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Abstract
USING PHYTOGLYCOGEN-BASED NANOPARTICLES TO ENHANCE INOSINE
MONOPHOSPHATE DELIVERY USING RAINBOW TROUT AND BOVINE MODELS

Recently, there has been interest in the use of nucleotides in industrials feeds, with inosine
monophosphate showing the most promising effects on growth and immunity. Rainbow trout and
Alberta cattle are two of Canadas most profitable farmed animals, if their growth rates and
immunity could be enhanced this would further improve their value. The impacts of IMP, a
phytoglycogen-based nanoparticle (NP) and inosine monophosphate cationically bound to the
phytoglycogen-based nanoparticle (IMP-NP) were characterized in rainbow trout in vivo and in
vitro and in vitro in bovine cells. Rainbow trout that were fed an IMP-NP containing feed on
average had higher weight gains, lower amounts of cortisol and significantly higher levels of
lysozyme. In vitro, IMP-NP significantly increased metabolism rates in RTgutGC at the highest
dose (0.14 mg/mL IMP bound to 6.25 mg/mL NP) while the lowest dose (0.01 mg/mL IMP bound
to 0.39 mg/mL NP) significantly increased BT-IMF proliferation. To study the effects of IMP-NP
in bovine in vitro, a novel bovine cell line was first characterized. A novel bovine intestinal cell
line isolated from a fetal bovine intestine was obtained from a collaborator and successfully
maintained in culture for over 20 passages. At passage 11, the cell line was positive for vimentin
and smooth muscle actin (α-SMA) and negative for pancytokeratin suggesting the cells are
myofibroblast in type. Thus, the cell line was named BT-IMF (Bos taurus intestinal
myofibroblast). Growth kinetics experiments demonstrated that hydrocortisone negatively
impacted BT-IMF growth and non-essential amino acids enhanced its proliferation. Stimulation
with inosine monophosphate bound to the nanocarrier (IMP-NP) proved to enhance proliferation.

The use of IMP-NP should be further examined in order to enhance growth performance in
Canada’s rainbow trout and cattle.
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CHAPTER 1 – INTRODUCTION AND LITERATURE REVIEW

1

1.1 Project Overview
Nucleotides are natural compounds that when given in animal feed, have shown to
strengthen innate immunity, disease resistance as well as growth rates (Burrells et al. 2001a, b; Gil
2002a; Song et al. 2012). In humans, dietary nucleotides have also shown to have significant
positive impacts on lymphoid, intestinal and liver tissues as well as lipid metabolism (Carver and
Allan Walker 1995). In mice, dietary nucleotides have been shown to increase natural killer
activity and macrophage activation (Carver et al. 1990). In rainbow trout, dietary nucleotides have
shown to enhance growth, IgM levels, lysozyme activity and disease resistance (TahmasebiKohyani et al. 2011). Fish fed nucleotide containing diets had significantly lower cortisol levels
when exposed to stress (Tahmasebi-Kohyani et al. 2012). In addition to IMP’s ability to support
animal health, IMP is also responsible for the taste known as umami (Komatsu et al. 2019). The
palatal receptors of fish have shown to be more responsive to IMP (Ishida and Hidaka 1987).
Inclusion of IMP into feeds may make the feed more appetizing causing the animal to consume
more, supporting animal growth. Nucleotides in general have shown to enhance growth
performance, passive immunity transfer, antibody levels post vaccination, and improved gut
development in ruminants (Kehoe et al. 2008; Król 2011; Xiaochun et al. 2012; Rodríguez-Prado
et al. 2017). With such valuable contributions to animal health, the current project aimed to develop
a more effective strategy for delivery dietary nucleotides using rainbow trout and bovine models.
The current strategy uses a phytoglycogen based nanoparticle (NP) that has the potential
to increase the absorption and delivery of dietary nucleotides. It is composed of an organic nonGMO corn, that is biodegradable, non-toxic and safe for the environment. This NP has been
developed particularly for the sole purpose of enhancing the delivery of bioactive molecules, such
as nucleotides, at controlled concentrations to live cells. Preliminary in vitro studies with NP found
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that it can efficiently and safely enter rainbow trout cells without any negative side effects to cell
viability. The project aimed to test whether including IMP-NP into animal feed would further
enhance growth performance, innate immunity, humoral immune responses and disease resistance
at the cellular and whole animal level in rainbow trout and the cellular level in bovine.
Cattle in Alberta account for 41.6% of the national herd in Canada (Association 2016). In
Alberta as of January1st 2019, there were 4,640,000 cattle within the province (Statistics Canada
2019). Sale of cattle and calves in Canada in 2018 totaled at $9.1 billion dollars. The total inventory
of cattle in Alberta dropped from 5,040,000 in 2013 to 4,640,000 in 2019 (Statistics Canada 2019).
Cattle are exposed to a variety of different stressors including: handling, transportation, diseases,
environmental stressors. These stressors increase cortisol levels which stunt growth(Sävendahl
2012). This along with the increasing demand of beef has caused the Canadian cattle herd to
dwindle. IMP in ruminants and in other animals to have positive impacts on growth and disease
resistance(Tahmasebi-Kohyani et al. 2011; Song et al. 2012; Rodríguez-Prado et al. 2017). IMP
coupled with phytoglycogen based nanocarrier may promote even better animal growth and health,
due to enhanced delivery and bioavailability.
Rainbow trout are found all across Canada and are the one of the two most farmed
freshwater fish in the country (Fisheries and Oceans Canada 2017). The largest rainbow trout
producer in Canada is Ontario (Fisheries and Oceans Canada 2017). From 2011-2015 the yearly
average farm-gate value of trout culture was 40.7 million dollars in Canada. The farm gate value
is defined as the market value of a cultivated product in aquaculture or agriculture. From 20112015 the yearly production of trout produced was 7,000 tonnes in Canada (Fisheries and Oceans
Canada 2017). Rainbow trout are exposed to a variety of different stressors including but not
limited to: handling, transportation, diseases, environmental stressors (Mommsen et al. 1999;
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Barton 2006; Sadoul and Geffroy 2019). Recently, there has been a focus on the bacterium
Streptococcus iniae since it has shown to have adverse impacts on the aquaculture industry
(Agnew and Barnes 2007). S. iniae has caused high losses in farmed marine as well as freshwater
fish including red drum, hybrid striped bass, rabbit fish, rainbow trout, olive flounder, seabass,
tilapia and many more (Misha et al. 2018). The use of immunostimulants, such as nucleotides
bound to NP, have been under utilized as possible health supports; however, they are useful to
enhance resistance to diseases caused by pathogens such as S. iniae.
This thesis examines the impact of feeds containing IMP, NP and IMP-NP on the growth
performance, innate immunity and humoral immunity of rainbow trout at the whole animal level
as well as the impact of IMP, NP and IMP-NP on rainbow trout gut cell proliferation, metabolism
and cell membrane integrity. Finally, the present thesis characterizes a novel Bos Taurus cell line
and examines the impacts of IMP, NC and IMP-NP on its proliferation.

1.2 Nucleotides
Nucleotides as well as the metabolic products that they produce play an important part in
a multitude of biological processes (Carver and Allan Walker 1995). Nucleotide synthesis can
occur in two ways: via de novo synthesis or salvage pathways endogenously. An essential nutrient
is a nutrient that is needed for normal body function and cannot be made endogenously, because
of this they are not categorized as essential nutrients. In some cases, dietary nucleotides which can
be considered “semi-essential” nutrients have shown to have positive effects on the immune
system, body growth, development, lipid metabolism as well as other areas(Burrells et al. 2001a,
b). Nucleotides are considered semi-essential nutrients that can become essential once the
endogenous supply is inadequate for regular function (Barton and Iwama 1991; Carver and Allan
Walker 1995; Borda et al. 2003; Barton 2006). Stressful conditions such as disease states, periods
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of limited nutrition and rapid growth may cause nucleotides to become essential (Carver and Allan
Walker 1995; Barton 2006). In the circumstance that these conditions arise, dietary nucleotides
may allow the animal to optimize tissue growth or function, due to saving the organism from the
cost of de novo nucleotide synthesis.
Nucleotides are low-molecular-weight intracellular compounds that are fundamental to a
variety of different biochemical processes (Cosgrove 1998). Nucleotides are composed of thee
main components: (1) a nitrogenous base that has been derived from a pyrimidine or a purine; (2)
a pentose sugar molecule (3) and at least one phosphate group (Figure 1.1; Harvey et al. 2000;
Rudolph 2018). Pyrimidine bases are composed of a six membered heterocyclic ring with two
nitrogen atoms found at the 1 and 3 positions. Pyrimidine bases include uracil (U), cytosine (C)
and thymine (T; Figure 1.2). Purine bases are composed of a two carbon ring structure this includes
a six-membered ring and a five membered ring joined together. Purines include adenine (A),
guanine (G) hypoxanthine and xanthine (Figure 1.2). A nucleoside consists of a nitrogenous base
that is bound to either a ribose or deoxyribose and is lacking a phosphate group. A nucleotide also
contains either one, two or thee phosphate group(s). Nucleotides act as the primary monomeric
units of RNA as well as DNA (Carver and Allan Walker 1995). RNA as well as DNA exist as
linear polymers that are composed of four distinct nucleotides that are bonded together via
phosphodiester bonds.
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Figure 1. 1 The main components of a nucleotide. The nitrogenous base (in blue), in this case the
purine adenine, the pentose sugar (black) which is bound to a minimum one phosphate group
(pink). Figure adapted from Lodish et al (2003).

Figure 1. 2 Major purine and pyrimidine base structures. Figure adapted from Rudolph et al (2018).
6

Animal, plant, and bacterial all contain a variety of nucleotides. Not only are they the
monomeric subunits for RNA as well as DNA, they additionally have many different metabolic
functions. The primary form of chemical energy found within the cell is ATP. Energy is released
when the phosphoanhydride bond is broken though a process known as hydrolysis which releases
a phosphate group. The released energy is used by other molecules to allow energy dependent
reactions to proceed. ATP also serves as a phosphate donor for other nucleotides (Carver and Allan
Walker 1995). Nucleotides as well as their derivatives also serve as mediators for a multitude of
different metabolic reactions, e.g. cAMP acting as a secondary messenger. Nucleotides also make
up the parts of coenzymes including nicotinamide adenine dinucleotide (NAD), flavin adenine
dinucleotide (FAD) and CoA (Carver and Allan Walker 1995). Additionally, nucleotides act as
allosteric effectors since their concentration(s) control the stages of different metabolic pathways.

1.3 Nucleotide Synthesis
Purines as well as pyrimidines can be created via de novo synthesis as well as a salvage
pathway. The de novo synthesis pathway is metabolically costly and demands a tremendous
amount ATP. To synthesize nucleotides the de novo pathway utilizes amino acids, carbon dioxide,
folate derivatives and PRPP(Carver and Allan Walker 1995). The de novo pathway is essential
when pyrimidines and purines are not included in the animals diet. The salvage pathway utilizes
free nucleosides, purines as well as pyrimidines for the synthesis of nucleotides, thus depends
heavily upon the animals diet. Organisms prefer the salvage pathway due to the lowered energy
cost associated with it. Enzymes that are utilized in the salvage pathways have higher activities
than enzymes that are utilized in the de novo pathway. Kinases are very important in nucleotide
metabolism. Initially nucleotides are synthesized with only one phosphate group, however most
reactions that require a nucleotide additionally require the form of the nucleotide that has two or
7

thee phosphate groups(Carver and Allan Walker 1995). Thus, kinases allow for the formation
nucleoside triphosphates and nucleoside diphosphates.
The initial step in the synthesis of purines involves the creation of PRPP from ribose-5phosphate as well as ATP. The second step involves the creation of phosphoribosylamine from the
binding of glutamine to PRPP (Figure 1.3; Grimble and Westwood 2001). In the following steps
more C and N atoms are added by simple molecules and amino acids to form inosine
monophosphate (IMP). IMP is the common precursor to both AMP and GMP. There are two
specific enzymes that play an important role in purine salvage. The first one being hypoxanthineguanine phosphoribosyltransferase (HGPRT), it is responsible for the conversion of guanine +
PRPP to GMP as well as hypoxanthine and PRPP to IMP (Figure 1.4; Carver and Allan Walker
1995). The second enzyme being adenine phosphoribosyltransferase (APRT). APRT initiates the
transformation of adenine and PRPP to AMP (Carver and Allan Walker 1995). These reactions
halt the de novo synthetic pathway since AMP and GMP are produced with less energy
consumption via this pathway. Purine bases, nucleosides and nucleotides are all degraded into uric
acid. There are many enzymes involved in the breakdown of purines, these include nucleases
which break down RNA and DNA 3’ ,5’ – phosphodiester bonds, AMP deaminase, adenosine
deaminase and purine nucleoside phosphorylase which catalyzes the breakdown of nucleoside to
base (Carver and Allan Walker 1995). In the last stage of purine breakdown, xanthine oxidase
initiates the reaction that forms uric acid from hypoxanthine as well as xanthine which is then
subsequently removed from the organism as a waste product. (Carver and Allan Walker 1995).
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Figure 1. 3 Schematic diagram of nucleotide metabolism including the purine and pyrimidine
salvage and de novo pathways. PRPP = phosphoribosylpyrophosphate; NIO-formyiTHF = NIOformyltetrahydrofolic acid, APRT = adenine phosphoribosyltransferase; OPRT = orotidine
phosphoribosyltransferase; HGPRT = hypoxanthineguanine phosphoribosyltransferase. Figure
adapted from Grimble et al (2000).

