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ABSTRACT

Author: Furnas, Destin J. MS

Institution: Purdue University

Degree Received: May 2019

Title: Combating Stress: The Use of Isoflavones as Nutraceuticals to Improve Immunity and
Growth of Nile Tilapia (Oreochromis niloticus)

Committee Chair: Ahmed Mustafa

Stressors in the aquaculture environment can lead to negative impacts on growth and immune
health, resulting in susceptibility to infectious diseases. These stressors are expected to increase
as the growth of aquaculture continues to rise to meet demands for quality fish protein.
Isoflavones, as a crude extract or as a pure isolate, may be effective in modulating the stress
response, promoting growth and immunity. The objective of these studies was to examine the
effect of various pure isoflavone isolates and crude isoflavone extracts on stress, growth, and
immunity. Nile tilapia (Oreochromis niloticus) were stressed by adding hydrocortisone to the
feed. In a 7-week study, pure isoflavone isolates of genistein and puerarin were evaluated to
determine their respective effects on stress, growth, and immunity. A separate 10-day
physiological and 6-week growth study focused on crude isoflavone extracts from kudzu
(Pueraria lobate), red clover (Trifolium pratense), and soybean (Glycine max) was performed to
determine their respective effects on stress, growth, and immunity. Numerous physiological
parameters of the fish were measured (serum cortisol concentration, blood glucose concentration,
hematocrit, hepatosomatic index, plasma protein concentration, lysozyme activity, and spleen-
somatic index) to determine the effects of these pure isoflavone and crude isoflavone extracts on
the modulation of stress and immunity. Many growth parameters were examined (length, weight,
condition factor, weight gain, specific growth rate, feed intake, feed conversion ratio, and protein
efficiency ratio) as well to determine the effects of these pure isoflavones and isoflavone extracts
on growth. The addition of isoflavone and crude isoflavone extracts to the diet of Nile tilapia
ameliorated some of the negative consequences of stress. Compared to stressed fish fed
commercial feed, genistein and puerarin added to the diet appeared to improve serum cortisol
concentrations, which resulted in increased plasma protein, albeit at different durations of stress.
Puerarin, as well as all three crude isoflavone extracts, significantly increased spleen-somatic

index compared to non-supplemented stressed fish, although the crude isoflavone extracts did
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not appear to improve serum cortisol concentrations. Crude isoflavone extracts also showed
overall increases in lysozyme activity compared to non-supplemented stressed fish, although this
was not significant. Genistein, puerarin, and red clover showed increased growth rates, feed
conversion ratio, and protein efficiency. Overall, pure isolates of isoflavone appear to be more
effective in modulating stress, immunity, and growth than the crude isoflavone extracts, although
red clover extract showed promises in the ability to modulate the stress response and improve
growth and immunity. There are likely substantial interactions between the isoflavones in the
crude extracts that cannot be fully understood by measuring the effects of single isoflavones.
Regardless, isoflavone supplementation (pure or crude) appeared to generally have an overall
positive impact on stressed Nile tilapia, requiring more research to better understand the effects

and mechanisms behind these isoflavones.
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GENERAL INTRODUCTION

Aquaculture, the production of aquatic plants and animals, is the fastest growing food sector in
the world (Troell et al., 2014). With an average annual growth rate of 7.8% globally, aquaculture
is far outcompeting other food sectors such as poultry, beef, and grain, which have annual
growth rates of 4.6%, 1.0%, and 1.4%, respectively (Fig. 1). Since capture of natural fish
populations began stagnating towards the end of the 20" century (Sumaila et al., 2016),
aquaculture has been growing to meet those increased demands. Globally, the Asian-Pacific
region accounts for a disproportionate production of fish via aquaculture, with China being the
world’s largest producing country (Little et al., 2016). Comparably, North America plays very
little role in aquaculture production, accounting for less than one percent of global production

(Harvey, 2017).

As global population continues to increase, the challenge of providing the world with a high-
quality source of food will need to be addressed. Currently, growth in aquaculture production is
surpassing population growth (Little et al., 2016). With that growth though, it is important to
know who that increase in production is benefiting. So far, most of that growth has not come
from necessity, but an increase in consumption from Western countries (Little et al., 2016).
Meanwhile, caloric deficiency affects 800 million worldwide, with malnutrition being a
substantial contributor to disease burden (IFPRI, 2016). Aquaculture has the opportunity to close
this caloric deficiency gap and help feed a growing and hungry world. To have the greatest

impact, selection of an appropriate species for cultivation should be considered.

