an artificial pancreas which combines the technology
of an insulin pump with a continuous glucose monitor. In the same year, the FDA approved
Invokana (Canagliflozin), the firsh a new class of drugs known as the S&.ihhibitors, for
lowering elevated blood sugar in patients with type 2 diabetes. SGhAibitors block the activity

of sodium glucose transport proteins in the kidney, reducing glucesgtake and increasing
secretion of glucose in the urif@merican Diabetes Assosiation, 2QIfhe Global Diabetes
Community, 2016)At the same time, the FDdeclined to approve Degludec, an ultvag-acting

insulin (duration of 42 hours). However, this compound is available in Europe and will probably
be resubmitted for approval in the UnitStates. Lately, in 2015r. Edward Damiano introduced

t h ¢ eton, a bionic pancreas t hagan ewkry fivie mmutes, hdo ot h
described the deyvi(TheGloba Diabetds Gammuandye2016;0Vhite, 2014)r e 0
In conclusion,The management of diabetes is a long term commitment and the goal of the current
therapies is to improve the quality of life of the patients as well as to lower the risk and delay the
onset of diabetic complications such as blindness,-seagke renal disease, neuropathy,
cardiovascular diseases and carfé&e Global Diabetes Community, 2016)

The main target of management isawer glycaemia and maintain sugar levels in the bloadkimvi

an acceptable margin.able 1 below shows the current glycemic targets in the treatment of
diabetes according to the American Diabetes Association (ADA) and the American Association of

Clinical Endocrinologists (AACEJ)Association, 2017; Garber et al., 2017; Handelsman et al., 2015)
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Table 1: Current glycemic targets in the treatment of diabetes for nofpregnant adults (Association, 2017;
Garber et al., 2017; Handelsman et al., 2015)

Glycemic Targets
Glycemic Measure ADA AACE
Fasting glucose (mg/dl) 80-130 <110
2-h postmeal (mg/dl) <180 <140
Hemoglobin Alc (%) <7.0 <6.5

Insulin is the Best treatment for Type 1 Diabetasce it is replacing the missing hormone.
Treatment of type 2 diabetes however is more complex since insulin levels in the blood are normal
to high and the goal is to improve insulin action in the peripheral tissues.

The management of type 2 diabetesudels a healthy diet, weight loss, oral medications and
sometimes a combination of oral and injectable drugs. Insulin is added to the therapy at any time
when glycemic control is not achieved by oral drugs alone and when insulin secretion becomes
impaired b the point that replacement therapy becomes a(8tasig, Wysowski, & Butledones,

1999) Over the years, an armamentarium of drugs has been used including metformin

biguanides

2.3.4.1. Biguanides

Metformin or N N-dimethylbiguanidgFigure 1) is the first line medication for treating type 2
diabeteslt was first discovered in 1917 and described922 by Emil Werner and James Bell as
a product in the synthesis of N-dimethylguanidine.

NH NH

NN

N N NH>
| H

Figure 1: Molecular aspect of metformin(Song, 2016)

The origin of metformin trace back to a folk remedy derived from a toxic plant Galega officinalis

or French lilac. Galega officinalis contains the phytochemicals galegideguanidine both of
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which decrease blood sugar. The plant was used in medieval times to treat the symptoms of
diabetes. Clinical trials have proven that galegine and guanidine were too toxic for humans.
However, when two guanidine molecules were joitoggtthemwith slight modificationthe result

gave the biguanides: phenformin, buformin and metformin. Of this family of drugs only
metformin remains, others were discontinued for their high risk of lactic acidosis and mortality.
Metformin is generally wiktolerated and it decreases high blood sugar mainly by suppressing
hepatic gluconeogeneside t f or mi nds mechani sm of atsmaoon i s
effects on glucose lowering are linked to its action on mitochondrial metabolism andrcellu
pathways which lead to a reduction in glucogenesis. Many potential mechanism of actions have
been suggested, including; activation of AMétivated protein kinase (AMPK), inhibition of the
mitochondrial respiratory chain, inhibition of the glucagoduced elevation of cyclic adenosine
monophosphate (CAMP) with reduced activation of protein kinase A (PKA), inhibition of
mitochondrial glycerophosphate dehydrogenase and avgosftect on the gut microbio{®lay

& Schindler, 206).

AMPK also known as Aenosine Mono Phospho Kinase is@zyme that plays a major role in
insulin signaling, the metabolism of glucose and fat and whole body energy balance. AMPK
activation increases the expression of small heterodimer partneh whiturn inhibits the
expression of the hepatic gluconea@ genes phosphoenolpyruvate carboxykinase and glucose
6phosphatase AMPK activation is important for
production(Rena, Peaon, & Sakamoto, 2013)etformin can safely be prescribed for pregnant
women with no evidence of obviousde effects on the offspringdther characteristics of
metformin, including cancer prevention, have also been desdRuedan et al., 201).

In brief, among all the important managing and therapeutic modalities for the treatment of diabetes,
metformin stood the test of timand is considered as the preferred {iirs¢ oral blood glucose
lowering agent to manage T2DMp till now, metformin is the most used drug either alone or in
combination with other molecul&loreover, other medical benefits were described for metformin.

It is for this reason and many others that this study is investigating other possible uses and
exploring morento its mechanisms of acti@one or in combination with rapamycin in presence

or absence of probiotics
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3. Colorectal Cancer

3.1. What is colorectal cancef

ColorectalCancer(CRC) is a disease characterized by the unchecked division and survival of
abnormalcells occurring in the colon or rectunr®RC usually begins as a noncancerous growth
called a polyp that develops on the inner lining of the colon or rectum and grows slowly, over a
period of 10 to 20 years. An adenomatous polyp, or adenoma, is the mosdctype. Adenomas

arise from glandular cells, which produce mucus to lubricate the colorectum. Abeilnirdnie

one half of all individuals will eventually devel@me or more adenomas. Although all adenomas
have the potential to become cancerous, falan 10% are estimated to progress to invasive
cancer. Thdikelihood that an adenoma will become cancerous increases at is becomes larger.
Cancer arising from the inner lining of the colorectum is called adenocarcinoma and accounts for
approximately 96%f all CRCs.

Early CRC often has no symptoms, which is why screening is so importattite &snor grows,

it may bleed or obstruct the intestine.some cases, blood loss from the cancer leads to anemia
(low number of red blood cells), causing symptasnsh as weakness, excessive fatigue and
sometimes shortness of breath. Additional warning signs include:

Bleeding from the rectum

Blood in the stool or in the toilet after having a bowel movement

Dark or black stools

A change in bowel habits or the shapé¢he stool (e.g. more narrow than usual)

Cramping or discomfort in the lower abdomen

= =4 4 A4 -4 -2

An urge to have a bowel movement when the bowel is empty

3.2. Epidemiology

Colorectal cancer (CRC) is a common and lethal disease. It is estimated that approximately
140,250 new cases of large bowel cancer are diagnosed annually in the United States, including
approximately 97,220 colon and 43,030 rectal cancers. ApproximaE§3® Americans are

expected to die of large bowel cancer each year. Although CRC mortality has been progressively

declining since 1990, at a current rate of approximately 1.7 to 1.9 percent per year, it still remains
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the third most common cause of candeath in the United States in women, and the second
leading cause of death in m@vegoita et al., 2018; Siegel, Miller, & Jemal, 2018)

Global incidence of colorectal cancer for all ages is 9.7% (1360602) and mortality is 8.5%
(693933)Moreover, he 5 year prevalenctr adut population is 10.9% (3543582)rganization,

2012)

For years, colorectal cancer has been well established as being one of the most frequent solid
tumors with median age of about 70 years at the time of diagnosis. Studies have shown that CRC
is rather a spectrum ofs#tases with molecular complexities. Accordingly, a spectrum of treatment
options have evolved over the years and proved to be dependent on the stage of the disease, its
location, the performance status of the patient, and increasingly the moleculaupraktnhe

tumor to define subgroups and design targeted therapies accordingly. Such treatment protocols
emerged from a single agent treatment to combination regimens, to targeted substances with

surgery being aa constant option.