9

Figure 1. 4 Schematic diagram of de novo purine metabolism highlighting IMP. PRPP = 5phosphoribosyl-1-pyrophosphate, AMPRT = amidophosphoribosyltransferase, APRT = adenine
phosphoribosyltransferase, HGPRT = hypoxanthine-guanine-phosphoribosyltransferase, RNR =
ribonucleotide reductase, AMPDA = adenylate deaminase, ADA = adenosine deaminase, PNP =
purine nucleoside phosphorylase, and X0 = xanthine oxidase. Figure adapted from Carver et al
(1995).
Pyrimidines are synthesized via a de novo pathway that utilizes aspartate, glutamine as well
as CO2 (Figure 1.5). The pyrimidine ring is created first which is subsequently followed by a sugar
phosphate which is bound to it. This initial step involves the creation of carbamoyl phosphate from
glutamine as well as CO2, the next stages involve the creation of orotate which then reacts with a
ribose-phosphate moiety known as PRPP, to form orotidine monophosphate (Figure 1.5; Carver
and Allan Walker 1995). Orotidine monophosphate is then decarboxylated to form UMP. Once
UMP is phosphorylated to UTP it can form CTP which can be dephosphorylated into cytidine. In
animal cells pyrimidine nucleotide synthesis is controlled by the production of carbamoyl
phosphate which is repressed by UMP (Cory 1997). PRPP can be utilized to salvage pyrimidines
10

into nucleotides though the addition of a ribose and a phosphate to the pyrimidine. These can be
degraded first by conversion into a nucleoside by various phosphatases and subsequently to the
free base which can be either uracil or thymine (Carver and Allan Walker 1995). Though
deamination cytidine is degraded into uridine which is in turn dephosphorylated into uracil. Uracil
as well as thymine are then further degraded into beta-alanine and beta-aminoisobutyric acid
respectively (Rudolph 2018).

Figure 1. 5 Schematic diagram de novo of pyrimidine metabolism. CPS = carbamylphosphate
synthase, ATC = aspartate transcarbamylase, DHO = dihydroorotase, DHODH = dihydroorotate
dehydrogenase, UMPS = UMP synthase, RNA = ribonucleotide reductase, TS = thymidylate
synthase, UK = uridine kinase, TK = thymidine kinase. Figure adapted from Carver et al (1995).
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1.4 Digestion and absorption of dietary nucleotides
The liver and intestine possess powerful homeostatic mechanisms that allow animals to
degrade purines and pyrimidines and utilize them for de novo synthesis (Grimble and Westwood
2001). The most essential organ for nucleotide storage is the liver. The liver is also essential for
interorgan transport of nutrients for healthy physiological maintenance (Grimble and Westwood
2001).
Nucleotides are inherently found in sources of food and appear as free nucleobases as well
as nucleic acids (Li and Gatlin 2006). Different sources of nutrients have different concentrations
of RNA and DNA which depends largely upon their cell density (Gil 2002a). For example, plantbased feeds have lower levels nucleotides due to the fact that they have a lower cell density than
animal-based feeds. Nucleoproteins are broken down by proteases into peptides as well as nucleic
acids. Nucleic acids are then degraded by nucleases into nucleotides. In the intestine, nucleotides
can then further be degraded into nucleosides by alkaline phosphatase. Sugars are cut by
nucleosidases to yield free purine and pyrimidine bases (Li and Gatlin 2006). The intestinal
epithelial cells absorbs the nucleosides as well as the purine and pyrimidine bases.
Dietary nucleotides can be obtained by animals in two ways: by digesting the nucleic acids
that are found within their food or by being supplemented with free nucleotides added to their feed.
However, nucleotides that are in their non-free form or in the form of nucleic acids are very stable
making them difficult for the organism to break down and digest (Borda et al. 2003). Therefore, a
feed that includes a variety of free nucleotides can be very beneficial for animal growth especially
in periods of stress and early stages of growth.
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There are a variety of stressful situations that can arise during animal husbandry, which
can only be overcome if the animal has a high cell reproduction rate, this requires a large nucleotide
pool (Borda et al. 2003). These stressful situations can be categorized as follows: (i) Diseases of
the digestive tract that increase the turnover rate of enterocytes within the intestinal mucous
membrane (ii) Any disease that results in increased replication of immune cells (iii) Young animals
that are still developing their digestive and immune systems (iv) Diets that only contain raw plant
material, these are harder to digest and low in available nucleotides (v) Juvenile animals that are
in the early stages of growth, where body cell replication is at an all-time high. Under these
circumstances nucleotides become semi-essential nutrients, this is due to the fact that endogenous
synthesis is not enough to keep up with the increased needs of high cell reproduction periods
(Borda et al. 2003).

1.5 Impacts of dietary nucleotides on gastrointestinal tract in fish and cows
It is well established that nucleotides improve growth and development of the gut intestinal
system. Proper maintenance of the intestinal tract plays an key role in optimal development of
animals due to better nutrient digestion and absorption (Xu et al. 2015). Dietary nucleotides have
shown to have significant beneficial effects on the growth and differentiation of the gastrointestinal
tract (Uauy et al. 1990). When fish were fed a diet containing nucleotides there was an 18-21%
increase of the lateral branching and height of the intestinal folds (Burrells et al. 2001b). In
ruminants, nucleotide enriched diets have shown to enhance absorptive capabilities by increasing
intestinal villi height and width (Kehoe et al. 2008). Another morphological change was higher
enterocyte height and microvilli height (Cheng et al. 2011). These morphological changes resulted
in an increase in the total gut surface area (Burrells et al. 2001b).
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Dietary nucleotides not only help increase intestinal surface area, but they also have a
protective effect on the health of the intestine. This is one of the many reasons behind the
incorporation of nucleotides in infant formulae. The addition of nucleotides in formulae has shown
to be capable of modulating the flora within the intestine, and help with promoting of establishment
of commensal bacteria (Uauy and De Andraca 2018). Commensal bacteria such as lactobacilli as
well as bifidobacteria help to maintain the health of the intestine and reduce the risk of the
occurrence of intestinal disorders (Uauy and De Andraca 2018).

Dairy calves fed dietary

nucleotide supplemented feed demonstrated enhanced levels of commensal bacteria (Kehoe et al.
2008). Another study by Krol. (2011) found overall higher levels of bacteria in rumen fluid.
Dietary nucleotides in fish have shown to impact intestinal microbiota-mediated mechanisms that
caused a reduced standard metabolic rate which allowed for enhanced growth rates(Guo et al.
2017b).
Neonatal diarrhea is responsible for causing death in approximately half of all calf
mortality cases and poses a huge economic problem in the dairy industry(Cho and Yoon 2014).
Neonatal diarrhea is caused by pathogenic bacteria that infect the gut of the calf which usually
leads to death(Cho and Yoon 2014). Researchers found that dietary nucleotides improved intestinal
morphology as well as lowered the chance of diarrhea in young calves (Kehoe et al. 2008). Indeed,
dietary nucleotides healed the intestinal mucosa of weanling rats following induced diarrhea
(Bueno et al. 1994). Thus, the inclusion of nucleotides in ruminant feed could enhance survival
rates.

Dietary nucleotides play an important role in the survival and the productivity of fish as
well as crustaceans. A 2003 study by Borda et al., investigated the effects of nucleotides on the
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survival, productivity and intestinal morphology of sea bream during the pre-fattening stage. They
found that nucleotides added to the sea bream feed resulted in increased size as well as weight of
sea bream larvae (Figure 1.6; Borda et al. 2003). Researchers also found that nucleotides improved
the survival rate of sea bream (Figure 2.7; Borda et al. 2003) as well as the intestinal lining with
improved villi count (Figure 1.8; Borda et al. 2003). This work provides a solid basis for the
beneficial effects of dietary nucleotides and why dietary nucleotides should be incorporated into
fish feed and ruminant feed.

Figure 1. 6 Sea bream weight gain when fed a dietary nucleotide diet. Sea bream started with the
same initial weight of 0.664 mg, weight was measured 36 days after the feeding trial began. Figure
adapted from Borda et al (2003).

Figure 1. 7 Survival rate of Sea Bream when fed dietary nucleotides. Survival was measured 36
days after the feeding trial began. Figure adapted from Borda et al (2003).
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Figure 1. 8 The intestinal lining of Sea Bream in fish that were fed the (a.) control diet and (b.)
control diet with nucleotides. Figure adapted from Borda et al (2003).

1.6 Impacts of dietary nucleotides on fish and ruminant growth
It is widely accepted that under typical conditions (low stress), de novo nucleotide synthesis
is enough to upkeep normal growth and development (Cosgrove 1998). However, there has been
a multitude of studies that demonstrate how supplementation of diets with nucleotides enhances
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growth performance in fish (Burrells et al. 2001b; Tahmasebi-Kohyani et al. 2011; Ringø et al.
2012; de Rodrigáñez et al. 2013; Xu et al. 2015; Yin et al. 2015; Guo et al. 2017a). In a 2001 study
by Burrells et al., the effect of dietary nucleotides was investigated. One group of fish was fed a
control diet while the second group was fed the dietary nucleotide supplemented diet for 8 weeks.
The nucleotide diet consisted of 0.2% “Optimûn” which is a product that contains cytidine 5’monophosphate

(CMP),

disodium

uridine-5’-monophosphate

(UMP),

adenosine-5’-

monophosphate (AMP), disodium inosine-5’-monophosphate (IMP) and disodium guanidine-5’monophopshate (GMP)(Burrells et al. 2001b). The fish were weighed at the beginning of
acclimation period, at the beginning of the feeding trial, when challenged and at the end of the trial
(Burrells et al. 2001b). They found a 22.4% increase in the average mass of fish fed the dietary
nucleotide diet.
Tahmasebi-Kohyani et al. (2011) utilized basal feed supplemented with 0 (control), 0.5, 1,
1.5 and 2 g nucleotide per kg to create five different experimental feeds. They found that after 8
weeks of feeding, fish that were fed diets that contained 1.5 g nucleotide per kg and 2 g nucleotide
per kg had the highest final weight and specific growth rate, while fish that were fed the 0.5 g
nucleotide per kg and 1 g nucleotide per kg were the second largest and fish that were fed the diet
with no nucleotides were the smallest after the 8 weeks. In addition, the fish fed the 2 g nucleotide
per kg diet had the best feed conversion ratio (Figure 1.9).
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Figure 1. 9 Final weights of rainbow trout fed various dietary nucleotide infused experimental diets
for 8 weeks. Stand growth rate (SGR), feed conversion rate (FCR) and condition factor (CF).
Figure adapted from Tahmasebi-Kohyani et al (2011).
A 2015 study explored the impacts of dietary yeast nucleotides on development of juvenile
hybrid tilapia (Xu et al. 2015). Hybrid tilapia are farmed worldwide due to their fast growth rate,
easy adaption to different water and growth conditions, and tender flesh (Xu et al. 2015). The
researchers brought in 300 hybrid tilapias and allowed them to acclimatize for two weeks. The
juvenile fish with a starting average weight of 8.02 were fed custom-made diets supplemented with
a yeast-originated nucleotide mixture (0, 0.15, 0.30, 0.60 and 1.20 g per 100 g of basal diet) over
the course of 8 weeks. Every group of tilapia that were fed a nucleotide diet had a higher increase
in weight, than the control diet. However, the highest weight gain was seen in the group that was
fed the 0.60 g nucleotide per 100 g of basal diet. The diet that contained 1.20 g nucleotides per 100
g of basal feed did not have as substantial of an impact on the weight gain of the fish, this suggest
that while dietary nucleotides support fish growth, their concentration does not always directly
corelate with weight gain. Sáenz de Rodrigáñez et al.(2013), explored the impacts of a plant based
diet as well as nucleotide supplementation on meagre (Argyrosomus regius). Only two
experimental feeds were prepared for this study, one with no added nucleotides and one including
a commercially available mixture of nucleotides (1 g of nucleotides per kg of basal feed). Fish that
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were fed the nucleotide supplemented diet demonstrated a significantly greater weight gain (de
Rodrigáñez et al. 2013).
The current literature hypothesizes that the mechanisms underlying the growth promoting
impact of nucleotides in fish involves the following: (i) a chemoattractive effect, this allows fish
to increase their feed intake (Mackie and Adron 1978) (ii) improvement of gastrointestinal lining
as well as overall morphology (Borda et al. 2003) (iii) lowering the high energy cost associated
with de novo nucleotide synthesis (Carver and Allan Walker 1995; Cosgrove 1998; Grimble and
Westwood 2000). Animal bioenergetic studies attempt to explain the flow of energy within
organisms though a well-balanced energy budget (Guo et al. 2017a). This means that growth can
be expected to be the difference between the gross energy intake and the other components of the
energy budget. The energy budget is G = C – F – U – RS - Rf , where G represents growth, C
represents energy consumed in the diet, F is energy lost in feces, U represents energy lost in
ammonia excretion, RS represents the standard metabolic rate and Rf represents feeding metabolic
rate (Guo et al. 2017a). By utilizing the energy budget as a guideline, the optimal proposed growth
– promotion mechanisms would include: (i) increase in food intake, (ii) enhancement of digestion
(iii) reduction in waste production and excretion and (iv) decrease in the standard metabolic rate
and/or feeding metabolic rate of the organism (Guo et al. 2017a).
Gut microbiota plays a key role in digestion and can influence energy harvest as well as energy
expenditure of the host organism.
Recently there has been an increase in the number of studies that demonstrate how the gut
microbiota significantly impacts the host’s metabolism and energy utilization (Cani and Delzenne
2009). Guo et al.(2017) explored how a microbiota transfer of a zebrafish from a nucleotide fed
diet, to a germ-free zebrafish model would impact standard metabolic rate. In addition, germ-free
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zebrafish that were fed the dietary nucleotide feed also had a change in gut microbial community,
there was an increase in Fusobacteria (74.8%) when compared to the control where the dominant
phylum was Proteobacteria (42.1%) (Guo et al. 2017a). To explore the microbiota-mediated
effects, the gut microbiota from both the experimental group and the control group were harvested
and transferred to germ-free zebrafish at 106 CFUs/mL. The zebrafish that were colonized with
the nucleotide diet microbiota showed a 25% lower oxygen consumption of standard metabolic
rate compared to the zebrafish with the control microbiota. Their results indicate that the standard
metabolic rate is reduced by dietary nucleotides alone and this was not associated with direct
effects of the nucleotides on the host (Guo et al. 2017a). Their results also indicate that the
nucleotide-altered

microbiota

contains

more

obligate

anaerobes

such

as

Fusobacteria/Cetobacterium than the control diet microbiota, this may be directly impacting the
measured oxygen consumption of the host zebrafish (Guo et al. 2017a).
Dietary nucleotides also positively affect the growth of cows and calves. When yeast
nucleotides were added to calf milk researchers found that calves had higher body weights, overall
improved daily body weight gains, could more efficiently uptake food as well as overall better
feed conversion rates (Król 2011). Dietary nucleotides also proved to enhance milk production by
approximately 3%. Nucleotide fed bovine also produced milk contained more nucleotides which
improved overall nutritional levels of the milk.