Nile tilapia (Oreochromis niloticus) is currently a heavily cultivated fish in aquaculture and has
the potential to meet these growing nutritional demands. Nile tilapia production in aquaculture
has been rapidly growing since the 1980s (Fig. 2), making it the fifth most cultivated species in
aquaculture, behind other species such as grass carp (Ctenopharyngodon idellus) and common
carp (Cyprinus carpio) (FAO, 2018). There are numerous benefits to Nile tilapia cultivation in
aquaculture: 1) efficient conversion of feed into quality protein, 2) low production of cost, and 3)
high tolerance and adaptability. First, Nile tilapia has a relatively low feed conversion ratio (high

feeding efficiency), approaching a near feed-in, feed-out system (de Silva, et al., 2017; Sarker et
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al., 2016). Simply, Nile tilapia is able to turn nearly all of the food it consumes into weight, with
a large portion of that weight being protein. Second, there is a low cost associated with the
production of Nile tilapia. Production of Nile tilapia can be as low as 0.55 US dollars per
kilogram of production in tropical countries (Rakocy, 2019). Lastly, high tolerance to stressors
allows Nile tilapia to adapt to a range of different environments. Although being a freshwater
fish, Nile tilapia can tolerate brackish water, with salinity concentrations of 15 ppt (Jaspe &
Caipang, 2011) or even higher (Malik et al., 2018). Although best growth is achieved at the
tropical temperatures Nile tilapia are native to, they can adapt to temperatures from 24°C - 37°C
(Baras et al., 2001; Workagegn, 2012). Nile tilapia can also tolerate a wide range of stocking
densities (Azaza et a., 2013). This high degree of adaptability, in addition to the high feed

conversion and low cost of production, make Nile tilapia a desirable fish for mass production.

There are many stressors associated with rearing fish in aquaculture. In these artificial
environments, fish are exposed to stressors they would not normally encounter in their natural
environment. Poor water chemistry, such as increases in ammonia, acidification, and low oxygen
levels in the water (hypoxia), cause stress to the fish (Barton, 2002) (Fig. 3). There are many
stressors associated with the production of fish as well. Crowded conditions, increased handling,
and transportation of fish all cause stress to the animal (Barton, 2002). Meanwhile, growing
concerns from climate change resulting in warmer temperatures, as well as water pollution from
human activity, are going to burden the production of these animals (Sara et al., 2018). All of
these stressors have the potential to cause harm to the fish, but there is growing concern about
the combined effects of these stressors. The interaction of stressors in aquaculture are going to be
a major suppressor of aquaculture growth moving forward (Sara et al., 2018). Even though Nile
tilapia have a high tolerance to stress, it does not mean they are immune to stress. Nile tilapia are
still susceptible, albeit to a less degree, but an increase in stress is expected to have many

negative repercussions on the fish.

The consequences of stress on fish is great, producing varied responses over time. Stress can be
considered either acute or chronic. Acute stress, or short-term stress, is generally seen as
adaptive, while chronic stress, or long-term stress, is generally seen as maladaptive (Dhabhar,

2009). The stress response is usually considered beneficial, and in and of itself helps protect the
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organism from a perceived threat. Under acute stress, metabolic changes occur to protect the
organism from homeostatic disturbances, but chronic stress leads to exhaustion of the organism
(Barton and Iwama, 1991). It’s clear that stress itself is not the issue, but the duration of stress is
of greatest concern (Dhabhar, 2009). When an organism is stressed, it goes through three stages:
1) the alarm stage, 2) the adaptive stage, and 3) the exhaustion stage (Barton & Iwama, 1991). In
the alarm stage, rapid physiological responses occur, preparing the organism for flight-or-fight
(Barton, 2002). This allows the organism to quickly remove itself from any perceived stress, if
possible. If the organism is not able to remove itself from the stressor, it will need to adapt to that
stress (Barton & Iwama, 1991). In the adaptive stage, energy is used to maintain homeostasis,
allowing the organism to survive in stressful conditions (Barton & Iwama, 1991). At a certain
point, the organism may no longer be able to maintain homeostasis, resulting in exhaustion
(Barton & Iwama, 1991). With exhaustion, the organism succumbs to stress, resulting in many

deleterious consequences, with death being the typical endpoint (Barton & Iwama, 1991).