3.3. Surgical treatment of CRC

It was not until the eighteenth century when Giovanni Morgagnidossideredesection of the

rectum in treating rectal cancer. In 1739, Jean Faget of France was credited with the first attempted
rectal resection and it776;Henry Pillore of Rouen, Frece performed the first colostomy on an
adult for an annul ar Asci r rthucdedte lomendtherectoma 0 t h
(Corman, 2000; Galler, Petrellk Shakamuri, 2011)Moreover Aristide Verneuil modified

Li sFrancd6s perineal resection and removed the
excision. Furthermore, in 1874, Kocher closedahes to reduce spillage and infection. Krocher,
however, divided the rectum at | east O6o6half a
similar manner to Kocherés techniqgue. Kr aske
German Society oBurgery in 1885. It was received with great eagerness and quickly adopted.

Carl Gussenbauer, an assistant to Billroth, performed the first abdominal resection of a rectal tumor
with intraperitoneal closure of tphlle hd iosig&ld 6 r
(duerchzug) technique by everting the anus and rectum, then excising the tumor and completing a
rectoanal anastamosis. Besides, in England, William Ernest Miles defined better the nature of
perirectal lymphatic spread and challenged thditicmal anatomy of rectal lymphatics previously
described by Dimitri Gerota in 1895. He published his findings in the Lancet in 1908 and
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recommended a more extensive mesenteric lymphadenectomy in order to prevent recurrence. In
his landmark article, he @tified three zones of spreadlownward, lateral, and upwardwith

upward, in his opinion, being most importg@Galler et al., 2011Mi | es 6 procedur e f o
principles: (1) Creation of an abdomiralostomy, (2) resection of the rectum, sigmoid, and its

blood supply, (3) resection of the mesorectum, (4) removal of the lymph nodes over the bifurcation

of the common iliac artery, and (5) wide perineal resection witlovahof the levator ani muscle.

Despite the improved oncologic outcomes, many surgeons felt that the Miles procedure was too
radical and morbid accompanied with permanent colostomy, genitourinary dysfunction, and
psychosocial implicationd.ange, Rutten, & van de Velde, 200Bparly in the twentieth century,
Donal d Bal four, an associate of Charl es Mayo
between the rectum and sigmoid colon. He first performed it after accidently injuring the sigmoid
during an abdominal procedure. Habfished his technique, suggesting that it had a place in
oncologic surgeryGaller et al., 2011B5urgeons were at this time pushing the limits of less radical

and more sphinctesparing procedurg$aller et al., 2011)

In the second part of #0century anterior reséon became the standard of caoe fmiddle and

upper rectal tumor¢Galler et al., 2011)In the B70s, Alan Parks began restoring continuity

foll owing rectal cancer resection. Publishing
colon and anus permitted lower rectal tumors to be completely excised without the need of a
permanent colostomf{L.ow anterior resection)Ruo & Guillem, 1999)Moreover, first reported

in 1986, colonic <pouch reconstruction showed short and toergn improvemets over straight
anastamoses with decreased frequency, urgency, and incontinence. Also, with improved perfusion

of the Jpouch, fewer anastomotic leaks were s@ealler et al., 2011)The first sophisticated

stapling device was used in Budapest in 1908 by Humer Hultl for a gastrectomy. By 1977, the US
Surgical Corporation reported successful use of the reusabte-end anastomosis (EEA) stapler

(Moran, 1996)0On the other hand, the 1980s brought renewed interest in circumferential margins.
Previously, the pelvic dissection had been excised bluntly and total mesorectal excision (TME)
relegated the radical abdominoperineal resection (APR) to a minority ofnfsatiagain
revolutionizing rectal cancer surgef@aller et al., 2011; Quirke, Durdey, DX, & Williams,

1986)

As recurrence rates decreased and diskasesurvival increased, quality of life after rectal@an

surgery became more important. Japanese surgeons Drs. Tsuchiya, Hojo, and Moriya championed
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600autonomic nerve preservationo6bé6, thus decrea

The reproducible techniques reduced urogenital dysfunction §@% to 10%(Galler et al.,
2011) On the other hand warren Enker, an American surgeon, combined the Japanese nerve
preserving technique with TME, resulting in almost 90% preservation of urogenital function

without compromising oncologic outcorfleange et al., 2009)

3.4. Combined madality therapy

Since 1914, radiation has played an important role in treating locally advanced rectal cancer. Post
operative radiation therapy combined with chemotherapy was the standard of care for patients with
locally advanced rectal cancer into the @9@isher et al., 1988Besidespelvic exclusion with

an absorbable mesh sling emerged adumtbite technique to decrease the incidence of small bowel

in the radiation treatment field after ARBeitler et al., 1997)

Since that, several large trials have since shown the benefitopprative radiotherapy combined

with chemotherapy. The Dutch Colorectal Cancer Group prospectively comparepepative
radiation therapy followed by TME to TME alone for rectal cancer. Though overall survival at two
years was no different, local recurrence rates were respectively 2.4% and 8.2% for TME plus
radiation versus TME alongapiteijn et al., 2001)Moreover, the German Rectal Cancer Study
Group compared preperative and posiperative chemoradiation in locally advanced rectal
cancer. The preperative group displayed improved local control with less toxicity and without
any survival differenc€Sauer et al., 2004)Neoadjuvant chemoradiation treatment imagroved
sphincter preservation, and is now the standard of(Galker et al., 2011)

Though the incidence of locoregional recurrence after primary resection has been drastically
reduced with improved sumcl technique and use of neoadjuvant therapy, failure rates were still
significant and isolated anastomotic recurrence can be managed-vaffection. In some centers,
intraoperative radiation has been shown to have improved local cditariebo, Gaker
Whitehill, Morgan, & Constable, 1987; Willett et al., 1989)

The future of rectal surgery is still emerging. Minimally invasive techniques with laparoscopic and
robotic technologies are resulting in comparable outcomes to open procedures with decreased
perioperative blood loss and shartecovery time§Galler et al., 2011 )Furthermore, less morbid
procedures, especially for patients unfit for major surgery, have been investigated. Local excision

(LE) utilizing a transanal approach has been promising. Patients with T1 or T2 lesions without
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evidence of nodal involvement, lowagle histology, less than 40% rectal wall circumference, and
lesions less than 10 cm from the anal verge are optimal candidAtds ENBERG, ROUSSEAU

JR, STRASSER, RABEN, & PETRELLI, 20Q7With new techniquessuch as transanal
endoscopic microsurgery (TEMS), the traamgal approach can be used for lesions up to 24 cm
from the anal vergéBuess, Mentges, Manncke, Starlinger, & Becker, 1998, without long

term follow-up data, surgery is the gold standard and the best chance for a cure for patients with
rectal cancef(Galler et al., 2011)Once considered incurable, rectal cancer mortality been
reduced significantly in the last 250 years.