1.7 Impacts of dietary nucleotides on innate immunity in fish
Innate immunity refers non-specific defense mechanisms that are almost immediately
activated upon antigen appearance in the animal. Dietary nucleotides affect a number of processes
within the innate immune response including inflammation as well as enhancing secretion of
soluble factors (ex. lysozyme, IgM), cytokines and immune cells. Dietary nucleotides suppressed
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inflammation in the intestine and head kidney of zebrafish. With regard to soluble factors, a
nucleotide enriched diet has shown to increase serum lysozyme activity, which breaks down
pathogenic bacteria and is an essential defence molecule that is part of the fish innate immune
system (Tahmasebi-Kohyani et al. 2011; Xu et al. 2015; Özlüer-Hunt et al. 2016). Dietary
nucleotides have also shown to increase serum complement levels in rainbow trout (Sakai et al.
2001). Indeed, in the study by Tahmasebi-Kohyani et al. fish fed diets with 1.5 and 2 g nucleotides
per kg had a significantly higher alternative complement activity (ACH50) in their serum. In
addition, the serum lysozyme activity of fish that were fed the two diets with the highest percentage
of dietary nucleotides, was significantly higher when compared to the other diets. Fish that were
fed dietary nucleotides on average had higher plasma IgM levels, there seemed to be a direct
correlation between the level of nucleotides and the plasma IgM level. Cytokine expression levels
are also enhanced with dietary nucleotides. For example, turbot that were fed a nucleotidesupplemented diet displayed a significant increase in interleukin-1β expression (Low et al. 2003).
Interleukin-1β(IL-1β) is a cytokine protein that is an essential mediator of the inflammatory
response (Lukens et al. 2014). Dietary nucleotides have shown to increase production of IL-8(Gil
2002a). Finally, dietary nuleotides can impact macrophage activity such as phagocytosis as well
as natural killer cell activity(2016) It was also shown that striped bass that were fed an
oligonucleotide-supplemented diet demonstrated an increased in the creation blood neutrophil
oxidative radicals when compared to fish fed a standard diet (Li et al. 2004).

1.8 Impacts of dietary nucleotides on adaptive immunity in fish
The modulatory impacts of dietary nucleotides on lymphocyte maturation, activation and
proliferation, macrophage phagocytosis, immunoglobulin responses is well documented in
endothermic animals. Studies show that dietary nucleotide have their biggest effect on the immune
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system by modulating immunoglobulin production (Navarro et al. 1996; Jyonouchi et al. 2018). A
number of studies found that fish fed a nucleotide enriched diet for 8 weeks had a significantly
increased specific antibody production compared to fish that were fed the basal diet. In the study
by Leonardi et al(2003), rainbow trout that were fed the nucleotide diet, showed higher stimulation
indexes of both B and T lymphocytes after 90 days. They also infected trout with IPNV which
were fed two control or nucleotide supplemented diets and found that the nucleotide enriched diet
was able to stimulate only B cells and not T cells. A study by Li et al, found that hybrid striped
bass that were fed an oligonucleotide-supplemented diet had a significantly higher antibody titer
after vaccination with formalin-killed S.iniae when compared to fish fed the control diet (Li et al.
2004). Indeed Atlantic salmon fed a nucleotide enriched diet mounted a strong immune response
following vaccination compared to control fed fish (Burrels et al. 2001). In control diet group that
were not vaccinated, mortalities first occurred at 11 days post pathogen challenge and steadily rose
to 38% at 36 days post challenge. At 36 days post pathogen challenge fish that were fed the
nucleotide diet only had a cumulative % mortality of 6%(Burrells et al. 2001b).

1.9 Impacts of dietary nucleotides on stress responses in fish
Stress in fish can be caused by a variety of reasons in aquaculture, these may include
handling, transport, poor water quality, and crowding (Guo et al. 2017b; Sadoul and Geffroy 2019).
Stress causes an increase in corticosteroids such as cortisol, which may reduce immunocompetence
by lowering lymphocyte production and antibody-production. Corticosteroids may also impact
reproduction by lowering levels of reproductive hormones that effect maturation. The catabolic or
gluconeogenic influence that corticosteroids have on fish due to stress may alter metabolic scope
in fish and impact growth(Barton and Iwama 1991). A study by Burrels et al. (2001) investigated
the impacts of dietary nucleotides on salt water transfer, a stressor, in Atlantic salmon (Salmo
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salar L.). This data demonstrated that a nucleotide enriched diet significantly lowered plasma
chloride levels in fish and enhanced their secondary responses to chemical stressors(Burrells et al.
2001b; Barton 2006). Atlantic salmon that were fed the nucleotide enriched diet had an increased
capacity for salt water tolerance, due to their improved osmoregulatory ability.
A second study, by Leonardi et al. (2003) investigated the effect of a nucleotide diet on
plasma cortisol levels and resistance to infectious pancreatic necrosis (IPNV) in juvenile rainbow
trout. They found that plasma cortisol was 18.2 ng / ml 7 days post infection with IPNV infected
trout fed the control diet, and 9.2 ng /ml 7 days post infection with IPNV infected trout fed the
nucleotide diet. All fish infected with IPNV that were fed the control diet died by day 8. All fish
infected with IPNV that were fed the nucleotide diet survived beyond the end of the infection
experiment(Leonardi et al. 2003). This data demonstrates that a nucleotide enriched diet allows
fish to better respond to the stress associated with infection and allows for higher rate survival of
infected fish.

1.10 Impacts of dietary nucleotides on disease resistance in fish
In the past, dietary nucleotides have been added into fish feed due to their unique ability of
allowing fish to better combat infectious diseases and increase their survival rates. It has been
shown that fish fed dietary nucleotides have displayed increased resistance to a variety of viral,
bacterial and parasitic pathogens(Li and Gatlin 2006). Fish fed nucleotide enriched diets in some
cases have survived beyond the end of infection challenge experiments (Leonardi et al. 2003).
A study by Shiau et al. (2015) demonstrated that dietary nucleotide supplementation enhanced
immune responses and survival of hybrid tilapia infected with Streptococcus iniae (Shiau et al.,
2015). Indeed, the survival rate exceeded 80% in fish fed nucleotide enriched diets while the fish
fed the control diet only had a survival rate of 56.7%. These findings suggest that a nucleotide
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enriched diet enhances immune responses and improves survival of fish. As mentioned above,
Leonardi et al. (2003) demonstrated that all fish infected with IPNV that were fed the nucleotide
diet survived beyond the end of the infection experiment(Leonardi et al. 2003). Burrels et al. (2001)
found that a nucleotide diet (69% survival) was superior to a β-glucan diet (57% survival) when it
came to increasing survivability rates of rainbow trout infected with Vibrio anguillarum (Burrells
et al. 2001a). They also found that salmonids infected with infectious salmon anaemia virus
(ISAV) as well as Pisciriickettsia salmonis had a significantly higher survival rate when fed a
nucleotide enriched-diet.

1.11 Nanoparticles as a delivery system
In the past, nanoparticles (NP) that are made of chitosan, lipid-derivatives, as well as gold
have been used to deliver nucleotides as well as other micronutrients, this is because NPs have the
unique ability that allows them to absorb and carry other compounds (Ding et al. 2014;
Kavaliauskis et al. 2016). However, these nanoparticles have toxic side effects and/or
immunomodulatory effects on the host organism(Pedata et al. 2016). Some NPs have shown to
stimulate and/or inhibit immune responses (Pedata et al. 2016). This inhibition of immune
responses may result in higher rates of diseases, that may be harder to combat due to a weakened
immune system. Recently, titanium NPs have been found to penetrate the alveolar epithelium
within the lungs of rats causing a delayed clearance rate which may result in future
problems(Pedata et al. 2016). The purity of the nanoparticle is crucial, this is due to the fact that
in many cases residual contaminants are the cause of the toxicity, rather than the NP itself (Pedata
et al. 2016). One of the primary problems associated with current NPs is the inflammation that
they cause (Pedata et al. 2016). While it is still unclear as to how these NPs induce inflammation,
it has been suggested that they produce reactive oxygen species. These reactive oxygen species
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then modulate intracellular calcium levels, stimulate transcriptional factors as well as cause the
production of cytokines(Pedata et al. 2016). This results in a prolonged state of inflammation. It
is essential to understand the hazards associated with utilizing NPs before they can be used
commercially.
A newly designed phytoglycogen-based NP from Glysantis (Glysantis Inc, ON, Canada)
is a soluble derivative of corn that has been grown without the use of GMOs. This NP 70 nm in
diameter, monodisperse, biodegradable, non-toxic and is able to increase bioavailability of
molecules within living systems. The NP’s structural chemistry (proprietary information,
Glysantis Inc) allows it to be chemically modified to bind a variety of different molecules. This
NP has demonstrated no negative side-effects such as cellular toxicity and inflammation in fish
and mammalian models. Because of this, these phytoglycogen-based NPs offer a unique
opportunity to safely deliver micronutrients such as nucleotides with no negative side-effects.
Indeed, a recent study by Alkie et al. (2019) demonstrated the NP facilitated efficient oral delivery
of dsRNA in rainbow trout.

1.12 Research objectives and hypotheses
The overarching goal of this project was to determine whether Glysantis’ novel NP could
enhance IMP’s effects of cellular metabolism and proliferation in rainbow trout and bovine cells,
as well as growth and immune responses in rainbow trout. Specifically, the goals of the project
were to:
1) Study the effects of IMP-NP in a novel bovine model
a. Intestinal cells. This was performed in a novel bovine intestinal cell line that
required characterization, followed by measurements of cellular metabolism and
cellular proliferation following IMP-NP or IMP treatment.
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2) Study the effects of IMP-NP in rainbow trout in vitro and in vivo
a. Gut intestinal cells (RTgutGC) by measuring cellular metabolism and proliferation
b. Animals by measuring weight gain, standard growth weight as well as changes
serum immune markers with treatment
The hypotheses of the project were:
1) IMP bound to the novel phytoglycogen-based nanoparticle will enhance cellular health
and growth rates more than NP and IMP alone in the bovine cells and the rainbow trout
cells
2) IMP bound to the novel phytoglycogen-based nanoparticle will enhance growth rates
and expression of immune proteins more than NP and IMP alone in rainbow trout
Because the NP can carry multiple IMP molecules/NP, it was hypothesized that IMP-NP would
demonstrate a stronger effect on cells and animals compared to IMP alone, for all parameters
tested.
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2.1 Abstract
The goal of this study was to characterize a novel bovine intestinal myofibroblast (BTIMF) cell line isolated from a fetal bovine intestine that could be maintained in culture. This cell
type is of importance as intestinal myofibroblasts play an important role in controlling intestinal
epithelial cell proliferation, intestinal regulation, wound healing, epithelial cell turnover and
structural support. Our work demonstrates that BT-IMF cells could be successfully cultured past
20 passages. At passage 11, the cell line was positive for vimentin and smooth muscle actin (αSMA) and negative for pancytokeratin, suggesting the cells are myofibroblast in type. Growth
kinetic experiments demonstrate that hydrocortisone negatively impacts BT-IMF growth and nonessential amino acids enhance its proliferation. These findings will ensure proper culture
conditions for future and further characterized the cell line. Stimulation with inosine
monophosphate bound to a novel nanocarrier (IMP-NP) showed enhanced proliferation. The cell
line provides a new tool for studying bovine cells in vitro and may be of particular interest for
cultured meat manufacturing in the future.
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2.2 Introduction
Canada is one of the largest producers and exporters of beef in the world (Statistics Canada
2019), and the sale of cattle and calves in Canada in 2018 totaled at $9.1 billion dollars (Statistics
Canada 2019). As such, cattle health and growth is of great importance, and nutrient absorption,
which directly correlates with animal growth (Byers 1982), needs to be supported in farmed cattle.
Nutrient absorption can be enhanced though increased numbers of intestinal epithelial cells and
higher surface area for absorption in the intestine (Cui et al. 2018; Kong et al. 2018). The
connective tissue that is found between the epithelium and the muscularis mucosae is known as
the intestinal lamina propria (Roulis and Flavell 2016). Mesenchymal cells of the intestinal lamina
propria includes non-epithelial and non-endothelial cell types, such as intestinal myofibroblasts,
fibroblasts and mesenchymal stromal/stem cells (Powell et al. 2011; Roulis and Flavell 2016).
Bovine intestinal myofibroblasts support bovine intestinal epithelial turnover, bovine intestinal
regulation and wound healing.
The main roles of myofibroblasts are to restore damaged tissue (Roulis and Flavell 2016),
as well as maintain structural integrity of the intestine and produce growth factors, as well as an
extracellular matrix (Göke et al. 1998; Baum and Duffy 2011; Higuchi et al. 2015). While some
studies have successfully produced bovine intestinal epithelial cell cultures(Zhan et al. 2017), to
our knowledge this is the first bovine intestinal myofibroblast cell line to be established, enabling
gut homeostatic control to be better studied. Additionally, co-cultures of fibroblasts and myoblasts
have demonstrated the ability to grow into small muscle-like organs(Bhat and Fayaz 2011). As
myofibroblasts have shown the capability to transdifferentiate into myoblasts (Cencetti et al.
2010), it is possible that this cell line could be the basis for advancing in vitro meat production as
well.
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IMP is a nucleotide that has shown to increase growth rates, gut development, innate
immunity and enhance disease resistance in other animals (Mackie and Adron 1978; Song et al.
2012; Asaduzzaman et al. 2017; Uauy and De Andraca 2018). Nucleotides in general have shown
to enhance growth performance, passive immunity transfer, antibody levels post vaccination, and
improved gut development in ruminants (Kehoe et al. 2008; Król 2011; Xiaochun et al. 2012;
Rodríguez-Prado et al. 2017). However, there has yet to be a study to examine the impacts of IMP
on a bovine intestinal cell line and bovine at the whole animal level. The current work aims to
elucidate the impacts of IMP and IMP-NP on a novel bovine intestinal cell line.
The current work characterized a novel bovine intestinal cell line though
immunocytochemistry, growth kinetics, as well as standardized senescence and pluripotency tests.
The growth kinetics experiments were done in order to determine the optimal media compositions.
Proliferation assays were conducted in order to determine the response of the bovine cells to IMP,
NP and IMP-NP.