Stress in the aquaculture environment has many different physiological consequences (Fig. 3).
Primary responses to stress are focused on neuroendocrine changes within the organism (Barton,
2002). Primary responses to stress are associated with the production of catecholamines,
epinephrine and norepinephrine, after a perceived threat (Barton, 2002). Production of
catecholamines stimulates the hypothalamic-pituitary-interrenal (HPI) axis in fish, which is
modulated through the production of corticotrophin-releasing factor (CRF) in the hypothalamus,
stimulating release of adrenocorticotrophin (ACTH) from the anterior pituitary (Barton, 2002).
Stimulation of the HPI axis results in the secretion of corticosteroids, such as cortisol, from
interrenal cells, releasing the corticosteroids into the circulatory system (Barton, 2002).
Secondary responses to stress are generally focused on the many metabolic changes caused by
the release of corticosteroids (Barton, 2002). Corticosteroids disrupt osmoregulation, causing
variations in the concentration of water, as well as sodium and chloride ions (Barton, 2002).
Corticosteroids also produce changes in blood glucose, resulting in greater concentrations
(Barton, 2002). Other consequences include the upregulation of heat shock proteins (HSP) to
prevent degradation and misfolding of proteins, as well as changes in hematocrit (percentage of
red blood cells in the blood) and immune functioning (e.g. lysozyme activity) (Barton, 2002).

Lastly, the accumulation of these consequences can produce whole-organism changes (Barton,
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2002). Corticosteroid release due to stress can cause compromised growth and immunity in fish
(Barton, 2002). Under stress, feeding may decrease and the organisms may become more

susceptible to diseases. Ultimately, this may lead to death if the stressor(s) is not removed

(Barton, 2002).

As stress leads to compromised growth and immunity, fish farmers need to intervene to prevent
loss of the fish population. In China, spread of infection disease has led to losses of aquaculture
product amounting to tens of billions of US dollars (Liu et al., 2017). Due to the global market
pushing for increases in production, crowding of fish at aquaculture facilities is of growing
concern, especially in regards to stress and disease outbreak. This can lead to treating the water
with chemicals in the attempt to react to these negative consequences of stress. Antibiotics have
been used to help treat bacterial infections in fish and prevent death or the spread of infection
(Wang & Lu, 2016), especially in China and other Asian countries (Liu et al., 2017), where
global aquaculture production is concentrated. A near majority of all antibiotics used in China
are placed into animal feed, even as Western countries have been heavily regulating the use of
antibiotics in animal feed (Hvistendahl, 2012, Watts et al., 2017). The prevalence of antibiotics
puts a selective pressure on antibiotic resistance. Many different antibiotic resistance genes have
been detected in aquaculture (Watts et al., 2017). Antibiotic residues have also been reportedly
detected in over 50% of aquacultured fish products from areas in China (Wang et al., 2017), with
concentrations of up to 0.1mg per kilogram of fish (Hvistendahl, 2012). Because of this,
aquaculture is currently the largest exposure for antibiotics in the human population (Wang et al.,
2017). Since consumers are generally unaware of where their fish product is produced
(Vanhonacker et al., 2011), many individuals may be exposed to these antibiotics without even
noticing. The use of antibiotics also pollutes the environment with antibiotic resistance genes,
with fish feces providing a reservoir of these in the environment (Caruso, 2016). These antibiotic
resistance genes can also be deposited into sediments, further propagating the spread of
resistance (Watts et al., 2017). Antibiotics are not the only concern though. Other chemicals,
such as antifoulants, anesthetics, and disinfectants are commonly used as well in aquaculture
(Burridge et al., 2010). Antifouling paint containing copper is regularly used to prevent buildup
of aquatic microorganisms, plants, and animals on caging (Braithwaite et al., 2006), but this

paint is known to leach copper into the water, causing harm to non-target organisms (Singh and



16

Turner, 2009). Disinfectants are regularly used to inhibit growth of unwanted microorganisms
and prevent disease in fish (Burridge at al., 2010). Hypochlorite, chlorine dioxide, and formalin
40% have all been reportedly used in aquaculture production (Burridge et al., 2010). The
negative consequences of stress in aquaculture are vast, requiring intervention to not only
promote wellbeing of the fish, but to ensure adequate growth for production. Clearly antibiotics
and the use of other chemicals are not the solution due to their negative side effects, but they are

still prevalent in the food source and further polluting the environment.