3.5. Chemotherapy

In early 1900, the German chemist Paul Ehrlich was the first person to use the term
6chemot herapy©o6. However, It can be said that
with the cevelopment of Sluorouracil (5FU) in 1957 by Chdes HeidelbergerAfter the 5
fluorouracil, Oxaliplatin was discovered in Japan at Nagoya City University by Yoshinori Kidani

in 1976. They tested the antitumor activity of various platinum (Il) complefed,2-
diaminocyclohexane isomergustavsson et al., 2015After Oxaliplatin, Irinotecan was
discovered and synthesized also in Japan by Yakult Honsha Ltd irf{@Ga8stvsson et al., 2015)

On the other hand, in 1983 and 1984, John Mendelsohn, Gordon Sato and colleagues proposed
epidermal growth factor receptor (EGFR) as a novel target for cancer therapy, based on
observations that EGFR was frequently overexgass epithelial tumors and that monoclonal
antibodies directed against EGFR inhibited the growth of cancer cells. TH&eGEF® monoclonal
antibodies, cetuximab and panitumumab, were the first therapeutic agents targeted at a specific
molecular pathologyEGFRpositive tumors expressing wild type Kirsten rat saraowral

oncogene homolog (KRAJustavsson et al., 2018igure 2).
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FOLFOX and FOLFIRI: mCRC

5-FU Potentiation of Bolus 5-FU/LV vs. 5-FU: Bevacizumab, cetuximab,
(Heidelberger) 5-FU by LV (Ullman) mCRC (Poon) and panitumumab
1 1 1 1 1 1 1 1 1 1 1
1 ! 1 1 1 T 1 1 I 1 T
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
5-FU/LV: Capecitabine: mCRC
adjuvant therapy (Van Cutsem)
(Wolmark)
5-FU with levamisole: FOLFOX: adjuvant therapy
adjuvant therapy (MOSAIC, Andre)

(Moertel)

Figure 2. Flow chart of chemotherapy evolution(Gustavsson et al., 2015)

3.6. Adjuvant treatment of CRC

Investigators began to use combination chemotherapy in advanced breast cancer in the late 1960s
with some encouraging results. Two programs were designed and field tested at the Clinical Center
of the National Cancer Institute-phenylalanine mustard {PAM) used alone and the CMF
program, a combination of cyclophosphamide, methotrexate, and 5 flurouracil, specifically
designed for use as adjuvant chemothe(@gyvita & Chu, 2008)

Within 5 years, both studies were complete and #®AM study was reported with too much
fanfare when publisheih the New England Journal of Medicine in 1975, simultaneous with the
announcement that the wives of the President, Betty Ford, and the Vice President, Happy
Rockefeller, wee diagnosed with breasancer(Fisher et al., 1975he Bonadonna CMF study

was published a year later. Both studies were positive, and the results set off a cascade of adjuvant
studies in breast canceand other tumor types, including colorectal cancer, with exciting results
that have contributed to the significant decline in national mortality for breast and colorectal
cancer, which witnessed lat@eVita & Chu, 2008)

Since development of-fluorouracil (5FU) in 195 by Charles Heidelberger and his colleagues

at the University of Wisconsin, they started to work trying to mitigate side effects without
lowering the anttumor effect of the cytotoxic. Thegbserved that tumor tissues preferentially

used uracil for nceic acid biosynthesis, and correctly postulated that a fluorouracil analogue

would inhibit tumor cell division by blocking the conversion of deoxyuridine monophosphate
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(dUMP) to deoxythymidine monophosphate (thymidylate). In 18¥8,young scientists wking

for Heidelberger discoverdtat inhibition of thymidylate synthase byF&J could be potentiated

by increased intracellular levels of reduced folates called leucovorin. By leucovirin-withite
adverse events &FU could be decreadeand at thesame time the tunmmgeducing effect ob-

FU could be increase@ustavsson et al., 2015)

On the other hand, in the 1970s and 1980s, the antihelminthic drug levamisole attracted interest as
a possible chemotherapeutic agent because of its putative immunomodulatory activity. In 1989,
the North Central Cancer Treatment Group (NCCTG) reportedrésment with levamisole and

5-FU led to a significant reduction in cancer recurrence and a significant increase in overall
survival (OS) when compared with no adjuvant therapy. In 1990, Charles Moertel and colleagues
published the results of their saral study on the efficacy of-BU with levamisole versus no
adjuvant therapy in patients with stage Il or Il CRE&FB with levamisole reduced the risk of
cancer recurrence by 41% and the overall death rate by 33% compared-Rithaldne.
Interestingly treatment with levamisole alone had no effect. These findings led to the acceptance
of 5-FU with levamisole as the standard adjuvant therapy in the 1@2@$avsson et al., 2015)
However, clinical studies showed that adjuvant chemotherapy for CRC-wlith @us Leucovirin

is significantly more effective thanBU plus Levomisole in reducing tumor relapse, improving
survival and is less toxi@Arkenau, Bermann, Rettig, i8hmeyer, & Porschen, 2003; Tsavaris et

al., 2004)

Another adjuvant chemotherapy was developed thedEhemotherapy regimeor treatment of
certain cancers, consisting of concurrgefitment withrinotecan leucovorin andfluorouracil

(K. Chen, Gong, Zhang, Shen, & Zhou, 2Q18)e unfavorable toxicity profile of the IFLganen

led to the development of a regimen comprised of infusional IFL (FOLE@®I¥tavsson et al.,
2015) The combination of infusional-BU/leucovorin (FOLFIRI), oxaliplatin, and irinotecan
gives us FOLFOXIRI anagsinowadays used as a treatment of advanced(@R@ & Ryan, 2015)
Studies reported that treatment with FOLFOXIRI has a significantly greater relative risk (RR) for
patients than treatment with FOLIFIRI, but no significant differences was reported in overall
survival (OS)(Falcone et al., 2007; Souglakos et al., 2006)
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One of the key developments in the early 2000s included the introduction of the topoisomerase |
inhibitor irinotecan and the platinum containing agent oxaliplatin as components of a cytotoxic
combination therapy for metastatic CRGustavsson et al., 2015)

Hybridomas were also described in 1975, and monoclonal antibodies were proven as clinically
useful starting in the midl990s. Although they are not chemotherapy per se, they seem to work
best when they arused in conjunction with chemotherapy, as is the case for trastuzumab in breast
cancer, cetuximab and bevacizumab in colorectal cancer, and rituximab iiHoathg ki n & s
lymphoma(DeVita & Chu, 2008)

Bevacizumab (RhumabVEGF), the first angiogenesis inhibitor that targets vascular endothelial
growth factor (VEGF), was approved by the US Food and Drug Administration (FDA) in February
2004 for use as part of combination therapy with fluorouracil based regimens for metastatic
colorectal cancer (MCRphih & Lindley, 2006) Clinical data have shown that bevacizumab
improved the survival rate of patients with mCRC, when combined with different fluorouracil
regimens (infusions and bolus), such as irinotecan, bolus followed by infusfar@al&uracil, and
leucovorin (FOLFIR) and irinotecan, bolus-fuorouracil, leucovorin (IFLYK. Chen et al., 2016)
(Figure2).

In the context of chemotherapy using a combination of different pharmacologiopbunds,

Rapamycin has beesuggested.

3.7. Rapamycin

Rapamycin (also known as Sirolimus and later marketed under the trade name Rapamune by
Pfizer) is a macrocyclic lactone isolated from Streptomyces hygroscopicus, a bacterium extracted
from a soil sample on Easter Island (knowd &R af wai(SO N. Sehgal, Baker, & Vezina, 1975)

This natural antibiotic was subsequently isolated in Montreal by Ayerst Research laboratories in
1972. It is a white crystalline solid insoluble in aqueous solutions, builsatuorganic solvents.
Rapamycin was initially developed as an duatigal drug directed again€andida
albicansCryptococcus neoformans aAdpergillus fumigatu@/ignot, Faivre, Aguirre, &
Raymond, 2005)It is currently used alone o combination with cyclosporine as an

immunosuppressive drug to prevent renal grgtiction However, the development program of

33



rapamycin as an anticancer agent was halted in 1982 and only resumed in 1988 after demonstration
of a safe toxicological pfile in animals(Vignot et al., 2005)

In 2005, rapamycin has been tested by the Developmental Therapeutic Branch, National Cancer
Institute (NCI) and identified as a naytotoxic agent that delays tumor proliferation, finding
evidence of a cytostatic activity @aigst several human cancers in vitro and in vivo.