2.3 Materials and Methods

2.3.1 Bos Taurus intestinal cells
Cells were isolated from a fetal intestine by Dr. Lucy Lee (Abbotsford, BC. Canada). The
intestine cells were cultured for a number of passages in L-15 at 22°C prior to being stored in
liquid nitrogen at -80°C.

2.3.2 Alkaline Phosphatase Staining
Alkaline Phosphatase (AP) staining was carried out on BT-IMFs and Lake Sturgeon
Kidney Cells (LSKCs) using the Alkaline Phosphatase Staining Kit II (Stemgent, Cambridge, MA,
USA). Prior to staining BT-IMFs and LSKCs would be plated separately at 2.0 x 105 cells per well
in two 12-well plates. BT-IMFs in Dulbecco’s Modified Eagle Media (DMEM), with 10%
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(v/v)fetal bovine serum (FBS: Fisher Scientific, Fair Lawn, NJ), which was inactivated at 56°C,
as well as penicillin-streptomycin (P/S; 10mg/mL streptomycin and 10000 U/mL penicillin)
(ThermoScientific, Waltham MA, USA) and 25mM HEPES. LSCKs in Leibovitz’s L-15 media
with 2.05 mM L-glutamine (Corning, Manassas, VA) with 10%(v/v) fetal bovine serum (FBS:
Fisher Scientific, Fair Lawn, NJ) as well as penicillin-streptomycin (P/S; 10mg/mL streptomycin
and 10000U/mL penicillin) (ThermoScientific, Waltham, MA). Staining was carried out according
to manufacturer’s instructions. When imaging, media was aspirated and replaced with 1 ml of PBS.
PBS would be aspirated to wash the cells. Cells would then receive 50 µl of 70% (v/v)glycerol
topped with a coverslip for increased contrast. The stained plate would be stored at 22°C.

2.3.3 β-Galactosidase Staining
Senescence staining was carried out on BT-IMF and LSKCs using the Senescence Cells
Histochemical Staining Kit (Sigma-Aldrich, St. Louis, MO, USA). Prior to staining, BT-IMFs and
LSKCs were plated separately at 2.0 x 105 cells per well in two 12-well plates. BT-IMFs in
DMEM, with 10%(v/v) FBS which was inactivated at 56 °C as well as penicillin-streptomycin
(P/S; 10mg/mL streptomycin and 10000 U/mL penicillin) and 25mM HEPES. LSCKs in
Leibovitz’s L-15 media with 2.05 mM L-glutamine with 10%(v/v) FBS, as well as penicillinstreptomycin (P/S; 10mg/mL streptomycin and 10000U/mL penicillin). Staining was carried out
according to the manufacturer’s instructions. The cells were then incubated for 24 h and were
imaged. When imaging, media was aspirated and replaced with 1 ml of PBS. PBS would be
aspirated to wash the cells. Cells received 50 µl of 70%(v/v) glycerol topped with a coverslip for
increased contrast. The stained plate was stored at 22°C.
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2.3.4 Cell growth kinetics
Vented T-25 tissue culture flasks were seeded with 2.0 x 105 BT-IMF cells of for each of
the following studies: with and without hydrocortisone, with and without epidermal growth factor,
and with and without non-essential amino acids. The BT-IMF cells were grown in fresh DMEM,
with 10% (v/v) FBS which was inactivated at 56°C, as well as penicillin-streptomycin (P/S;
10mg/mL streptomycin and 10000U/mL penicillin) and HEPES. Of the 6 vented T-25 tissue
culture flasks half of them were supplemented with 25 µg/ml hydrocortisone, while the other half
were not. For the non-essential amino acid study, half of the tissue culture flasks were
supplemented with 50 µg/ml of non-essential amino acids. With the epidermal growth factor study,
half of the tissue culture flasks were supplemented with 20 µg/ml of epidermal growth factor. Cells
were grown for 24 h (Day 0), 72 h (Day 2) or 360 h (Day 14). Media was aspirated from the T-25
flasks, followed by washing with 1 ml of PBS. After washing, the cells were detached with 1 ml
of 0.25% (v/v) trypsin/EDTA for each T-25 flask. Once the cells had been fully detached, 1 ml of
DMEM with 10% (v/v) heat inactivated FBS was added to each of the T-25 flasks to neutralize
the 0.25% (v/v) trypsin/EDTA. The neutralized solution was added to 15 ml conical tube, for each
T-25 flask. The 15 ml conical tubes were centrifuged for 5 min at 400 x g. The supernatant was
decanted. 1 ml of fresh of DMEM with 10% (v/v) heat inactivated FBS was be added to the 15 ml
conical tubes. The cells were re-suspended in the media by pipetting up and down. Cells were
mixed at a 1:1 ratio with Trypan blue. Once mixed 10 µl was injected into a countess cell counter
slide (ThermoFisher Scientific, Waltham MA, USA). The slide was inserted into the Countess II
FL Automated Cell Counter (ThermoFisher Scientific, Waltham MA, USA) which measured the
amount of cells/ml.
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2.3.5 Cellular proliferation
BT-IMF cells were plated at 6 x 105 cells/well in 6 well plates in normal growth media.
Cells were then treated with the indicated concentrations of IMP-NP and media. Cells were
incubated in their customized media for 48 h at 37°C with 5% (v/v) CO2. After the indicated
treatment, all media was aspirated from the wells and each well received 1 mL of TrypLE (Fisher
Scientific). Once cells were detached, they were counted by utilizing the Countess II FL
Automated Cell Counter (Fisher Scientific), cells were mixed with trypan-blue to ensure that only
viable cells were counted.

2.3.6 Immunocytochemical staining of BT-IMF for cell markers
Immunocytochemical staining was performed on BT-IMF cells by utilizing previously
described protocols (Kaushik et al. 2008). The BT-IMF cells were stained with relevant antibodies
that identify epithelial, fibroblast and smooth muscle markers. Prior to staining, BT-IMF cells were
cultured in vented T-25 flasks in DMEM with 10% (v/v) heat inactivated FBS as well as penicillinstreptomycin and HEPES. Cells were detached using 1 ml of 0.25% (v/v) trypsin/EDTA and
washed with PBS. HistoGel (Richard Allan Scientific: Catalogue Number: HG-4000-012) was
microwaved for 10 seconds. Cells were gently mixed with HistoGel at 40°C and allowed to solidify
at 22°C. The solidified HistoGel cell mixture was then fixed using 10% buffered formalin and
submitted to the Animal Health Laboratory at the University of Guelph for immunocytochemical
staining for vimentin, pancytokeratin and α-smooth muscle actin.

2.3.7 IMP alone or delivered on nanoparticles
BT-IMF cells were plated into 6-well plates at a cell density of 3.6 x 105. Cells were treated
with the indicated concentrations of IMP alone or IMP conjugated covalently onto a
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phytoglycogen nanoparticle (provided by Glysantis Inc, Guelph, ON. Canada). Dosages of IMP
were matched between groups. Control cells were treated with comparable amounts of NP as those
in the IMP-NP group. NP is an aminated version of the original nanoparticle without IMP.
Following treatment cellular proliferation was measured using Countess II FL Automated Cell
Counter (Fisher Scientific), cells were mixed with trypan-blue to ensure that only viable cells were
counted.

2.3.8 Statistical analysis
Data presented represents the average of at least thee separate trials, with the standard error
of the mean (SEM). Data was inputted into GraphPad Prism version 7.03 for Windows, GraphPad
Software, La Jolla, CA USA, www.graphpad.com for statistical analysis. A one-way ANOVA
with a Tukey’s multiple comparisons test was used to determine significant differences between
non-grouped treatments. A two-way ANOVA with a Sidak’s multiple comparisons tests was used
to determine significant differences between grouped treatments. The confidence interval (CI) was
set to 95% and a p-value < 0.05 was considered significant. A star system will be used to indicate
differences between treatments, if the adjusted P Value was < 0.05 the data received one star (*),
if the adjusted P Value was < 0.005 the data received two stars (**), if the adjusted P Value was
< 0.0005 the data received thee stars (***), if the adjusted P Value was < 0.0001 the data received
four stars (****).

2.4 Results

2.4.1 Establishment of a bovine intestinal myofibroblast cell line
A bovine intestinal myofibroblast cell line was successfully established from Bos taurus
intestine (Dr. Lucy Lee, Wilfrid Laurier University). Cells were optimally grown in vented T-25
33

flasks (BD Falcon) at 37°C with 5% (v/v) CO2 in in Dulbecco’s Modified Eagle Media (DMEM),
with 10% (v/v) heat inactivated FBS as well as penicillin-streptomycin (P/S; 10mg/mL
streptomycin and 10000 U/mL penicillin) and 25mM HEPES.

2.4.2 Alkaline Phosphatase staining
BT-IMF cells showed little to no evidence of alkaline phosphatase associated pluripotency.
There was no amber colour present when BT-IMF cells were stained with the AP stain. The
positive control, the LSKCs, showed amber staining as seen in Figure 2.1 (indicated by white
arrows).

2.4.3 𝜷-Galactosidase staining
BT-IMF cells showed little to no evidence of β-galactosidase associated senescence. There
was no bright blue colour present when BT-IMF cells were stained with the beta-galactosidase
stain. Whereas the positive control, the LSKCs, showed bright blue staining as seen in Figure 2.1.
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Figure 2. 1 Characterization of pluripotency and senescence in the BT-IMF cell line by alkaline
phosphatase (AP) staining and β-galactosidase staining at passage 20. (A) BT-IMF stained with
AP stain (B) LSCKs stained with AP stain (C) BT-IMF stained with β-galactosidase stain (D)
LSCKs stained with β-galactosidase stain

2.4.4 Cell growth kinetics
BT-IMF cells were initially thought to be an epithelial cell type, and as such the effect of
epithelial cell media supplements were tested on the cells. Converse to what would be expected
for epithelial cells, BT-IMF cells grew significantly worse with supplemented hydrocortisone, as
seen in Figure 2.2A. BT-IMF cells grew significantly better in media supplemented with nonessential amino acids, as seen in Figure 2.2B. Also converse to what would be expected from
epithelial cells, BT-IMF cells were not significantly impacted by supplementation with epidermal
growth factor, as seen in Figure 2.2C.
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Figure 2. 2 Characterization of BT-IMF cell line growth in media supplemented with
hydrocortisone, non-essential amino acids (NEAA) and epidermal growth factor (EGF). BT-IMF
cells were cultured in media with or without hydrocortisone (A), NEAA (B) or EGF (C) and cell
numbers were counted at day 0, 2 and 14 days post media change. Differences in cell numbers
were analyzed by Two-way ANOVA with a Sidak’s multiple comparisons test. *p <0.05, **p <
0.01, *** p<0.001.

2.4.5 Immunocytochemical staining of BT-IMF for cell markers
From the growth factor study, it was clear that BT-IMF cells were not epithelial. As such,
immunocytochemical staining was performed to identify its cell type. BT-IMF cells proved to be
of mesenchymal origin and not epithelial due to being positive for vimentin staining and negative
pancytokeratin staining, as seen in Table 2.1. Due to positive staining of α-SMA, the cells were
characterized as myofibroblasts as seen in Table 2.1. Additionally, BT-IMF show typical
myofibroblast phenotypical characteristics, specifically a spindle shaped appearance (Figure 1A
and C).
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Table 2. 1 BT-IMF immunocytochemical staining results with vimentin, pancytokeratin and αSMA(α-smooth muscle actin) antibodies.

2.4.6 Effects of IMP on Cellular proliferation
As dietary nucleotides have a positive effect on bovine health, the impact of inosine
monophosphate in cellular metabolism in BT-IMF cells was measured. Additionally, the effect of
IMP alone and IMP covalently conjugated to a novel, phytoglycogen nanoparticle (IMP-NP) was
studied. The NP alone was included as a control. BT-IMF cellular proliferation was significantly
enhanced when supplemented with the low concentration of IMP-NP as seen in Figure 2.3. NP or
IMP alone had no effect on cellular proliferation rates.

Figure 2. 3 Cell counts of BT-IMF cells grown in media containing the given concentrations of
IMP-NP, NP, IMP and media after 48 h. Differences in cell numbers were analyzed by One-way
ANOVA with a Tukey’s post hoc test. *p <0.05.