Nutraceuticals, which are functional foods or food components with innate health benefits, may
be particularly effective in modulating the stress response, thereby boosting immunity and
growth. In addition, they may reduce the use of antibiotics in the aquaculture system. Many
studies have shown that the addition of nutraceuticals to the diet of fish results in increased
growth and immunity. Vitamin C added to fish feed has been shown to increase growth and
increase disease resistance against a number of fish pathogens (Roosta et al., 2014).
Additionally, the use of clove basil oil and ginger oil in feed have both been shown to increase
growth in Nile tilapia (Brum et al., 2017). Ginger oil was shown to be particularly effective in
improving immunity, resulting in increased macrophage phagocytosis, upregulation of
immunoglobulins, and decreased susceptibility to pathogens (Brum et al., 2017). The approach to
using nutraceuticals in the fish diet is to act in a more proactive manner, whereas the current use
of chemicals and antibiotics can be considered more of a reactive response to treating the side

effects of stress.

Specifically, isoflavones, which are plant hormones most prevalent in the legume family, may be
especially effective in this role. Isoflavones can be derived from hundreds of different plants,
such as red clover, alfalfa, kudzu, soy, and even grapes (Klejdus et al., 2005). Isoflavones are
typically localized within the roots and seeds of these plants. These isoflavones can become
activated through animal metabolism (Pilsdkova, 2010). Isoflavones (Fig. 4) are structurally
similar to estrogen, allowing them to act on estrogen receptors in animals by weak binding
(Pilsakova, 2010). By acting through estrogen receptors, isoflavones have the potential to
modulate numerous physiological processes, such as inflammation, lipid metabolism, blood

pressure, apoptosis, and the hypothalamus-pituitary axis (Pilsdkova, 2010). The isoflavone
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puerarin has previously been demonstrated to help boost immunity in fish, possibly due to the
increase in blood flow (Hossain and Mustafa, 2014). There are many other possible benefits of
isoflavone use as well. The isoflavone genistein has shown the potential to increase the feeding
efficiency in fish through the increase in protein utilization (Torno et al., 2018), while
isoflavones from soybean have been previously shown to have potent antioxidant capabilities
(Yue et al., 2010). Due to the phenolic hydroxyl structure associated with certain isoflavones,
these isoflavones have also demonstrated inherent antimicrobial properties (Mukne et al., 2011).
The presence of the phenolic hydroxyl group allows for binding to microbial enzymes, inhibiting
the metabolic pathways used by these organisms (Mukne et al., 2011). There are many possible

mechanisms for isoflavones to promote overall health and wellness in the fish.

The objectives of these studies are to determine the effects of isoflavones (pure isoflavone
isolates: puerarin and genistein, and crude isoflavone extracts: kudzu, red clover, and soybean)
on the modulation of stress, immunity, and growth in Nile tilapia. Stress will be examined
temporally to determine the possible benefits of isoflavone supplementation at different stages of
stress. Both pure isoflavones and crude isoflavones will be examined to better understand the

individual and combined effects of these isoflavones.
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Figure 2: Yearly aquaculture production (in millions of tonnes) of Nile tilapia
(obtained from FAO, 2018)
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COMPARISON OF PURE ISOFLAVONE ISOLATES ON STRESS

Introduction

Production and consumption of fish has been rapidly growing over the past decades due to the
use of aquaculture (Troell et al., 2014). This increase in production has the potential to feed a
growing global population. Nile tilapia (Oreochromis niloticus) is a particular species of interest,
due to their high conversion of feed into product (de Silva, et al., 2017; Sarker et al., 2016),
relatively low cost of production (Rakocy, 2019), and their relatively high tolerance to a wide
range of growing conditions (Jaspe & Caipang, 2011; Malik et al., 2018; Baras et al., 2001;
Workagegn, 2012; Azaza et a., 2013). With this increase in production also comes an increase in
stress experienced by the organisms in these artificial environments. Stress in aquaculture is a
growing concern, particularly due to the consequences of stress on growth and immunity
(Barton, 2002). Stressed fish have been shown to have decreased growth and hindered immunity
(Barton, 2002). Unfortunately, chemical antibiotic use is too common of a practice in treating the
negative side effects of stress, resulting in the promotion of antibiotic resistance genes and
antibiotic residues passed onto consumers through consumption (Watts et al., 2017; Burridge et

al., 2010).