There are observations indicating that high doses of rapamycin block the proliferative responses
to cytokines by vascular and smooth muscle cells after mechanical injury, such as balloon
angioplasty or atl-rejection (Ochiai et al., 1993; Qi et al., 200050 values of rapamycin as an
immunosuppressor are in the range off 8.0 0 (Vigvlot et al., 2005)Over the last decade,
rapamycin has undergone clinical trials as an immunosuppressive agent, progressing from phase |
to phase Il and the completion of phaBdrlals which led to approval of rapamycin by the Food

and Drug Administration (FDA) of the USA to prevent acute rejection in combination with
cyclosporin and steroids. At the same time, the drug was approved by the European Agency as an
alternative to alcineurin antagonists for lortgrm maintenance therapy to avoid graft rejection.
Interestingly, rapamycin, unlike cyclosporin, does not seem to increase the risk of malignancy but
rather to decrease the risk of pasinsplant lymphoproliferative disonde(Ashrafi, Shabhidi,
Ebrahimi, & Mortazavi, 2015)Apart from itsimmunosuppressiveapability, rapamycin was also

recently shown to be able of preventimganary artery restenosigGallo et al., 1999)

Rapamycin has a complex mechanism of action, it binds FKBfFK506 binding protein), and

the rapamymi FKBP12 complex can inhibit mTOR, thus preventing further phosphorylation of
P70S6K, 4EBP1 and, indirectly, other proteins involved in transcription and translation and cell
cycle control("Global guideline for type 2 diabetes,” 2014; Humar, KIEFER, BERNS, RESINK,
& BATTEGAY, 2002; Vezina, Kudelski, & Sehgal, 1975 apamycin is currently used alone or

in combination with cyclosporine as an immunosuppressive drug to prevent renal graft rejection
(Vignot et al., 2005)

Rapamycin inhibits Icell proliferation induced by antigen, mitogenic lectins, alloantigen and
crosslinkingof T-cell surface markers with monoclonal antibodies. It also inhibits the proliferative
responses induced by cytokines, includingl|LUL-2, IL-3, IL-4 and IL-6, IGF, platelet derived
growth factoflPDGF) and Colombtimulating Factors (CSFgHumar et al., 2002; S. Sehgal,
2003)
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The systemic bi@vailability of rapamycin is approximately 15%; it has a maximal condearira

at about 1 h and is widely di st rMofethan®@oof n t i s
the drug is recovered in tHeces On the other hand, urine represents only 2% of the drug
elimination. The average elimination héfe is variable,rangng from 10 h i n chi

in patients with hepatic impairmgst Sehgal, 2003)

3.7.1. Rapamycin as an anticancer drug

Rapamycin was also shown to inhibit the growth of several murine and human cancer cell lines in
a concentratiomlependent manner, both in tissue culture and xenograft models: B16 melanoma,
P388 leukemia, MiaPaC&and Pand. human pancreatic carcinomédosoi et al., 1999)it also
enhances the apoptosis indugedvitro by cisplatin in murine cell and human Hi60
promyelocytic leukemias and human ovarian SKOV3 carcirgBiiaet al., 1995)Rapamycin
inhibits the oncogenic transformation of human celtduced by either PI3K or AKT and has
shown metastatic tumour growth inhibition and @mgiogenic effect iin vivo mouse models
(Humar et al., 2002) Based on these pofinical results, studies with rapamycin as an anticancer
drug begun and rapamycin analogues were developed with more favorable pharaiaceutic
propertiedHumar et al., 2002; S. Sehgal, 2003)

Following activation of membrane receptors by a variety of gréadtors, secondary molecular
signals are generated to transmit the stimulus toward the nucleus and activate a number of events.
Many of these signals involve the phosphorylation of proteins known as kinases. Among those
kinases, PI3K and PI3kelated kinaes (PIKK) belong to a family of high molecular mass kinases
whose catalytic domains show a strong resemblance. This family and the ribosomal protein
P70S6K, mTOR, and key molecules involved in checkpoint regulation of cell cycle, DNA repair,
telomere lenth and cell deatH(S. Sehgal, 2003)

3.7.2. Rapamydn and Mammalian related protein

MTOR is a serinel/threonine kinase of 289 kDa,
PIKK family with a dual regulation by amino acid availability and by mitogen activated
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PISK/AKT. TOR proteins irBacharomyces cerevisaed the mammalian relategroteins
(mTOR) are required for signaling translational initiation and therefore cell cycle progression from
the GO/G1 to S phag®Viederrecht et al., 1995)

In humans, mTOR primarily appears to be a nutrsamsing protein: mTOR is constitutively
activated in the presence of growth factor and nutrients and acts as a master switch of cellular
catabolism and anabolism .Moreover, mTOR is found to be regulated by hypoxia and by AMP
levels. Upregulation of mTOR can be associated to loss of the tumor suppresser galend
activation ofAKT (Shaw & Cantley, 2006; Wiederrecht et al., 1995)

The mTOR kinase is an integrator of grovidlctor and nutrient signals. Growtactor signaling
through RaBERK and PI(3)KAKT activates mTORC1, whereas low nutrient availability (for
example, low glucose or hypoxia) inhibits mMTORCL1, in part through th&-AMivated protein

kinase pathway.

Upstream components of the raptoim ORC1 pathway were initially discovered through classical
cancer genetics. Signals that inhibit the tumor suppressor TSC2, and thus activate mTORC1,
include the kinases ERK, RSK and AKall of which directly phosphorylate TS@2vivo. AKT

directly phosphorylates TSC2 on a number of sites, several of which are conserved between
mammals an@®rosophila, although the requirement of these sites for-Al€biated regulation of

MTOR remains @ area of vigorous investigation. Conversely, AMPK phosphorylation of TSC2
activates its ability to inhibit mMTORC1, but the underlying mechanism is unknown. Furthermore,
each of these kinases may have additional substrates in the mTORC1 pathway, dativihe re
importance of each of the conserved TSC2 phosphorylation sites is being investigated at present.
Finally, AKT has been reported to crosstalk and inhibit AMPK, leading to further stimulating
mTOR activation.

Moreover, mTORCXependent translation known to control a number of specific cglowth
regulators, including the HIE U ( h yngucidleifactorl U) tr anscri pti on f ac:
drive diverse processes including cell growth, glycolysis and angiogenesis, all contributing to
enhancedumorigenesiéShaw & Cantley, 2006)
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3.7.3.  Inhibition of MTORC1 by the AMPK pathway

In addition to growtkfactormediated stimulation, mMTORCL1 activity depends on the availability
of nutrients such as glucose, oxygen and amino acids. Recently, a number of pgrategglate
MTOR in response to nutrient availability have been discovered. When intracellular ATP levels
drop and AMP levels rise, such as under conditions of hypoxia or glucose deprivation, AMP
directly binds a subunit of AMPK, causing a conformaticehadt that exposes the activatitoop
threonine, which is then phosphorylated by LKB1. These findings suggest that the central role of
AMPK in the inhibition of MTOR under normal physiological conditions has been underestimated
because tissueulture cels are grown in conditions of supraphysiological levels of glucose,
oxygen and growth factors.

AMPK inhibits mTOR at least in part by the direct phosphorylation of tuberin and cells that lack
tuberin retain activated mTORC1 under conditions of low gluceseedl as hypoxigshaw &
Cantley, 2006)

3.8. Use of probiotics in treatment of CRC

Probioticsare defined as microorganismich provide, when ensumed, many health benefits

that are strairspecific. The concept of using probiotics to treat health conditionsfivgis
introduced by the scientist and Nobel Laur eat
dependence of the intestinal microbes on the food makes it possible to adopt measures to modify
the flora in our bodies and to replace harmful microbes bye f u | (Metchmikofh 2084p

The mechanism of action of probiotics in the hostimgstiness not yet clearly understood and

in a simplified way, four ppositions have been suggested, see figure 3.

1. Competition for nutrients: Probiotics may be competing with pathogens for the same
essential nutrientsherefore making less food available fdné pathogen to use.

2. Blocking of adhesionites: By binding to adhesion sites, probiotics reduce pathogen
colonization by preventing pathogens attachment.