2.5 Discussion
We established and characterized a bovine IMF cell line which can be passaged past the
19th generation. IMFs have been found to play important roles in a variety of different processes
such as wound healing, fibrosis, inflammation, tumorigenesis and growth. Yet there are many
aspects of these processes that remain unknown (Mifflin et al. 2011; Kawasaki et al. 2013; van Tol
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et al. 2017). The BT-IMF cell line will enable further research in this area. The reason behind
IMFs not being completely understood is due to the fact that not many IMF cell lines exist.
In the past, AP has been used as a marker for embryonic stem cells in mammals (Štefková
et al. 2015). β-galactosidase has been used as a marker for replicative senescence in mammalian
cells (Gary and Kindell 2005). Though β-galactosidase and AP staining this cell line is not
obviously pluripotent or senescent. The cell line was not senescent as it could be passaged past the
20th generation. Thoughout passaging, the cells maintained the same distinct spindle-like
morphology typical of fibroblasts and myofibroblasts. No atypical spontaneous cell differentiation
was observed. However, senescence-associated β-galactosidase staining have shown in the past
not to be completely indicative of the arrest of cell mitosis(Vo et al. 2015).
The BT-IMF cell line was determined to be intestinal myofibroblast (IMF) in nature. IMFs
can be differentiated from other types of cells, such as epithelial cells and fibroblasts, using 3
different protein markers: α smooth muscle actin (α-SMA), vimentin and pancytokeratin. Vimentin
is a major cytoskeletal component of mesenchymal cells and is highly expressed in fibroblasts and
myofibroblasts, but not epithelial cells (Goodpaster et al. 2008). Pan-cytokeratin is found in the
intracytoplasmic cytoskeleton of epithelial tissue, and is used as a marker for the differentiation of
epithelial cells from mesenchymal cells (Charrier and Janmey 2016). α-SMA is found in
myofibroblasts but not in fibroblasts (Sousa et al. 2007). BT- IMF cells were positive for both αSMA, as well as vimentin and negative for pancytokeratin, suggesting BT-IMF is a myofibroblast
cell line of intestinal origin.
Additionally, the growth kinetics of BT-IMF with thee different media supplements were
tested. Initially this cell line was presumed to be an epithelial cell line. Hydrocortisone, NEAA
and EGF have been used in the past to enhance bovine epithelial cell proliferation(Kaushik et al.
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2008; Chopra et al. 2009; Sato et al. 2011). Conversely to epithelial cells, hydrocortisone inhibits
proliferation of fibroblasts (He et al. 2011). In the present study hydrocortisone significantly
inhibited BT-IMF proliferation, reiterating that BT-IMF is not epithelial in nature. EGF proved to
have no impact on proliferation. This was to be expected since EGF benefits epithelial cells
(Miyazawa et al. 2010; Chiba et al. 2012; Zhan et al. 2017), and BT-IMF is not an epithelial cell
line. NEAA have been used in the past to support fibroblast and myofibroblast growth (Jatho et al.
2015; Cui et al. 2018). These findings further support the hypothesis that BT-IMF is a
myofibroblast cell line.
The phytoglycogen nanoparticle used in this study is a novel technology that is
biodegradable, safe, acts as a carrier and effectively enters cells. Due to its chemical composition
it can be conjugated onto IMP to increase IMP’s bioavailability and delivery capacity.
Supplementation of IMP has shown to strengthen innate immunity, increase disease resistance and
increase growth rates of animals(Uauy et al. 1990; Tahmasebi-Kohyani et al. 2011; Song et al.
2012; Asaduzzaman et al. 2017). In the present study, when IMP was bound to the NP (IMP-NP)
it caused significantly increased proliferation of BT- IMF at the lowest dose tested. Unpublished
results have found that higher doses of IMP-NP had a cytotoxic impact on cells, this may explain
why only the lowest dose increase proliferation. Nanoparticle or IMP alone had no effect on
cellular proliferation. Future in vivo studies may validate these growth promoting effects.
The present study introduces a novel bovine intestine cell line which appears to be
myofibroblast in origin, called BT-IMF. BT-IMF does not stain positive of alkaline phosphatase
or β-galactosidase; however, it has shown to grow past the 20th passage in vitro. Its growth can be
enhanced using the media supplement non-essential amino acids, or treated with low doses of IMP
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conjugated to a phytoglycogen nanocarrier. This unique cell line offers a unique opportunity to
study bovine myofibroblasts in culture.
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CHAPTER 3 – IN VITRO AND IN VIVO CHARACTERIZATION
OF THE EFFECTS OF INOSINE MONOPHOSPHATE
DELIVERED BY A PHYTOGLYCOGEN NANOPARTICLE IN
RAINBOW TROUT (ONCORHYNCHUS MYKISS)
KRISTOF JENIK*1, T.N. ALKIE1, KAYLA SAMMS1, EMILY MOORE2,JD DEJONG2 and S.J.
DEWITTE-ORR1
1 Dept. of Biology, Wilfrid Laurier University, Waterloo, ON. Canada; 2 Glysantis, Guelph, ON.
Canada.

3.1 Abstract
Rainbow trout are among the most farmed fish in the world and are of economical
importantance in a variety of countries. Inosine monophosphate (IMP) has been shown to have a
positive effect on rainbow trout growth performance and overall health. The aim of the current
study was to test whether a novel phytoglycogen nanoparticle (NP) could enhance IMP’s positive
effects on rainbow trout health at the cellular and whole animal level. The NP used in this study is
derived from sweet corn and is a safe, edible and can effectively enter cells and work as a carrier.
The NP was chemically modified to covalently bind IMP. The effects of IMP or IMP-NP were
measured at the cellular level using the rainbow trout intestinal epithelial cell line (RTgutGC).
Cellular metabolism was significantly increased in RTgutGC when treated with IMP-NP for 24 h
and 48 h. IMP-NP more effectively increased metabolism than NP or IMP alone. There was
minimal cytotoxicity at 24 h with none at 48 h post treatment with IMP-NP, and no cytotoxicity
measured with NP or IMP. To extend these findings, a pilot in vivo trial was performed. The in
vivo trial results are promising, suggesting that IMP-NP supports animal growth rates at 8 weeks.
Additionally, while serum C3, IgM and IL-8 did not change levels with treatment, lysozyme levels
increased with IMP-NP treatment, and cortisol levels remained low. This study introduces the use
of a phytoglycogen-based nanoparticle as a novel delivery system for IMP to increase metabolism
and potentially growth performance in rainbow trout.
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3.2 Introduction
Optimal animal health is important for economically profitable livestock farming.
Healthier farmed animals have the ability to outgrow unhealthy animals and fend off unwanted
diseases. Nutrition is an approach that has been used to support and maintain good animal health,
as nutrients support growth and healthy development, but insufficient nourishment leads to
weakened immune responses, slower development and impaired growth (Saunders et al. 2015).
Ensuring that farmed animals are provided with the appropriate nutrients in their feed is an ongoing
challenge in agriculture.
Ontario is the largest trout producer in Canada with a production valued at $16 million in
2016 (Alliance, C. A.I. 2016). Aquaculture has become a major part of Canada’s economy, the
sector generates $5.16 billion in Canada (Alliance, C. A. I. 2016). The development of new
approaches that enhance nutrient uptake and enhance growth and health in animals could have
important implications for the aquaculture industry in Canada. Therefore, the development of
alternate methods of nutrient delivery that are safe, reliable and effective could help solve this
challenge. The novel nanoparticle used in this study (NP) is a phytoglycogen-based nanoparticle
that has the ability to optimize delivery of dietary supplements. In this paper the degree to which
NP improves the effects of nutrient-mediated support of animal health was investigated.
Nucleotides, whether it be purines or pyrimidines, are thought of as non-essential nutrients,
because they can be synthesized by de novo pathways within the animal. However, studies have
shown that nucleotides are conditionally needed for maintenance of normal body and organ
function(Van Buren and Rudolph 1997). When cells are undergoing rapid cell replication dietary,
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nucleotides are most needed and are widely accepted as essential nutrients. IMP is a nucleoside
monophosphate. It is the first nucleotide formed during purine synthesis and acts as a precursor to
both adenine monophosphate (AMP) and guanine monophosphate (GMP). IMP is also responsible
for the taste known as umami (Komatsu et al. 2019). This is one of the primary reasons it is used
as a flavor enhancer. The palatal receptors of fish have shown to be more responsive to IMP (Ishida
and Hidaka 1987). Inclusion of IMP into feeds may make the feed more appetizing causing the
animal to consume more. IMP has demonstrated the ability to increase growth performance, innate
immunity, humoral immune responses and disease resistance in fish (Cho 2011; TahmasebiKohyani et al. 2011; Guo et al. 2017°; Borda et al. 2003; Leonardi et al. 2003; Li et al. 2004;
Bricknell and Dalmo 2005; Song et al. 2012). Thus, when IMP is coupled with NP’s unique ability
of increasing bioavailability, it was postulated that less IMP could be used with similar or better
outcomes.
As such, the effects of IMP or IMP-NP were tested at the cellular and whole animal level
in rainbow trout. In vitro trials were performed using the rainbow trout gut epithelial cell line,
RTgutGC (Langan et al. 2017; Minghetti et al. 2017). Cellular metabolism, membrane integrity
and cellular proliferation were measured following treatment with IMP, IMP-NP, or with NP alone
(as a control). With promising results in vitro, a pilot in vivo trial was performed in rainbow trout.
The effect of IMP or IMP-NP on animal weight gain and specific growth rate, as well as serum
innate immune soluble factors were measured. The results of this study suggest that IMP-NP is a
promising nutritional supplement for rainbow trout, supporting cellular metabolism and innate
immune responses at the whole animal level. Further work to study its effects using a larger animal
trial should be pursued.

43

3.3 Materials and Methods

3.3.1 RTgutGC cell culture
RTgutGC cells were cultured in T-75 flasks (BD Falcon, Bedford, MA, USA) in
Leibovitz’s L-15 media with 2.05 mM L-glutamine (Corning, Manassas, VA) with 10%(v/v) fetal
bovine serum (FBS: Fisher Scientific) as well as penicillin-streptomycin (P/S; 10mg/mL
streptomycin and 10000U/mL penicillin) (ThermoScientific, Waltham, MA). Cells were grown at
20°C.

3.3.2 Nanoparticles
Both nanoparticles used in the present study were provided by Glysantis Inc. (Guelph, ON.
Canada). NP is the base that is an aminated version of the original phytoglycogen nanoparticle.
The structural chemistry of NP allows it to bind covalently with IMP, which is denoted in the paper
as IMP-NP. These two different nanoparticles were designed, developed and produced by
Glysantis Inc.

3.3.3 Cell metabolism and membrane integrity measured using alamarBlue and
CFDA
The fluorescent indicator dye, alamarBlue (Invitrogen, Carlsbad, Ca, USA), was utilized
to measure cell metabolism, while the fluorescent indicator dye, CFDA-AM (ThermoFisher), was
utilized to measure cell membrane integrity. RTgutGC cells were plated at 3 x 10 4 cells per well
in 96-well plates (BD Falcon) in Leibovitz’s L-15 media with 2.05 mM L-glutamine (Corning)
with 10% (v/v) FBS (Fisher Scientific) as well as penicillin-streptomycin (P/S; 10mg/mL
streptomycin and 10000U/mL penicillin) (ThermoScientific) prior to treatment. Cells were
cultured over night for 24 h to allow for adherence. Media was removed from the 96-well plates
and cells were treated with the indicated concentrations of IMP-NP, IMP, NP or media for the
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control wells for their respective plates. Cells were grown in their new media for 24 or 48 h. After
the indicated treatment, all media was aspirated from the 96-well plate, and each well received 100
µl of PBS, which was comprised of 5% (v/v) alamarBlue and 0.05% (v/v) CFDA-AM. The plates
were incubated for 1h in the dark at 20°C. Plates were then loaded into the BioTek HT Synergy
Plate Reader (BioTek, Winooski, VT,USA) and fluorescence was measured for both alamarBlue
(Ex 530nm / Em 590nm) and CFDA (Ex 485 nm / Em 528 nm). Relative fluorescent units (RFUs)
were then averaged between technical replicates then averaged between thee experimental
replicates.

3.3.4 Effects of IMP-NP, NP and IMP on cellular proliferation
RTgutGC cells were plated at 8.84 x 105 cells per well in 6 well-plates(BD Falcon) in their
normal growth media (as previously mentioned). Cells were then immediately treated with the
indicated concentrations of IMP-NP, IMP, NP or media for the control wells for their respective
plates. Cells were incubated in their supplemented media for 48 h. After the indicated treatment,
all media was aspirated from the 6-well plate and each well received 1 mL of TrypLE (Fisher
Scientific). Once cells detached, they were counted by utilizing the Countess II FL Automated Cell
Counter (Fisher Scientific), cells were mixed with trypan-blue at a 1:1 ratio to ensure that only
viable cells were counted. Cells were reported as number of cells/mL.