The use of nutraceuticals, particularly isoflavones, show the potential to prevent stress, reducing
the negative consequences of stress on growth and immunity. Many different isoflavones are
produced in the legume family, such as biochanin A, daidzin, genistein, and puerarin, and many
others, all which share similar molecular structures (Fig. 4). Collectively, there have been
numerous health benefits associated with isoflavone consumption. Ruiz-Larrea et al. (1997)
quantified the antioxidant properties of numerous isoflavones by comparing their respective
antioxidant properties with vitamin C, a well-known antioxidant. The antioxidant properties of
these isoflavones varied greatly (Ruiz-Larrea et al., 1997). Compared to vitamin C, the
isoflavone ononin had minimal to no additional antioxidant activity. The isoflavones genistin and
daidzein produced a one-fold increase in antioxidant activity compared to vitamin C alone, but
genistein produced a three-fold increase in antioxidant activity compared to vitamin C alone.

Many of these same isoflavones have also been tested against a range of human cancer cell lines
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to determine apoptotic effects of isoflavones (Yanagihara, 1993). Biochanin A and genistein
were shown to be particularly effective at promoting apoptosis in a variety of human cancer cell
lines, but other isoflavones, such as daidzein and genistin, showed little apoptotic effects. This
strongly suggests that although isoflavones may be derived from similar sources and share a
similar molecular composition, each individual isoflavone may have its own associated health

benefits.

Genistein has been heavily studied, likely due to the importance of soybean as a global food
source since genistein is found most abundantly in soybean (Ganai & Farooqi, 2015). This
isoflavone is a potential treatment for many diseases. Genistein has been shown to reduce
cardiovascular inflammation, reducing the cause of cardiovascular diseases such as
atherosclerosis and arthritis (Si & Liu, 2007; Verdrengh et al., 2003). Research is also focusing
on the use of genistein to reduce allergies (Ganai & Farooqi, 2015). Genistein is shown to reduce
degranulation of mast cells and reduce constriction of the bronchii. It also has been demonstrated
to have anthelmintic properties, resulting in paralysis and death of parasitic worms (Tandon et
al., 1997). Additionally, genistein has shown to have selective effects on cancer cells (Pool-
Zobel, et al., 2000). At appropriate concentrations, genistein demonstrated the ability to promote
DNA strand breakage in human colon cancer cell lines, while having no effect on normal colon
cells. Researchers are continuing to investigate the wide range of potential health benefits

associated with genistein.

Another isoflavone, puerarin, is found in high concentration in kudzu (Pueraria) species (Jiang
et al., 2005). Comparatively, less research has been focused on the health properties of puerarin,
possibly due to the decreased occurrence of this isoflavones in human diets. Even so, research
suggests there are diverse health benefits associated with puerarin, such as increased blood flow
and promotion of immunity (Hossain and Mustafa, 2014). Focusing on Staphylococcus aureus
infection in alveolar cells, puerarin was not found to directly inhibit bacterial growth (Tang et al.,
2014). Instead, puerarin was able to downregulate the production and secretion of alpha-
hemolysin. Alpha-hemolysin creates pores in alveolar cells, ultimately causing cell death (Tang
et al., 2014). By downregulating alpha-hemolysin, puerarin was able to protect alveolar cells

against cytotoxicity (Tang et al., 2014). Puerarin also has neuro-protective benefits, as shown by
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an overall reduction in infarct volume after a stroke (Wu et al., 2007). Due to the wide range of
health benefits from genistein and puerarin, as well as other isoflavones, these may be possible

candidates as nutraceuticals to minimize the damage of stress on fish.