3. Immune stimulation: Probiotics can trigger an immune response against the pathoge
leading to theidestruction.

4, Direct antagonism: Probiotics can release bacteriocins which kill the pathogens
directlyBermudezBrito, PlazaDiaz, MuiiozQuezada, Gomelzlorente, & Gil, 2012) Figure3

bestresumes how probiotics work.
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Figure 3: Mechanisms of action of probiotics (Vijayaram & Kannan, 2018).

Probiotics should be administeredaidequate numbers. The dose given has to be able to trigger
the targeted effect on the host. Usually an intake of arouhtb 0¥ probiotic cell/gram with a
serving size close to 100 to 200mg per day is considered as the optim@iglees et al., 2010)

The most wildly used probiotics areactobacillus acidophilysactobacillus rhamnosus

GG, Saccharomyce$oulardii, Bifidobacterium bifidunand Bacillus coagulangFijan, 2014)

Live probiotic cultures are found in fermented dairy products such as yogldlso in some
probiotic fortified food. Tablets and capsules as well as powders and sachets containing the
bacteria in freezdried form are also available to acquitdam, Yun, Choi, & Cho, 2010)

The oral intake of prebiotics, probiotics, and symbiotics has been shown to reduce intestinal
inflammation and promote immune response by altering the intestinal microflora composition and
competition. A increased infection risk may be the result of immunosuppression caused by
chemotherapy or the disease process. In addition, postoperative infections in patients undergoing
colorectal cancer surgery may play a pertinent role in the overall outcomesébanaunsgection

may delay additional cancer treatment, affect overall prognosis and increase the risk of morbidity
and mortality(Daniluk, 2018) Kotzampassi et al. reported simifandings in a 2015 study in

which they randomized 164 patients undergoing colorectal cancer surgery to one of two groups: a
combination of four probiotics and preoperative mechanical bowel preparation (MBP) or a placebo

and MBP. The rate of any infectioazemplicationsi(e., pneumonia, SSI, urinary tract infection,
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bacteremia, severe sepsis) was significantly lower in the probiotic group (11.9%) compared with
the control group (28.7%JP(= .009). It was noted that the overall rates of infectious comjalicat

were lower in the probiotic group, but only pneumonia andjical sitanfections(SSI) were
significantly lower P = .029 and .02, respective{iQotzampassi et al., 2015However, the
incidence of wound infections (3.33%) and urinary tract infections (6.67%) were the same in both
the probiotic group and the placebo gr¢Daniluk, 2018) In addition, Sadahiro et al. compared

the use of preoperative oral antibiotics with the use of a saggat probiotic in 294 participants.

The overall rates of postoperative infection (ie, incisional SSI, organ grdpate SSI, remote
infection) were lower in the antibiotic group (11.1%) as compared with the probiotic group (24%)
and the control group (25.3%) that received the standard ofSadahiro et al., 2014)

It is well documented thatactobacillus rhamnosusr Bifidobacteium lactis or commensal
bacterid Escherichia coliand Atopobium minutuncan induceapoptosis in human colonic
carcinoma cells (CaeB) (Altonsy, Andrews, & Tuohy, 2010)in addition Lactobacillus
acidophilusandLactobacillus casewere able to increase the apoptasduction capacity of 5
fluorouracil in colorectal carcinoma cell line LS513, suggesting that these prebiaicbe used

as adjuvants in anticancer chemotherégaidwin et al., 2010)

Moreover,Propionibacterium freudenreichivas shown to induce cell death of different human
colon and gastric cancer cell lines through secretion of-shaih fatty acids to culture media
(Daniluk, 2018) However,t 6 s wort h mentioning that the int
important. Findings implied that perioperative probiotics treatment could likely be of tremendous
clinical benefit as a supplement during bowel preparation in patients prepared foedd@RC
surgery(Daniluk, 2018) Yang et al. showed no significant difference between the placgbo
probiotics groups in terms of days to first fluid, days to first solid diggtion of pyrexia, average

heart rate in a week after surgery, length of intraperitoneal drainage, length of antibiotic therapy,
and postoperative hospital stay . However, the days to first flatus and the days to first defecation
were significantly impoved in the probiotics grouf¥ang et al., 2014)These findings suggest

that the probiotics treatment improves recovery of bowel function for patients witrs@igéery.
Moreover, he incidence of diarrhea was significantly lower in the probiotics group compared to
the placebo group, whereas other4ntiectious complications including anastomotic leakage, and
abdominal distension were essentially quite compardbladditionthe incidence of bacteremia

was slightly | ower in the probiotics group the
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reach statistical significance. These findings showed evidence that perioperative probiotic
administration mayelp those patients undergoing confined CRC resection surgery in obtaining
shortterm clinical benefit considering faster recovery of bowel function, lower incidences of
diarrhea, and slightly lower rate of bactereifMang et al., 2016)

Rolleretal. demonstrated that symbiotic treatment prevented azoxymeithduneed suppression

of NK-c e | | activity in Peyerods pat cheandprebioticef f ec
treatments. These studies suggest that symbiotics may have a role ire@R@n{Roller, Pietro

Femia, Caderni, Rechkemmer, & Watzl, 2004)

Inulin-type fructans present in foods such as garlic, mnéstichoke and asparagus have been
demonstrated to elevate the levels of bifidobacteria and to increase SCFA concentrations in the
intestinal lumen. Inulin and oligofructose have been demonstrated to reduce the severiy of 1
dimethylhydrazineinduced colon cancer in rats.A further study by BauerMarinovic et al
demonstrated the capacity for the prebiotic resistant starckh3tyyi@velose 330 to reduce the
incidence of colon carcinogenesis induced apoptosis of damaged cells in rats. This effect was
attributed to the increased production of butyr@auerMarinovic, Florian, MullerSchmehl,

Glatt, & Jacobasch, 2006)

In another study b¥otiadis and coworkeneportedthe consumption of modified arabinoxylan

rice bran was able to enhance the activity of NK cells and the binding of NK cells to tumor cells.
This demonstrates the abit y o f prebiotics to enhfotadi® t he
Stoidis, Spyropoulos, & Zografos, 2008)

Further studies have revealed a positive correlation between CRC and certain commensal bacteria,
including specific E. coli types, enterotoxigenic Bacteroides fragilis and Streptococcus bovis.
Therefore dietary components such as probiotics, prebiotics, or combination of both (symbiotics),
may protect against CRC partly by preventing intestinal dysbiosis (changes in the normal
microbiota). On the contrary, obesity could increase the risk of CRC, possildausing an
imbalance of the intestinal microbiota. Specifically, a decrease in bifidobacteria and an increase in
Firmicutes have been associated with obesity. Moreover, age is another risk factor for CRC. A
large cohort study, involving 35,292 aduligied 1896 years, reported that bifidobacteria
significantly decreased, while E. coli and enterococci increased witfEagk et al., 2009)

Certain microorganisms are responsible fougidg and maintaining the inflammatory disease.