3.3.5 Feed preparation
The basal feed used for the study was BLUEWATER Trout 2M 50-19 (Bluewater Feed
Company Ltd, ON, Canada) the proximate composition of this feed can be seen in Table 4.1. Six
hundred grams of BLUEWATER Trout 2M 50-19 feed (Bluewater Feed Company Ltd) was
weighed and ground in an electrical coffee grinder (BLACK+DECKER, MA, United States of
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America) and placed in a KitchenAid stainless steel mixing bowl (KitchenAid, OH, United States
of America). 350 mL of Milli-Q® ultrapure water was filtered though a Puradisc 25mm disposable
filter. When making the IMP feed, 0.408 g of Inosine-5’-monophosphate disodium salt hydrate
(Alfa Aesar, MA, United States of America) was added to the 350 mL of ultrapure water and
mixed into the ground 600 grams of BLUEWATER Trout 2M 50-19 feed. When making the NP
feed, 2.112 g of nanoparticle (provided by Glysantis Inc, ON, Canada) was added to the 350 mL
of ultrapure water and mixed into the ground 600 grams of BLUEWATER Trout 2M 50-19 feed.
When making the IMP-NP feed, 2.52 g of IMP-NP (provided by Glysantis Inc, ON, Canada) was
added to the 350 mL ultrapure water and mixed into the ground 600 grams of BLUEWATER Trout
2M 50-19 feed. Thus, fish were fed 235 mg of IMP-NP/day, with 40 fish/tank. If each fish
consumed the same amount of feed, that would equate to ~0.14 IMP- 6mg of NP/day, matching
the highest concentration tested in vitro. Dosages for IMP and NP alone also matched the highest
dosages tested in vitro, 0.14 mg/mL and 6.25 mg/mL respectively. Ingredients were thoroughly
mixed by the KitchenAid Tilt-Head Stand Mixer (KitchenAid). Feed was then extruded though
the 5mm hole KitchenAid Pasta Extruder attachment (KitchenAid) on the KitchenAid Tilt-Head
Stand Mixer(KitchenAid). Feed was extruded into long strands that were then cut by hand into
pellet sized pieces and left to dry overnight. Feed pellets were collected in food grade clear
containers and stored at -20°C.

Ingredients: Poultry Meal, Herring Meal, Corn Gluten Meal, Soya Meal, Wheat, Soya Oil, Poultry
Fat, Brewers Yeast, Salmon Oil, White Salt, Potassium Chloride, Limestone, Lignisol, Lecithin,
Calcium Propionate, Rice Hulls, Choline Chloride, Vitamin C, Choline Chloride, Beta Glucan,
Iron Sulfate, Vitamin E, Niacin, Zinc Oxide, Biotin, Cal Pal, Mineral Oil, Selsaf, Riboflavin,
Copper Sulfate, Manganese Oxide, Pyridoxine HCl, Thiamine Mononitrate, Calcium Iodate, Folic
Acid, Vitamin B12, Vitamin D3, MNB 96%, Vitamin A, Endox Dry and Cobalt Sulfate.
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Crude Protein

50.0%

Crude Fat

19.0%

Crude Fiber

2.3%

Sodium

0.4%

Calcium

1.5%

Phosphorus

1.2%

Vitamin A

4,000 IU/kg

Vitamin D

2,500 IU/kg

Vitamin E

131 IU/kg

Table 3. 1 Guaranteed analysis and ingredients of basal feed

3.3.6 Fish and feeding
One hundred and sixty juvenile rainbow trout were acquired from the Alma Aquaculture
Research Station (Elora, ON, Canada) and brought into the Animal Health Care Facility at Wilfrid
Laurier University. Fish were separated into 4 groups, each containing 40 fish, and held in 4
separate 500L tanks. Each tank was supplied with 2L/min of well water though a flow though
system. Each tank was monitored daily to ensure a water temperature of 13°C and a % Dissolved
Oxygen (DO) of at least 80%. All rainbow trout that were brought into the Animal Care Facility
at Wilfrid Laurier University were treated in accordance with the rules and regulations of the
Wilfrid Laurier University Animal Care Committee, the Ontario Ministry of Agriculture, Food
and Rural Affairs (OMAFRA) and the Canadian Council on Animal Care (CCAC).
Rainbow trout were allowed to acclimate to their new environment for 1 week. After this
period, each fish was anesthetized in 500 mg tricaine methane sulfonate (Syndel, BC, Canada) and
1 g sodium bicarbonate in 5 L of water. Each fish was implanted with an 8 mm PIT-Tag (Biomark,
ID, United States of America), using the Biomark MK7 Implanter (Biomark). Fish varied in largely
47

in initial weight. Fish were weighed and distributed into the four separate tanks to insure that the
average total weight of fish in each tank was approximately 70g. Fish were allowed to reacclimate
again for another week after PIT-tagging. Over the course of these acclimation weeks rainbow
trout were fed 2% of their body weight, 5 days a week with the BLUEWATER Trout 2M 50-19
feed (Bluewater Feed Company Ltd). Over the course of the 8-week-trial, fish were fed 5 days a
week Monday-Friday at 4 pm for a total of 2% of their body weight per day.

3.3.7 Rainbow trout blood and tissue sampling
Fish blood and tissue was collected at 3, 6 and 8 weeks from initiation of the trial. 10 fish
were collected at the 3-week and 6-week time point from each group for a total of 40 fish per week
time point. The remaining fish were collected at the 8-week time point for a total of 80 fish. Fish
were euthanized by being placed in a bucket containing 5 g of tricaine methane sulfonate (Syndel)
in 5 L of water. Fish were left in the bucket for 5 min to ensure complete euthanization. Each fish
then scanned by the HPR Plus Reader (Biomark) to identify each fish’s PIT-Tag. Fish were then
weighed so that SGR and weight gain could be measured. Blood was collected using BD
Vacutainer® Eclipse™ blood collection needles (BD, NJ, United States of America) with the BD
Vacutainer® Eclipse™ One Use Holder (BD). The BD Vacutainer® Serum Seperating Tube
(SST) was mounted into the holder for blood collection from the caudal vein. Afterwards, the
medial intestine was sectioned and cleaned with PBS solution to remove feces. Intestine sections
were stored in 10% (v/v) neutral buffered formalin and the head kidney was removed and stored
in RNAlater Tissue Storage Reagent (Sigma-Aldrich) both for future analysis.
After blood collection, the BD Vacutainer® SSTs were left undisturbed at 22°C for 1 h in
order to allow clotting. BD Vacutainer® SSTs were then centrifuged for 10 min at 2,000 x g.
Serum was collected into microcentrifuge tubes and stored at -20 °C.
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3.3.8 Growth rate calculations
Standard growth rate was calculated according to Cho and colleagues (Cho 1992). The
formula that was utilized to evaluate the growth rate is based upon the natural logarithm of body
weight.
Specific growth rate (SGR) = (ln Body Weight final (BW2) – ln Body Weight initial (BW1))/days.
This was calculated by utilizing the initial body weight measured when fish were first brought in
and the body weight measured when fish were euthanized. Weight gain for individual fish was
also calculated with Weight Gain (WG) = BW2 – BW1.

3.3.9 Enzyme Linked Immunosorbent assays
A competitive inhibition enzyme linked immunosorbent assay (ELISA) was utilized to
measure the concentration of fish lysozyme, cortisol, IL-8, IgM, and C3 in rainbow trout serum.
ELISA kit protocols (Cusabio, Houston, TX, USA) were completed according to manufacturer’s
manuals.

3.3.10 Statistical analysis
Data presented represents the average of at least thee separate trials, with the standard error
of the mean (SEM). Data was entered into GraphPad Prism version 7.03 for Windows, GraphPad
Software, La Jolla, CA USA, www.graphpad.com for statistical analysis. A one-way ANOVA
with a Tukey’s multiple comparisons test was used to determine significant differences between
all the treatments. The confidence interval (CI) was set to 95% and a p-value < 0.05 was considered
significant. A star system will be used to indicate differences between treatments, if the adjusted
P Value was < 0.05 the data received one star (*), if the adjusted P Value was < 0.005 the data
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received two stars (**), if the adjusted P Value was < 0.0005 the data received thee stars (***), if
the adjusted P Value was < 0.0001 the data received four stars (****).

3.4 Results

3.4.1 Effects of NP, IMP and IMP-NP on RTgutGC cellular metabolism and
membrane integrity
RTgutGC cells were grown in media containing the indicated concentrations of NP, IMP
and IMP-NP for 24 h and 48 h. Changes in cellular metabolism were measured using the
fluorescent indicator dyel, alamar blue (AB), while changes in membrane integrity were measured
using the fluorescent indicator dye, CFDA-AM. At 24h, the high, medium and low doses of IMPNP significantly increased metabolism as seen in Figure 3.1. Also at the high and medium doses
of IMP-NP decreased cell membrane integrity as seen in Figure 3.2. By 48 h, the high and medium
doses of IMP-NP as well as the IMP alone significantly increased metabolism as seen in Figure
3.3 and none of the indicated treatments had a significant impact on cell membrane integrity, which
can be seen in Figure 3.4.

Figure 3. 1 IMP-NP on RTgutGC cells significantly increases metabolism at 24 H. RTgutGC cells were pretreated for
24 h in varying concentrations of (A) IMP-NP (B) NP and (C) IMP and cellular metabolism was measured using
alamarBlue. Data is presented as a % of untreated control cells set to 100%, and statistical differences were tested
using a One-way ANOVA with a Tukey’s post hoc test. **p<0.005, **** p<0.0001. n = 3.
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Figure 3. 2 IMP-NP on RTgutGC cells significantly impacts cell membrane integrity at 24 H. RTgutGC cells were
pretreated for 24 h in varying concentrations of (A) IMP-NP (B) NP and (C) IMP and membrane integrity was
measured using CFDA-AM. Data is presented as a % of untreated control cells set to 100%, and statistical differences
were tested using a One-way ANOVA with a Tukey’s post hoc test. **p<0.005. n = 3.

Figure 3. 3 IMP-NP and IMP on RTgutGC cells significantly increases metabolism at 48 H. RTgutGC cells were
pretreated for 48 h in varying concentrations of (A) IMP-NP (B) NP and (C) IMP and cellular metabolism was
measured using alamarBlue. Data is presented as a % of untreated control cells set to 100%, and statistical differences
were tested using a One-way ANOVA with a Tukey’s post hoc test. * p<0.05, **p<0.005. n = 3.

Figure 3. 4 RTgutGC cell membrane integrity at 48 H not significantly impacted by IMP-NP, NP or IMP. RTgutGC
cells were pretreated for 48 h in varying concentrations of (A) IMP-NP (B) NP and (C) IMP and membrane integrity
was measured using CFDA-AM. Data is presented as a % of untreated control cells set to 100%, and statistical
differences were tested using a One-way ANOVA with a Tukey’s post hoc test. n = 3.
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3.4.2 Effects of NP, IMP and IMP-NP on RTgutGC cellular proliferation
The effects of IMP and IMP-NP were then measured with respect to cellular proliferation.
RTgutGC cells were plated at 8.84 x 105 cells/mL in a 6-well plate (BD Falcon) and immediately
treated with the indicated concentrations of IMP-NP, NP or IMP, as indicated in Figure 3.5.
Although not statistically significant, the middle dose of IMP-NP appeared to increase
proliferation rates. IMP and NP did not significantly increase proliferation at any dose.

Figure 3. 5 RTgutGC proliferation at 48 H not significantly impacted by IMP-NP, NP or IMP. RTgutGC cells were
pretreated for 48 H in varying concentrations of (A) IMP-NP (B) NP and (C) IMP. Statistical differences were tested
using a One-way ANOVA with a Tukey’s post hoc test. n =3.

3.4.3 Effects of NP, IMP and IMP-NP on rainbow trout weight gain and standard
growth rate
A pilot in vivo trial was initiated to study whether the positive effects of IMP-NP observed
in vitro could be extrapolated to whole animals. As such PIT-Tagged rainbow trout were fed feed
containing IMP-NP, IMP or NP, or un-suppplementd feed as a control. Ten fish from each group
(Control, IMP, NP and IMP-NP) were harvested at 3 and 6 weeks. The remainder of the fish, ~20
fish, were collected at 8 weeks. The standard growth rate (SGR) for fish grown for 3 weeks, 6
weeks and 8 weeks was also calculated (Figure 3.6). The difference between their initial week and
final weight was calculated as their weight gain (WG; Figure 3.7).
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Figure 3. 6 SGR of rainbow trout fed control feed or feed supplemented with IMP, NP or IMP-NP. Rainbow trout
were fed their unique feeds for (A) 3 weeks (B) 6 weeks and (C) 8 weeks. Statistical differences were tested using a
One-way ANOVA with a Tukey’s post hoc test.

Figure 3.7 WG rainbow trout fed control feed or feed supplemented with IMP, NP or IMP-NP. Rainbow trout
were fed their unique feeds for (A) 3 weeks (B) 6 weeks and (C) 8 weeks. Each dot represents a fish. Statistical
differences were tested using a one-way ANOVA with a Tukey’s post-hoc test.
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3.4.4 Effects of NP, IMP and IMP-NP on rainbow trout serum protein
Rainbow trout were collected from their designated tanks and had blood collected at 3 time
points. Ten fish from each group (Control, IMP, NP and IMP-NP) were harvested at 3 and 6 weeks.
The remainder of the fish ~20 fish were collected at 8 weeks. Blood samples were harvested from
every fish and the least hemolyzed samples (~4 fish/treatment at 8 weeks) were analyzed by ELISA
to quantify serum lysozyme, IgM, C3 and IL-8 protein levels.

Figure 3. 7 Serum lysozyme levels from rainbow trout fed supplemented control feed or feed supplemented with
IMP, NP or IMP-NP. Rainbow trout were fed their unique feeds at 8 weeks. Statistical differences were tested using
a One-way ANOVA with a Tukey’s post hoc test. Each dot represents a fish. **p<0.005.

Figure 3. 8 Serum levels of IgM (A), serum C3 (B) and serum IL-8 (C) of rainbow trout fed an unsupplemented
control diet, or a feed supplemented with IMP, NP or IMP- for 8 weeks. Statistical differences were tested using a
One-way ANOVA with a Tukey’s post hoc test.
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3.4.5 Effects of NP, IMP and IMP-NP on rainbow trout stress
PIT-Tagged rainbow trout were collected from their designated tanks and had blood
collected at 3 time points. Ten fish from each group (Control, IMP, NP and IMP-NP) were
harvested at 3 and 6 weeks. The remainder of the fish ~20 fish were collected at 8 weeks. To ensure
most accurate results, the least hemolyzed blood samples (~4 samples) that were harvested from
the 8-week collection were used for the cortisol ELISA assay.

Figure 3. 9 Serum levels of cortisol in rainbow trout fed an unsupplemented control diet, or a feed supplemented with
IMP, NP or IMP- for 8 weeks. Statistical differences were tested using a One-way ANOVA with a Tukey’s post hoc
test. Each dot represents a fish.