The objective of this experiment was to determine the effects of pure isoflavone isolates,
genistein and puerarin, on the effects of stress in Nile tilapia. Genistein and puerarin were
hypothesized to reduce stress parameters, thereby showing improved growth and immunity

parameters (Table 1).
Methods
Fish Acquisition and Maintenance

Fingerling Nile tilapia (Oreochromis niloticus) were obtained from Troyer Aqua Farm (Indiana,
USA) and reared in a recirculating system in the Life Science Resource Center on the Purdue
University Fort Wayne campus. Five hundred Nile tilapia were randomly distributed into one of
four tanks (n = 125 per tank) across two systems, with each tank being fed its own unique diet
(Fig. 5). Twenty percent water changes were performed on a weekly basis for the duration of the
experiment, with water chemistry being measured on a weekly basis. Water chemistry was
maintained at a healthy level (ammonia < 0.25 ppm, nitrite < 0.5 ppm, nitrate < 40 ppm,
dissolved oxygen > 7.0 mg/L). The pH and temperature ranged from 7.2-7.6 and 25-28°C,
respectively. A photoperiod of 12 hours daylight and 12 hours night was maintained for the

duration of the experiment.



Table 1: Hypothesized results of stress on various physiological and growth parameters.
Supplementation of isoflavones for stressed fish is expected to improve these parameters.

Parameter Stress Isoflavone .
Supplementation

Serum Cortisol J 0
Blood Glucose T J
Hematocrit T N
Plasma Protein 0 J
Hepatosomatic Index l 0
Spleen-Somatic Index N 0
Length - -
Weight N T
Biomass 1 )
Specific Growth Rate N T
Feed Intake 1 )
Feed Conversion Ratio T N
Protein Efficiency Ratio { 0
Condition Factor J 0

r@ °
L "
r@ 6
L "
Figure 5: Tank design with diets labeled. UC = unstressed fish fed commercial feed,

SC = stressed fish fed commercial feed, SG = stressed fish fed genistein-supplemented feed,
SP = stressed fish fed puerarin-supplemented feed.
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Diets

AquaMax® Fingerling Starter 300 commercial feed was obtained from Purina® (Missouri, USA),
with nutritional information provided in Table 1. Fish were fed once daily at 2% of mean body
weight, with fish being weighed on a weekly basis to determine mean body weight.
Hydrocortisone was used to induce stress in fish, which has been reported previously (Barton, et
al, 1987). To stress fish, 100 mg of hydrocortisone, 98% (Acros Organics, New Jersey, USA)
dissolved in pure ethanol was mixed with one kg of commercial feed in an enclosed container.
Feed pellets were spread out on a tray and allowed to air dry overnight before use. The pure
isoflavones genistein (LC Laboratories, Massachusetts, USA) and puerarin (Alfa Aesar,
Massachusetts, USA) were added to the feed in a similar fashion as hydrocortisone, with the
exception that 2 g of respective isoflavone was added per kg of commercial feed. This
concentration of isoflavone has previously demonstrated positive effects when used in diet
supplementation of stressed Nile tilapia (Hossain et al., 2013; Hossain and Mustafa, 2014). Feed

was stored in a sealed container at 4°C.
Experimental Design

Fish were allowed to acclimate for two weeks prior to starting the experiment, during which time
they were fed commercial feed until satiation. Fish were fed one of the four experimental diets:
1) unstressed fish fed commercial feed (UC), which served as a negative control for stress, 2)
stressed fish fed commercial feed (SC), which served as a positive control for stress, 3) stressed
fish fed genistein supplemented feed (SG), and 4) stressed fed fish puerarin-supplemented feed
(SP) (Fig. 4). Fish were starved for 24 hours before sampling. Six Nile tilapia were randomly
sampled from each of the four experimental diets at day 0, before use of the experimental diets,
to serve as a single baseline for all groups for the growth portion of this study. Nile tilapia (n = 6)
were randomly sampled from each of the four tanks on days 3, day 21, and day 49 after initiation
of the experimental diets, with day 49 serving as the terminal sampling for both the physiological

and growth portions of this study.