For examples, microorganisms including B. fragilis, Citrobacter rodentium, adherent E. coli and
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Clostridium difficile have been shown to disrupt intestinal barrier, and subsequently inducing IBD
and CRC in sme casg€hong, 2014; dssein et al., 2008robiotics may reduce the risk of CR

by competitive exclusion of pathogenic bacteria involved in carcinogenesis. Animal studies have
shown that ingestion of lactobacilli and bifidobacteria are able to increase lactic acid bacteria and
reduce the faecal putrefactive microorganisms (e.dgfocwmis) that have been implicated with
synthesis of putative carcinogens in the cqléhong, 2014)

The chemopreventive role of probiotics for CRC is also supported by their ability to reduce
intestinal microflora enzyme activity. The human body detoxifies foreign compounds and drugs
via hepatic synthesis of glucuronides prior to their entering intmtbstines. A bacterial enzyme,
b-glucuronidase, with broad substrate specificity lwgarolyzea number of glucuronides, causing

the release of carcinogens into the colon, including PAH (e.g. benzo[a]pyrene), an important risk
determinant for CRQRafter, 2003)

Combination of prebiotic (resistant starch, RS) Bifalobacterium lactissignificantly facilitated

the apoptotic response to a genotoxic carcinogen in the distal colon of rats in a short time after
carcinogen exposure. Moreover, it was reported that combination of RS katissignificantly
protects against the @elopment of colorectal cancer in the {@aniluk, 2018)

Studies also showed that probiotics could prevent CRC by inhibiting DNA damage. In a recent
clinical study, genotoxicitpf fecal water from atopic patients, measured using comet assay, was
found be to higher than in healthy subjects, indicating a higher risk for CRC. A dietary intervention
trial demonstrated daily consumption of 300 g probiotic yogurt (containing L. adige®gh5 and

B. longum 913) for 6 weeks resulted in redutehlwaterinduced genotoxicity in human colon
cancer cells HT29clonel9A, i.e. less DNA strand biiedlicing agents ifeces(Chong, 2014)

In addition, probiotics may also reduce the risk of CRC by suppressing the promotion phase of
CRC by two key mechanisms: (1) preventing formation of aberrant crypt foci (ACF) and (2)
improving colonic barrier functions. Aberrant crypt foci ezeognizedhs precursors of colorectal
adenomas. ACF areharacterizedby hyperproliferation and lack of kalifferentiation. CRC
patients were found to have more ACF compared to patientwaitmalignantlesions, andhe
majority of the ACF had KRas mutation, one of the key genetic events in colonic carcinogenesis.
K-Rasmutations were linked to increasedpression and activity of DNA methyltransferase,

cyclin D1 and gastrin, all of which were involvedatiology of CRC. An assessment found that
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as the number of ACF increased, the risk of a patient having colonic advanced neoplasms increased
(Chong, 2014)

The delayin theonset of Colorectal Cancer in patients and these findings could be explained by
the following points:

1 Modifying the composition of the intestinal microflora thus favoring the presence of the
Agoodo bacteri a.

1 Inactivation of oncogenic and mutagenic compigin

1 Competition with pathogenic and putrefactive microbiota.

1 enhancement of the hostds i mmune response
1 Anti-proliferative effects through regulation of apoptosis and cell differentiation.

1 Fermentation of undigested food.

1 Inhibition of tyrosine kinase signaling pathweiccello et al., 2012)

Probiotics have also been linked to improving clinical signs and symptoms of Type 2 Diabetes.
Studies have shown that one of the features camtmaetabolic diseases such as T2D is a mild
chronic inflammatory state and probiotics have proven to reduce oxidative stress and inflammation
(Gomes, Bueno, de Souza, & Mota, 2014)

The table below (table2) shows the positive effects of administeriugopics on diabetic patients
(Gomes et al., 2014The human intestinal microbiota presents a vast set of antigens which may
participate in the modulation of immunological diseg§&smes et al., 2014An intestinal barrier
presenting full integrity ensures specific interactions between the luminal antigens and the host.
Functional disruption of this barrier such as an increase in permeabditycontribute to an
increased expression of inflammatory cytokines which may lead to insulin resistance and T2D
(Gomes et al., 2014RQlthoudh their beneficial effect on diabetes has been proven in experimental
and clinical research, the molecular mechanism on how probiotics delay the onset of type 2
diabetes and improve its clinical symptoms are not yet fully understood. No doubt that pgomotin
the growth of the good bacteri a, strengthenin
all contributing factors to the positive effects of probiotics on chronic diseases but the molecular
mechanism behind their action is not yet clearly eluel@®n this basis, the novel trend in the
management of CRC in diabetics is to use combination therapy including Rapamycin and

probiotics, which forms a main objective of this study.
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Probiotic

Lactobacillus
acidophilus and
Bifidobacterium
bifidum

Study
design/subjects

Double-blinded,
placebo-
controlled,
randomized
study, T2D
females aged
50-65 years

Sample Size

Placebo
group: n =
10; Probiotic
group: n=10

Quantity

2 daily doses of
100 mL
symbiotic shake
containing 4 =
10% CFU/100 mL
Lactobacillus
acidophillus, 4 =
10% CFU/100 mL
Bifidobacterium
bifidum

Study
period

45 days

1 Glycemia

Lactobacillus
acidophilus Las
and
Bifidobacterium
lactis Bb12

Double-blinded,
randomized
controlled
clinical trial,
T2D patients
aged 30-60
vears

Placebo
group: n=
32; Probiotic
group: n =32

300 g/day of
probiotic and
conventional
yvogurt day 1:
7.23x10% of L.
acidophilus Las
and 6.04 =

10° cfu/g of B.
lactis Bh12

6 weeks

| Fasting
blood glucose
and HbAlc

T Erythrocyte
SOD and GPx

T Total
antioxidant
capacity

L. acidophilus
NCFM

Double-blinded,
placebo-
controlled,
randomized
study, T2D
males

Placebo
group: n =
24; Probiotic
group: n =24

4 weeks

Preserved
insulin
sensitivity

No effect on
systemic
inflammatory
response

Lactobacillus
rhamnosus GG
(ATCC 53 103)
and
Bifidobacterium
lactis Bb12

Prospective,
randomized
study, mother—
baby pairs

Dietetic
Intervention
+ probiotics:
n==385;
Dietetic
Intervention
= placebo: n
=86; Control
= placebo: n
=85

Lactobacillus
rhamnosus GG:
1019 CFU/day;
Bifidobacterium
lactis Bb12:

1019 CFU/day

33 months

| Risk of GDM

Lactobacillus
rhamnosus GG,
ATCC 53 103
and
Bifidobacterium
lactis Bb12

Randomized,
prospective,
parallel-group,
combined
dietary
counselling,
pregnant
women

Diet +
probiotics: n
=85; Diet +
placebo:n=
86; Control
placebo: n=
85

Lactobacillus
rhamnosus:
1019 CFU/day;
Bifidobacterium
lactis Bb12:

1019 CFU/day

18 months

1 Blood
glucose

1 Insulin

1 Insulin
sensitvity

L. plantarum
WCFS51

Double-blinded,
randomized

crossover study,
healthy subjects

n=14

1012 CFU

| Degradation
of
transepithelial
electrical
resistance

+ ZO-1 in tight
junctions

Table 2: Effects of probiotic administration on diabetes mellitusi clinical studies(Gomes et al., 2014)
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4. Hypothesis

Based on the documented-aocurrence of DM and CRd the potential interaction of their
different signaling pathways,arare hypothesizing that the combination therapy of metformin and
rapamycin will prevent or delay the progression of colorectal cancer in Type 2 diabetic patients.
On this basiswe aimeal to determine the role of Metformin and Rapamycin alone and in
combination in the management of diabetes and colorectal cancer in an ectopic xenograft mouse
model, at clinical, histological and molecular levels, with an emphasis on the downstream
signalirg elicited by tlese drugs. Moreover, this study aims also to $igatlon the possible role

of probiotics in tis crosstalk since disnmgbism and gut microbiota haveen reported to affect

the outcome.

Knowing the fact thatumor development and burden @mereased in diabetic patients due to a

disruption in several signaling pathways, in this stwdy,aims targetethe following levels:

1- Reverse the inactivation of AMPK by activating AMPK throudatformin.
2- Block the activation of mMTORCL1 by givirlgapamycin
3- Inhibit the inflammatory process (N F, -3 and 1L-6) by addingprobiotics.

Chapter Two: MATERIALS AND METHOD S

1. Animals

Fifty male NOD/SCIDs mice 8 weeks old, weighing 230 g, were housed in Individually

Ventilated Cages ( IVC) at the transgenic unit of the Animal Care Facility of the American
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University of Beirut, in a controlled temperature (21°C£2°C) and humidity, with an alternating
12-hour light/dark cycle. Standard Laboratory pellet formula apdwiater were provided ad
libitum. All animal treatments adhered strictly to institutional and international ethical guidelines
of the care and use of laboratory animals. The experimental protocol was approved by the

Institutional Animal Care and Use Comtei, AmericarJniversity of Beirut, Lebanon.