3.5 Discussion
The impact that nucleotides have on fish has been well studied and characterized. Many
studies have demonstrated the positive impacts that nucleotides have on growth performance,
intestinal development, lipid breakdown and immune function (Carver and Allan Walker 1995;
Tahmasebi-Kohyani et al. 2011; Ringø et al. 2012; Guo et al. 2017a). Maintenance of a good
immune system allows the animal to defend itself against viruses and pathogenic bacteria, and the
inclusion of dietary nucleotides into fish diets has shown to help strengthen the immune system
(Ringø et al. 2012). Nucleotides have demonstrated the ability to enhance resistance to pathogens
in a variety of different fish including rainbow trout, hybrid striped bass as well as other salmonids
55

(Li et al. 2004; Tahmasebi-Kohyani et al. 2011, 2012). Dietary nucleotides have also been shown
to enhance growth rates of fish in the juvenile stage of growth (Ringø et al. 2012). Inclusion of
nucleotides in fish feeds given to rainbow trout, as well as other salmonids, yielded significantly
higher weights when compared to control feeds (Burrells et al. 2001b; Tahmasebi-Kohyani et al.
2011). Nucleotides have also shown to enhance stress tolerance, the effectiveness of vaccines and
osmoregulation ability (Burrells et al. 2001a).
However, the role of IMP alone at the in vitro level and in vivo level had not been
completely elucidated. While nucleotide mixtures, such as “Optimûn” (Chemoforma, Augst,
Switzerland) which contain CMP, UMP, AMP, IMP and GMP, are relatively well studied, the
individual components such as IMP are not. One study by Song et al. (2012) found that IMP
supplemented diets significantly increased myeloperoxidase and lysozyme activity in olive
flounder (Song et al. 2012). Another study found that IMP alone enhanced muscle growth by
promoting hyperplasia, as well as hypertrophy in Nile Tilapia (Asaduzzaman et al. 2017). In
addition, Nile tilapia fed IMP supplemented diets had upregulated gene expression for important
growth-related genes such as pituitary growth hormone(GH) and insulin-like growth factor-1
(IGF-1) (Asaduzzaman et al. 2017).
The role of the phytoglycogen-based nanoparticle on rainbow trout and fish in general has
remained completely unknown. The phytoglyocgen NP used in the present study has a diameter
of 70 nm and is monodisperse. The NP was made with the intention of being a carrier that can
enhance delivery of small molecules, such as dietary supplements. The NP is biodegradable, nontoxic, and can be bound with a variety of different bioactive molecules. The NP rapidly adheres to
intestinal epithelial cells where it is quickly absorbed. In the current study the impacts of the NP
alone, IMP alone and IMP-NP are elucidated in vitro as well as in vivo.
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In order to assess the impact of IMP, NP and IMP-NP on RTgutGC metabolism the
alamarBlue assay was used. The alamarBlue Assay is utilized to quantitatively measure the
metabolism of animal cell lines (Scheer et al. 2005). In the present study the impact of IMP, NP
and IMP-NP on RTgutGC metabolism was elucidated. It was found that at 24 h IMP-NP
significantly increased metabolism, while NP alone and IMP alone did not (Figure 3.1). This
significant increase in metabolism caused by IMP-NP was also seen at 48 h (Figure 3.3). IMP also
caused a significant increase in metabolism at 48h but not nearly as high as IMP-NP. It is possible
that the enhanced metabolism observed in IMP-NP treated cells is due to two positive mechanisms
facilitated by IMP. (1) As the NP binds multiple IMP molecules/NP, the NP may allow for more
IMP to enter a cell and (2) since the IMP is covalently bound to the NP there may be a slow release
of IMP intracellularly, which will provide the necessary building blocks for salvage pathways of
nucleotide synthesis, this may be causing this increase in metabolism.
In addition to cellular metabolism, any adverse effects of treatment on membrane integrity was
measured using the fluorescent indicator dye, 5-CFDA, AM (5-Carboxyfluorescein Diacetate,
Acetoxymethyl Ester). CFDA is a cell-permeant esterase substrate, which can be hydrolyzed by
intracellular esterases into a fluorescent product. In the present study, the impact of IMP, NP and
IMP-NP on RTgutGC membrane integrity was elucidated. It was established that at 24 h IMP-NP
decreased cell membrane integrity at 0.14 and 0.07 mg/mL IMP while NP and IMP seemed to
have no impact on the cell membrane (Figure 3.2). At 48 h NP, IMP and IMP-NP had no impact
on cell membrane integrity (Figure 3.4). The small decrease in membrane integrity seen at 24h
with the higher doses of IMP-NP may be due to the extreme enhanced metabolism causing some
cell death. While not statistically significant at 48h, there is a trend towards some cell death, which
may also be due to the maintained, elevated metabolism at those concentrations.
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Next, the impact the elevated metabolism had on cellular proliferation was measured
(Figure 3.5). Although not significant, the medium and low doses of IMP-NP seemed to cause a
slight increase in proliferation while the highest dose of IMP-NP seemed to cause a decrease in
proliferation. NP alone and IMP alone at all doses did not impact proliferation. Thus, the elevated
metabolism may have stimulated cellular proliferation slightly, while at high concentrations IMPNP may be causing cytotoxicity, instead of stimulating proliferation.
When conducting in vitro experiments with the IMP-NP a large range of concentrations
was used. However, since IMP-NP was provided in limited quantities only the most promising
concentrations were used in the current study. The in vitro work showed that 0.14 mg IMP
conjugated to 6.25 mg NP had the greatest significant increase in metabolism, the second
concentration of 3.13 mg/mL of IMP-NP also had a significant impact on metabolism. The goal
of the preliminary in vivo work was to validate these in vitro findings. Thus, fish were fed 235 mg
of IMP-NP/day, with 40 fish/tank. If each fish consumed the same amount of feed, that would
equate to ~0.14 IMP and 6 mg of NP/day, matching the highest concentration tested in vitro.
Dosages for IMP and NP alone also matched the highest dosages tested in vitro, 0.14 mg/mL and
6.25 mg/mL respectively.
A pilot study was conducted in vivo to begin to elucidate the impact of IMP, NP and IMPNP on rainbow trout WG and SGR. At 3 weeks the average highest average weight gain was found
in fish fed the control diet and the lowest average weight gain was found in fish fed IMP, however
the differences between groups was not significant. At 6 weeks the highest average weight gain
was found in fish fed the IMP-NP with most fish having a weight gain of around 60 grams and the
error bars being tighter compared to other groups. At 6 weeks the lowest average weight gain was
found in fish fed the control feed, with the error bars being larger due to one fish that gained around
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85 g while 5 fish gained around 30 g. At 8 weeks the highest average weight gain was found in
fish fed the IMP-NP feed with an average 84.32 g, the error bars are also tighter in this group. At
8 weeks the lowest average gain was found in fish fed the control diet at 7 g. Also, at 8 weeks the
NP and IMP groups had approximately the same average weight, both lower than IMP-NP. At 3
weeks there was no significant change between groups in SGR. At 6 weeks the SGR of all groups
was approximately the same however, there were less outliers in the IMP-NP group. Although
non-significant, at 8 weeks the highest SGR was found in rainbow trout fed the IMP-NP. Although
not significant the lowest SGR at 8 weeks was found in rainbow trout fed the control diet, as shown
in Figure 3.7. It should be noted that there was substantial variation initially between fish sizes,
which would impact tank dynamics and how much weight individual fish gained. Although the
fish were redistributed so each tank started the trial with the same average weight (~70g) there was
still large variances in size for individual fish (27g- 159g). Due to these discrepancies in weight,
the larger fish would outcompete the smaller fish within the tank for food, which would affect the
ability of the smaller fish to gain weight, affecting WG and SGR measurements and increasing
variation between tanks.
Nucleotides and IMP have been shown to affect innate immune protein production in fish
(Tahmasebi-Kohyani et al. 2011; Song et al. 2012). Thus, preliminary work was done to assess the
impact of IMP, NP or IMP-NP on specific immune proteins produced in rainbow trout. ELISA
kits (Cusabio) were utilized to determine lysozyme, IgM, C3 and IL-8 concentrations. Lysozyme
is an innate immune agent that possesses the unique ability to cleave though bacterial cell walls by
breaking down peptidoglycan. Tahmasebi-Kohyani et al. discovered that exogenous nucleotides
increased lysozyme. Rainbow trout fed IMP-NP had significantly higher levels of lysozyme
(259.39 ng/mL, control average = 114.90 ng/mL, IMP average = 194.10 ng/mL and NP average =
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116.84 ng/mL) at 8 weeks (Figure 3.8). Increased levels of lysozyme in fish would allow them to
better combat pathogenic bacteria. IgM is the most common immunoglobulin found in fish and
one of the most important components of the humoral immune system (Mashoof and Criscitiello
2016). Though not significant, on average fish fed the IMP alone expressed higher levels of IgM
(4.18 ng/mL, control average = 1.54 ng/mL, NP average = 1.11 ng/mL and IMP-NP average =
0.72 ng/mL; Figure 3.9), which agrees with the current literature (Tahmasebi-Kohyani et al. 2011).
Complement component 3, also known as C3 is a key component in the innate immune systems
and is essential in the complement system. Its activation is needed for alternative and classical
complement pathways. Studies have found that exogenous nucleotides increase serum
complement levels (Sakai et al. 2001; Tahmasebi-Kohyani et al. 2011). In the present study,
though not significant, serum complement was increased on average by IMP (35.33 ng/mL, control
average = 21.10 ng/mL, NP average = 28.10 ng/mL and IMP-NP average = 13.51 ng/mL) feed
while the other groups had lower levels of C3 (Figure 3.9). Interleukin 8, otherwise known as IL8 is a chemokine that signals neutrophils to migrate to sites of infection. IL-8 plays a central role
in the innate immune response (Baggiolini et al. 1995). Exogenous nucleotides have supported
increased production of IL-8 when challenged with IL-1 beta in fetal intestinal explants (Gil
2002b). In the present study, there was no significant difference between groups however the fish
fed the IMP-NP feed on average had higher levels of IL-8(172.17 ng/mL, control average = 157.28
ng/mL, IMP average = 153.48 ng/mL and NP average = 152.02 ng/mL). Finally, cortisol is the
major stress hormone found within fish. Heightened levels of cortisol levels are typically indicative
of stress in fish(Overli et al. 2002; Scheck 2009; Sadoul and Geffroy 2019). Heightened levels of
cortisol have shown to negatively impact growth, innate immunity and overall fish health (Sadoul
and Geffroy 2019). In the present study there was no significant difference between groups,
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however the fish fed IMP-NP had on average the lowest cortisol levels (2.59 ng/mL, control
average = 3.54 ng/mL, IMP average = 2.577 ng/mL and NP average = 7.98 ng/mL; Figure 3.10).
These preliminary findings are promising and suggest that a larger scale animal trial is needed to
fully elucidate the effects of IMP-NP in rainbow trout.
We need new techniques that will allow us to more effectively feed our growing
population. The IMP-NP has shown significant results to enhance metabolism in vitro in fish cells.
Preliminary in vivo work has validated these results; however, the in vivo pilot trial needs to be
replicated at a larger scale. Regardless, IMP-NP appears to hold promise as a health support for
rainbow trout, enhancing cellular metabolism at the cellular level and soluble innate immune
factors at the animal level.
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CHAPTER 4 – GENERAL DISCUSSION
Optimal animal health is important for economically profitable livestock farming.
Healthier farmed animals have the ability to outgrow unhealthy animals and fend off unwanted
diseases. With the rise of antibiotic resistance bacteria there is a need for new ways to keep animals
healthy and safe. Recent societal concerns about the use of antibiotics in the livestock industry
have caused countries to start banning the use of antibiotics in their livestock diets(NRC 1980).
Nutrition is an approach that has been used in the past to support and maintain good animal health.
Exogenous nucleotides can be used to enhance animal health. Dietary nucleotides enhance the
structure of the intestinal tract, which plays a key role in optimal development of animals due to
better nutrient digestion and absorption (Xu et al. 2015; Uauy et al. 1990). Dietary nucleotides
have also shown to enhance animal growth performance and disease resistance in a variety of
studies and enhance innate immunity and adaptive immunity (Uauy et al. 1990; Burrells et al.
2001a; Sakai et al. 2001; Li and Gatlin 2006; Tahmasebi-Kohyani et al. 2011; Song et al. 2012;
Asaduzzaman et al. 2017). Dietary nucleotides have also demonstrated the ability to lower stress
levels in animals (Burrells et al. 2001a, b; Borda et al. 2003; Barton 2006) which translates to
better overall animal health (Sadoul and Geffroy 2019).
The newly designed phytoglycogen-based NP from Glysantis (Glysantis Inc, ON, Canada)
has demonstrated no negative side-effects, such as toxicity. It is also biodegradable therefore does
not bioaccumuate and has previously demonstrated that it is not immunogenic. Thus, these
phytoglycogen-based NPs offer unique opportunity; safe delivery of micronutrients with low risk
of negative side-effects. The phytoglycogen-based nanoparticle has the ability to optimize delivery
of dietary supplements. It is a soluble derivative of corn that is free of any allergens. The NP’s
structural chemistry (which is proprietary information, Glysantis Inc) allows it to be chemically
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modified to bind with a variety of different dietary molecules (the mechanism of which is
proprietary knowledge of the manufacturer). In the present study, the impact of the NP alone was
tested on BT-IMF, RTgutGC and rainbow trout. The impact of IMP and the NP bound to IMP was
also tested on BT-IMF, RTgutGC and rainbow trout.
In the current project, it was of utmost importance to test these novel nanoparticles in vitro
before they were tested in vivo. However, the bovine cell line had to be characterized first in order
to identify the cell type prior to challenge with IMP. BT-IMF was found to be myofibroblast in
origin via immunocytochemistry and validated by media supplementation optimization. This cell
line was alkaline phosphatase and beta galactosidase negative, suggesting the cells are not
senescent or pluripotent. Finally, BT-IMF cells were able to respond to IMP-NP, at the lowest dose
tested, while higher doses appeared to negatively affect proliferation. It is possible that the higher
doses of IMP-NP stimulated extensive metabolism that caused cell death, as was observed in
RTgutGC cells; however, this would require further study to elucidate.
IMP-NP’s enhanced cellular response begs the question: Why is IMP-NP better than IMP
alone at stimulating cellular responses? One hypothesis would be that IMP bound to NP increases
effective delivery of multiple IMP molecules into the cell, making IMP more available for cellular
processes. The availability of IMP may be the rate-limiting factor in cells that are undergoing
division. IMP-NP may be responsible for providing the building blocks needed for rapidly dividing
cells. Within bovine husbandry, this new technology could be utilized in bovine feeds to enhance
weight gain but also to improve the overall nutritional value of their milk (Król 2011; Xiaochun et
al. 2012; Rodríguez-Prado et al. 2017).
The effect of IMP-NP compared to IMP or NP alone was also measured in rainbow trout
cell cultures and whole animals. IMP-NP demonstrated a dramatic increase in cellular metabolism
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after 24h that was sustained to 48h in RTgutGC cells. This effect was not observed with IMP alone
at 24h and only slightly at 48h, while NP alone had no effect on cellular metabolism. It is possible
that this enhanced metabolism is what is responsible for the slight decrease in membrane integrity
measured at 24h in IMP-NP treated cells. Not only would NP deliver multiple IMP molecules/cell,
as mentioned above, but NP would physically weigh down the IMP, allowing more physical
interactions between IMP and the cell. This would allow for greater uptake and a stronger cellular
response.
Since IMP-NP was such a strong inducer of cellular metabolism in vitro, its effects in vivo
were pursued with a pilot animal experiment. The highest concentration of IMP-NP tested in
culture was 0.14 mg/mL IMP covalently conjugated to 6.25 mg/mL NP. For each 600 g batch of
feed, 2.52 g of IMP-NP was added, this would equate to 235 mg of IMP-NP in one feeding session.
This would equate to ~6 mg/mL NP conjugated to 0.14 mg/mL IMP fed to each fish (assuming
each fish ate the same amount of feed), for each feeding session. This ensured a similar dosage to
what was performed in vitro.
The pilot study in vivo demonstrated promising trends for impacts on weight gain and SGR.
Although not statistically significant, at 6 and 8 weeks the fish that were fed the IMP-NP feed had
on average higher weight gain. The fish that were fed the IMP-NP also had on average higher
specific growth rates when compared to the other groups. These results suggest that the inclusion
of IMP-NP could benefit the weight gain and growth performance of fish. However, there was
substantial initial variation between fish, which would impact how fish gained weight. When 160
fish were initially brought in from Alma Aquaculture Research Station there was a large variation
in their weight; the smallest fish weighed 27g and the largest weighed 159g. Due to these
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discrepancies in weight, the larger fish were allowed to outcompete the smaller fish within the
tank. This may be one of the reasons why some fish gained more weight than others.
In order to assess the impact of an IMP diet, NP diet and IMP-NP diet on specific immune
proteins produced in rainbow trout, ELISA kits (Cusabio) were utilized. Lysozyme is an innate
immune agent that prossesses the unique ability to cleave though bacterial cell walls by breaking
down peptidoglycan. Tahmasebi-Kohyani et al. discovered that exogenous nucleotides increased
lysozyme expression in fish. Rainbow trout fed the IMP-NP had significantly higher levels (259.39
ng/mL, control average = 114.90 ng/mL, IMP average = 194.10 ng/mL and NP average = 116.84
ng/mL) of lysozyme at 8 weeks. This can be seen in Figure 3.6 and Figure 3.7. This increase in
lysozyme when fish are fed this unique feed could have a great impact on fish survival when
exposed to pathogenic bacteria. Bacterial outbreaks of Streptococcus iniae is one of the leading
fish pathogens in the aquaculture industry and causes over 100 million dollars in annual losses
(Song et al. 2012). S. iniae has shown to be susceptible to lysozyme (Ragland and Criss 2017).
The IMP-NP feed may allow fish to produce more lysozyme, which would better equip them to
combat pathogenic bacteria, such as S. iniae.
The most common immunoglobulin found in fish (Ragland and Criss 2017)is IgM. On
average, fish fed the IMP alone expressed higher levels of IgM (4.18 ng/mL, control average =
1.54 ng/mL, NP average = 1.11 ng/mL and IMP-NP average = 0.72 ng/mL), this has been
demonstrated in other studies (Tahmasebi-Kohyani et al. 2011). Although not statistically
significant, a similar trend was found in the current study (Figure 3.9), however, IMP-NP did not
enhance IgM levels over IMP alone. Complement component 3, also known as C3 is a key
component in the innate immune systems and is essential in the complement system. Its activation
is needed for all thee complement activation pathways. Studies have found that exogenous
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nucleotides increase serum complement levels (Sakai et al. 2001; Tahmasebi-Kohyani et al. 2011).
Although not statistically significant, in the present study, serum complement levels were
enhanced on average by the IMP feed (35.33 ng/mL, control average = 21.10 ng/mL, NP average
= 28.10 ng/mL and IMP-NP average = 13.51 ng/mL), while the other groups had lower levels of
C3 (Figure 3.9). Interleukin 8, otherwise known as IL-8 is a chemokine that signals neutrophils to
migrate to sites of infection(Baggiolini et al. 1995). IL-8 plays very central role in the innate
immune response. Exogenous nucleotides have shown to enhance the production of IL-8 when
challenged with IL-1 beta in fetal intestinal explants (Gil 2002b). In the present study, there was
no significant difference between groups however the fish fed the IMP-NP feed on average had
higher levels of IL-8 (172.17 ng/mL, control average = 157.28 ng/mL, IMP average = 153.48
ng/mL and NP average = 152.02 ng/mL).
Cortisol is the major stress hormone found within fish (Sadoul and Geffroy 2019).
Heightened levels of cortisol are typically indicative of stress in fish (Mommsen et al. 1999; Sadoul
and Geffroy 2019). Elevated levels of cortisol have shown to negatively impact growth, innate
immunity and overall fish health (Sadoul and Geffroy 2019). In the present preliminary in vivo
study, there was no significant difference between groups, however the fish fed IMP-NP had on
average the lowest cortisol levels(2.59 ng/mL, control average = 3.54 ng/mL, IMP average = 2.577
ng/mL and NP average = 7.98 ng/mL). Fish in aquaculture are exposed to stress daily, whether it
be handling, transport, crowding, or poor water quality. The literature has demonstrated that
glucocorticoids suppress reproductive function, as well as growth (Mommsen et al. 1999).
Elevated levels of cortisol cause metabolic building blocks to be diverted away from biosynthetic
pathways (Mommsen et al. 1999). Due to lowered cortisol levels, the IMP-NP feed may allow fish
to better utilize their nutrients in biosynthetic pathways. This would aid in fish growth and
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reproduction. Fish with higher rates of growth and reproduction would be more economically
profitable and could give Canada a competitive advantage in the animal husbandry industry.