2. Experimental design

The animals were divided into 2 main groups, (1) diabetic and (2Qiatwetic. They were all
subject to a subcutaneous injection of 3xHICT116 cells suspended in 200 pl normal
physiologcal saline, in the flank which produced xenograft tumors after 9 days.

Diabetes was induced using Streptozocin ( ST&)13650MG-Sigma Aldrich) a N-nitrosc
containing compound that acts as a nitric oxide donor in the pancreatic islets of Langerhans;
induces death of insulisecreting cells, and thus producing an animal model of diabletes
Streptozotocin intrgeritoneal injections at day 1 and 8 were able to induce diabetes (glycemia
>150 mg/d).
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Figure4: Schematic presentation of imdnte var.i
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For metformin (Glucophage) treatment, it was dissolved in drinking water to attain the dosage of
150 mg/kg body weight. The water was changed daily and measured for water intake. Metformin
daily treatment was initiated 7 days before inoculation of the twelts and was continued until
sacrifice.

As for rapamycin, it was purchased from sigma (3709¢hg) and stored aR0”C; diluted with

DMSO and administered via 100 pl i.p injections (3 injections per week) at a dose of 0.5 mg/kg.
The first injection ofapamycin was administered to the respective groups, 1 week after the onset
of tumors, i.e. when tumor size reached 5¢mm

Probiotics (Probiolife®), a symbiotic mixture, combining the most studied strains of probiotics
such as lactobacillus rhamnosus, c&mromyces boulardii, Bifidobacterium breve,
bifidobacterium lactis, lactobacillus acidophilus, lactobacillus plantarum, lactobacillus reuteri, in
addition to prebiotics and zinc, were administered to mice in their drinking water 2 weeks before
sacrifice.One capsule was dissolved in 1.75 L of autoclaved tap water with a concentratién of 10

CFU/ml. Fresh solution was given to the animals every 2 days.

Each of the 2 main groups of 25 mice was subdivided into two subgroups, 15 mice treated with
metformin 150 mg/kg body weight administered in drinking water, and 10 mice not treated. A
total of 10 groups of 5 animals each were reached: group 1 received no treatment and was
considered as control; group 2 received rapamycin only; group 3 was treated viotimnedlone;

group 4A was treated with both metformin and rapamycin; and group 4B received Probiotics in
addition to metformin and rapamycin. On the other hand, the diabetic mice, treated with STZ were
divided similarly: group 5 received nothing; groupapamycin; group 7 metformin; group 8A
metformin and rapamycin; and lastly group 8B received probiotics in addition to metformin and

rapamycin.
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3. Monitoring

Mice were monitored for glycemia pre and post STZ injections and weekly afterwards. Weight
changes (weight loss), stool aspect (loose or bloody), and fur shape and activity were daily
checked. Mice were also regularly monitored for any signs of discorAtbanimal experiments

were performed according to the American Uniwv
Use Committee (IACUC) guidelines. Tumors were measured once a week with a caliper square
and tumor volumes were calculated using the fdamuwmor volume=lengthxwidthxwidth/2ln

addition, Mice were monitored daily and checked for any signs of sickness, water intake, stool
consistency, and bleeding. The scores were recorded to calculate disease activity index (DAI)
based on a scale of zexm4 for any parameter; normal status should remain as zero and highest
activity as YHussein et al., 200§)able 3.

Table 3 Criteria for scoring the Disease Activity Index (DAI)

Score Weight loss (%) Stool consistency” Rectal bleeding

1] MNone Mormal MNegative

1 1-5

2 6-10 Loose Gross bleeding

3 11-15 Gross bleeding =1d
4 =15 Diarrhea Gross bleeding =2d

1 Disease activity index (DAI) =combined score of weight loss, stool consistency;and bleeding/3

2 Normal stool=well formed pellets; loose=pasty stools that does not stick to the anus; diarhhea=ligthidtstiok to the anus and fur.

4. Sacrifice

Dissection and tumor excision were done when tumor size reachetl Teenanimals were
anesthetized by an overdose of Forane (Isoflurane), the abdominal cavity was exposed was
exposed and a macroscopic assessment of the inflammatory status was performed according to an
already published scafelussein et al., 2008)

Biopsies of the descending colon (DC), small intestine, liver and kidnenes aadlected. The

tissues obtained were either transferred into labeled aliquotsfrezap in liquid nitrogen, and

kept at-80°C for further molecular analysis or were kept in 10% formaldehyde to be processed
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with paraffin for routine light microscopynd histology analysis according to previously reported
procedure@usseiret al., 2008)

5. Real time RT-PCR

The total RNA of the tissues was extracted using an RNeasykihif@iagen Ltd., Crawley,

United Kingdom). RNA quantity and purity were assessed using NanoDroplO8D
spectrophotometer (Wilmington, NC).-MLV Reverse Transcriptase buffer pack (Promega,
Lyon, France) was used for reverse transcription. Primers were designed for the determination of
the following gene expression: @RC1, AMPK, IL-6, IL-3, and TNR. GAPDH was used as an
internal control. The amplificattowas monitored with StepOnePlus PCR System (AB Applied
Biosystems, VilleborsurYvette, France) using GoTaq qPCR Master Mix (Promega,
Charbonnieres Les Bains, France) according to manufacturer's instructions. Samples were run in
triplicate, relative aburahce of each target was normalized to GAPDH expression and gene
regulation was determined by the quantitattoo mpar at i ve (§hgdCJ Johmeon,h o d
2012)

6. Western Blot

Protein extraction and quantification were performed using previously established protocols
(Hussein et al., 2008)he extracted proteins were separated by gel electrophoresis and were
transferred onto nitrocellulose membranes. The membranes were blocked with 5% bovine serum
albumin in Trisbuffered salie and probed with primary antibodies specific for phospi®R,

and mTOR (all from Cell Signaling Technology) and GAPDH. Horseradish peroxidase
conjugated secondary antibodies and the ECL detection kiR&i) were used for the detection

of specific proeins. Bands were quantified and normalized to the signal generated from GAPDH.

7. ROS detection by DHE staining

Frozen sections, from frozen tissue storedafl)( were prepared. The tissue was demarcated with

a solvent resistant pen. DHE solution vpaispared and dispensed over the tissue and the slides
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placed for 30 min at 3€. Then the DHE residues were removed, slides counterstained with DAPI,
colversliped and stored at@ (light sensitive) until microscopic evaluation and quantification
using Zensoftware. One way ANOVA: to compare between all of the groups ares$tTto

compare between two groups were d{Barry-Lane et al., 2001)

8. Histology

Tissue preparation for light microscopy was performed accordingubne procedures and
protocolsalready established in the laborat@russein et al., 2008Yhe histological alterations

were assessed using a previously published q¢d#lssein et al.,, 2008)Fields at 200 x
magnification were photographed, evaluated and scored by 2 independent researchers. The scores
of two independent observers were avdcataged. T
the numerical sum of scoring criteria were divided by 7 (the number of Criteria), averaged to obtain

a maximum average of 3, computed and represented with matching standard error of the mean
(Hussein et al., 2008)

Table 4: Criteria for histologic assessment of inflammatory reaction

Severity of Changes
Structural Change 0 1 2 3
Mucosal architecture Normal Focal surface | Zonal surface destruction Diffuse destruction
destruction
Glandular crypt architecture Absent Mild atrophy Atrophy + Branching Atrophy + Branching + Crypt abscess
Loss of Goblet cells Absent Mild Moderate Extensive
Edema Absent Mild Moderate Extensive
Crypt abscesses Absent Focal Zonal Extensive
Inflammatory cells infiltration Absent Mild (only Mucosa) Moderate(to muscularimucosa) Extensive (to submucosa and musculos
Dysplasia Absent Focal Zonal Diffuse
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0. Mast cells count

The evaluation of mast cell count was performed by two different observers according to

previously reported criteria on slides stained with Toluidine Blue (HBssein et al., 2008)

10. Statistical analysis

Statistics were conducted using the analysiste$t and ANOVA to compare each experimental
group to the correspondirgpntrols using the STAT3 software. Significance was determined as
probability (p) <0.05.
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Chapter Three: RESULTS

1.  Clinical Profile and weight changes

Mice in group 1 (G1) (Controls, nereated, having the HCT116 cells xenograft) had the worst
clinical profile. Two mice had diarrhea and rectal bleeding as well as weakness and low alertness.
In addition, one mouse died 2 weeks before the sacrifice time.

On the other hand, groups treated with metformin, with or without Rapamycin, had a better clinical
profile when compared to the ntreated ones in; however, there were no significant changes in
stools, activity and alertness. Besides, animals treatbdPratiotics in addition to rapamycin and
metformin had the best clinical profile. Howevtrere was a trend of decreased body weight in
nontreated mice with xenografts G1, but the variations were not significant. All mice in the other
group showed a gdaial increase in body weight without any significant differeiigsre 5, table

5).
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Figure 5: Weight/time curve
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Table 5: Weight variations during the experiment

Weight
Group Treatment

WeekO Weekl | Week2 | Week3 | Week4 | Week5 | Week6 | Week7 | Week8 | Week9 | Average | SEM
1 Non-DiabeticNon-treated 28.4 28.7 29.3 29.6 30.6 31.0 31.9 32.6 33.5 34.0 31.0 0.63
2 Non-DiabeticRapa 27.3 28.0 29.0 29.1 29.4 29.7 30.1 31.1 32.1 329 29.9 0.55
3 Non-DiabeticMet 25.72 26.14 26.88 27.08 27.28 27.62 28.08 28.92 29.82 31.08 28.9 0.53
4A Non Diabetic Met+Rapa 28.2 28.7 29.9 30.0 30.3 30.8 31.2 31.6 32.3 33.0 30.6 0.48
4B Non-DiabeticMet+Rapa+ Prob 28.0 28.4 29.5 29.7 30.4 30.8 31.3 31.9 32.2 32.8 30.5 0.50
5 DiabeticNon-treated 27.5 28.2 29.3 29.3 30.5 30.8 31.2 31.8 32.1 32.7 30.3 0.55
6 DiabeticRapa 27.6 28.3 30.5 30.7 31.2 31.7 32.0 32.7 33.3 33.7 31.2 0.63
7 DiabeticMet 27.4 27.9 28.7 28.9 29.5 30.3 31.2 31.7 32.3 329 30.1 0.60
8A DiabeticMet+Rapa 28.7 28.6 29.9 30.0 30.5 30.8 31.6 32.1 32.6 33.6 30.8 0.52
8B Diabetic Met+Rapa+Prob 27.4 28.0 28.7 28.7 29.6 30.1 30.7 31.2 31.9 32.2 29.9 0.52

Diabetes induction was successful in all animals injected with STZ; they had glycemia levels
higher than150 mg/dl even 10 days after injection (e.g. 128.52 indiahetics (ND) G1 and
163.72 in diabetics (D) G5. Treatment with metformin was able to reduce glycemia levels at all
time points, e.g. G3 and G7 had average glycemia levels of 126.6 vs 136.6respilttively.

As expected, rapamycin did not show any glucose lowering effect in both ND and D animals (ND
G2 124.96 vs NBG1 128.52, p>0.05 and-BG6 175.88 vs BG5 163.72 p>0.05). Moreover,
adding a combination of metformin and rapamycin did not predumy significant added effect in

the lowering of glucose below the metformin level alone (e.g-GN¥IA 124.38 vs NBG3 126.18,
p>0.05 and BG8A 146.90 vs BG7 136.68, p>0.05), Figure 6.

Moreover, Probiotics added to metformin and rapamycin did not exdnlgitadditive effect in

decreasing the glucose levels in the sera of animals.
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Table 6: Glycemia variations during the experiment

Blood glucose levels

Group Treatment

Week0 | Weekl | Week2 | Week3 | Week4 | Week5 | Week6 | Week7 | Week8 | Week9 | Average SEM
1 Non-DiabeticNon-treated 124.6 129.2 131.8 124.2 126.8 133.4 134.4 127.0 129.2 1246 | 12852 124
2 Non-DiabeticRapa 123.2 128.6 123.0 125.2 124.8 126.4 121.0 123.8 127.2 126.4 | 124.96 | 0.76
3 Non-DiabeticMet 124.4 126.2 128.6 130.2 127.4 123.6 122.8 122.8 124.2 131.6 | 126.18 1.05
4A Non Diabetic Met+Rapa 127.8 126.6 124.4 125.0 123.4 122.2 129.2 129.8 128.8 130.0 | 126.72 0.94
4B Non-Diabetic Met+Rapa+ Proy 1244 129.4 120.0 113.8 120.2 128.0 127.6 125.8 126.6 1226 | 123.84 1.59
5 DiabeticNorttreated 125.0 120.6 120.8 170.8 174.0 183.2 196.2 182.8 183.2 180.6 | 163.72 9.83
6 DiabeticRapa 127 129.2 124.6 194.8 180.2 200 208.6 207 198.4 189 175.88 | 11.59
7 DiabeticMet 124.4 122.0 128.8 173.2 134.8 139.0 136.0 136.8 134.8 137.0 | 136.68 | 4.68
8A DiabeticMet+Rapa 126.0 123.8 119.8 178.8 163.2 165.8 161.0 142.0 143.8 144.8 | 146.90 6.65
8B Diabetic Met+Rapa+Prob 123.8 126.6 127.8 187.4 158.4 162.8 161.6 139.2 133.8 138.4 | 145.98 6.89
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Figure 6: Blood glucose time curve
Note the difference in Glycemia levels between diabetic anelliadretic groups, as well as the drop in glycemia in diabetic
animals in groups 7, 8A and 8B treated respectively with Metfoaioine, Metformin and Rapamycin, Probiotics with
Metformin and Rapamycin.

Disease Activity Index (DAI) was assessed on a regular basis, as described before, and 9 for the
highest disease activity. As expected, the highest indices were encounterecham-treated

groups in both D G5 (6.4) and ND G1 (5.4). However, ND animals treated with rapamycin alone
G2 (3.6) or metformin alone G3 (4.4) had a lower DAI. As for the combination treatment, there
was a limited additive effect in the ND G4A (2) compared tack of such an effect in the diabetics

G8A (3).

On the other hand, when the combination of rapamycin and metformin was supplemented with
probiotics, the DAI decreased drastically and significantly in both ND 4B (0.2) and D G8B (0.8)
(figure 7).
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Figure 7: Disease activity index (DAI) in the different groups.
The values represent mean + SEM (n = 6). Significance of p<0.05 was indicated by (*) and (**) when compared to

diabetic control and Nediabetic control respectively.

2.  Tumor frequency and volume

All mice injected with the HCTT116 cells developed tumors in their right flank (site of HCT116
injection), except for 3 groups; group 4A treated with metformin and rapamycin where 4 only out
of 5 mice had tumors, and in Groups dBd 8B, where probiotics were added, tumor formation
decreased by 40% as it occurred in only 3 out of 5 animals with a significantly smaller size.
Concerning tumor onset, a delay in tumor formation was observed groups treated with metformin
and rapamycimplus or minus probiotics when compared to i@ated ones; in G1 (ndreated)

tumor appeared only 7 days after HCT116 injection; however, in G 8B treated with rapamycin,
metformin and probiotics, tumor formation was delayed till day 15 by 88% (day d) 8A il

day 14 respectively (Tablg,avith significantly smaller siz&igure §.
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