Future directions
We need new techniques that will allow us to more effectively feed our growing
population. The IMP-NP has shown significant results in vitro in both bovine and fish cells.
Preliminary in vivo work has validated these results; however, the in vivo work should be recreated
at a broader scale. Future in vivo studies should be done with multiple replicate tanks for each type
of unique feed. Ontario rainbow trout are grown in land-based aquaculture tanks for approximately
9 months before they are transferred into net-pens a year before they are market size (Ontario
Aquaculture Association 2018). Due to this, the in vivo trials should take place over a longer period
of time. In addition, since the sample size was only 40 fish per tank, there should also be more fish
per tank to limit outliers. Future experiments should include more replicate tanks for each unique
experimental diet, with different concentrations of IMP-NP, NP and IMP in order to see which one
has the most positive impact on rainbow trout.
Since the IMP-NP enhanced proliferation in vitro for bovine cells it would be of value to
see how it impacts bovine at the whole animal level. It may be of value to investigate the weight
gain, SGR, feed efficiency and survival of cattle fed the IMP-NP. Furthermore, it would also be
of great value to see how the IMP-NP feed impacts milk yield and milk composition in milk
producing cows. Since cattle are usually grown for around 2 years, this type of experiment would
need to be done over a long period of time with a large sample size.
The newly characterized bovine intestinal myofibroblast cell line may be very valuable for
future cultured meat projects. In the past, muscle-like organs have been cultured from co-cultures

67

of myoblasts and fibroblasts. It would be of value to determine whether or not this newly
characterized cell line is capable of the same.

Integrative biology
Integrative biology is best described as bringing together a diverse variety of disciplines of
biology which scale across different levels of biological organization to understand the nature of
the subject of interest. The current project has shown to be integrative by utilizing a variety of
techniques from different fields of biology to ensure clarity and accuracy results. Research began
at the cellular level, the second smallest level of organization in biology, when conducting in vitro
experiments to elucidate how novel nanoparticles impact RTgutGC and BT-IMF. This knowledge
was integrated into a preliminary in vivo study that examined the impact of the novel nanoparticles
at the whole animal level in rainbow trout. These findings provided a solid basis for future in vivo
trials that could revolutionize the aquaculture industry and farmed animal industry with enhanced
growth performance, immunity and disease resistance.
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SUMMARY
In vitro BT-IMF findings
BT-IMFs stained positively for vimentin, negatively for pancytokeratin and positive for
α-SMA. Hydrocortisone significantly negatively impacted proliferation of BT-IMFs, NEAA
significantly positively impacted proliferation of BT-IMFs and EGF had no impact on
proliferation. BT-IMF stained negatively for β-galactosidase and Alkaline Phosphatase staining.
BT-IMF treated with a lower dose of IMP-NP had increased proliferation.

In vitro RTgutGC findings
RTgutGC’s metabolism significantly increased when treated with the medium and high
doses of IMP-NP for 24 H. RTgutGC had membrane integrity decreased when treated with the
medium and high dose of IMP-NP for 24 h. RTgutGC had a significant spike in metabolism when
treated with high and medium dose of IMP-NP for 48h, with no decrease in membrane integrity.
RTgutGC had a non-significant increase in proliferation when treated with the medium dose IMPNP.

Preliminary In vivo rainbow trout findings
On average, fish that were fed the IMP-NP feed had higher weight gains and enhanced
SGR at 6 weeks and 8 weeks, although not significant, data was trending towards significance. At
8 weeks fish fed IMP-NP produced significantly more lysozyme than the control feed, IMP feed
and NP feed. Fish fed the IMP feed, although non-significant, on average produced more IgM and
C3. Fish fed the IMP-NP feed, although non-significant, on average produced more IL-8 and less
cortisol.
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Appendix A
Cell Growth Kinetics Procedure
Vented T-25 tissue culture flasks were seeded with 2.0 x 105 BT-IMF cells of for each of the
following studies: with and without hydrocortisone, with and without epidermal growth factor,
and with and without non-essential amino acids. There were 3 replicates and 6 vented T-25 tissue
culture flasks per each replicate. The BIF cells would be grown in fresh DMEM, with 10% fetal
bovine serum which was inactivated at 56°C as well as penicillin-streptomycin (P/S; 10mg/mL
streptomycin and 10000U/mL penicillin) and HEPES. Of the 6 vented T-25 tissue culture flasks
half of them would have been supplemented with 25 µg/ml hydrocortisone while the other half
would not be. With the non-essential amino acid study, half of the tissue culture flasks would have
been supplemented with 50 µg/ml of non-essential amino acids. With the epidermal growth factor
study, half of the tissue culture flasks would have been supplemented with 20 µg/ml of epidermal
growth factor. After 24 h (Day 0) the first cell count would occur (2 of the flasks would be used,
one with the added supplement and one without). After 72 h (Day 2) the second cell count would
occur (2 of the flasks would be used, one with the added supplement and one without). After 350
h (Day 14) the third and final cell count would occur (2 of the flasks would be used, one with
hydrocortisone and one without). For each cell count 2 T-25 tissue culture flasks would be taken,
one with the added supplement and one without. Media would be aspirated from the T-25 flasks,
followed by washing with 1 ml of PBS. After washing, the cells would be detached with 1 ml of
0.25% trypsin/EDTA for each T-25 flask. Once the cells had been fully detached, 1 ml of DMEM
with 10% heat inactivated FBS would be added to each of the T-25 flasks to neutralize the 0.25%
trypsin/EDTA. The neutralized solution would then be added to 15 ml conical tube, for each T-25
flask, for a total of two 15 ml conical tubes, one with the cells that were grown in their specific
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added supplement and one with the cells that were not. Both of these 15 ml conical tubes would
then be centrifuged at the same time for 5 min at 400 x g. The supernatant would be decanted,
leaving only the cell pellets for each 15 ml conical tube. 1 ml of fresh of DMEM with 10% heat
inactivated FBS would be added to each 15 ml conical tube. The cells would then be re-suspended
in the media by pipetting up and down with a large micropipette. 10 µl of cells would then be
mixed in a microcentrifuge tube with 10 µl Trypan blue. Once fully mixed 10 of the 20 µl would
be taken and injected into a countess cell counter slide (ThermoFisher Scientific, Waltham MA,
USA). The slide would be inserted into the Countess II FL Automated Cell Counter (ThermoFisher
Scientific, Waltham MA, USA) which produced a measured result that was recorded for the
amount of cells/ml.

Figure 1. Schematic diagram of alamarBlue assay protocol, CFDA assay fluorescence measured
at Ex 485 nm / Em 528 nm. Figure adapted from ThermoScientific(2016).
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