Fish were euthanized by adding 200 mg of Tricaine-S (MS-222) (Western Chemical,

Washington, USA) to one liter of water, waiting until operculum movement and response to
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stimuli ceased. Weight and length were collected at every sampling period. At day 3, day 21, and
day 49, blood was collected from the caudal vein of each fish using a heparinized (Sequester-Sol,
Florida, USA) 25-gauge needle (BD Syringe, New Jersey, USA). To obtain plasma, blood was
immediately centrifuged at 10,000 rpm for 5 minutes before clotting occurred. To obtain serum,
blood was allowed to sit on ice for one hour so clotting could occur. After clotting, the blood was
spun at 5000 rpm for 10 minutes using a centrifuge. Excess serum was stored at -80°C until

ready for use. Fish were then dissected to collect the liver and spleen.
Physiological Parameter

Serum cortisol concentration was analyzed using a commercial cortisol enzyme-linked
immunosorbent assay (ELISA) kit purchased from Cayman Chemical (Michigan, USA).
Procedure was followed according to manufacturer’s guidelines (Cayman, 2017). Briefly, serum
was removed from -80°C and allowed to thaw before use. First, ELISA buffer was added to a 96-
well plate, followed by the standard cortisol concentrations or serum sample. Next, cortisol
acetylcholinesterase (AChE) inhibitor was added before finally adding cortisol ELISA
monoclonal antibodies. Plates were covered in plastic film and allowed to incubate overnight at
4°C. After incubation, plates were emptied and rinsed five times using wash buffer. Ellmen’s
reagent was added to each well, plates were covered with plastic film, and incubated at room
temperature for 90 minutes using an orbital shaker. Plates were read at 420nm using a Multiskan
GO (Thermo Scientific, Massachussets, USA) plate reader. Data was analyzed using a four-
parameter logistic fit with log concentration of cortisol plotted on the x-axis and %B/Bo plotted

on the y-axis.

Blood glucose concentration was determined using heparinized blood. One drop of blood from
each sample was added to a FreeStyle Lite (Abbott, California, USA) blood glucose test strip and
read using a FreeStyle Lite (Abbott, California, USA) glucometer. The FreeStyle Lite
glucometer has shown to be one of the most accurate glucometers on the market, with a 96%

compliance rate (Klonoff et al., 2018).

To determine hematocrit (packed cell volume), heparinized blood was added to a capillary tube,

sealed at one end using a critocap, and spun at 10,000 rpm for five minutes using a
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microcentrifuge. The capillary tube with separated blood was placed on a microhematocrit

capillary tube reader and the percentage of red blood cells was read.

Plasma protein concentration was determined using a VEE GEE CLX 1 (Washington, USA)
refractometer. 2 drops of plasma were added to the surface of the prism. The plate lid was closed
and placed under a bright light to view the blue-white boundary, indicative of the plasma protein

concentration. The refractometer was properly cleaned between samples.

To determine the organ-somatic indices, both the spleen and liver were weighed after dissection.
Hepatosomatic index (HSI) and spleen-somatic index (SSI) were calculated by the following

equation:

Liver weight (g) 100 - Spleen weight (g)
. * .
Total body weight (g) Total body weight (g)

HSI * 100

Growth Parameters

Initial length (Li) in cm and initial weight (W7) in g were collected at day 0. Initial biomass (Br)
in g was calculated by the addition Wi from the six-fish sample. Using different fish by random
sampling, final length (Lr) in cm and final weight (WF) in g were collected at day 49. Final
biomass (Br) in g was calculated by the addition Wr from the six-fish sample. Condition factor
was calculated as followed: [weight/length®]. Total feed intake (FI) in g was calculated by the
addition of feed added to the tank from each of the six weeks of sampling. Protein intake (PI) in
g was calculated by multiplying FI by the proportion of protein in the feed. All growth

parameters were calculated according to Table 3.
Statistics

All physiological parameters and the growth parameters length, weight, and FCR were analyzed
using a two-way (4x3) multivariate analysis of variance (MANOVA) using diets and time as the
independent variables (o = 0.05). The two-way MANOVA was followed-up using a series of
univariate two-way ANOVAs for dependent variables that had a statistically significant
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interaction from the MANOVA, examining diets at every level of time. Dunnett’s test (many-to-
one comparison) was used for all post-hoc analysis, with SC serving as the diet with which the
other diets were compared. Comparing all other diets to only SC was utilized for two reasons: 1)
SC is the only diet that has one degree of commonality with all other diets regarding stress and
isoflavone supplementation, and 2) to minimize the type 1 (family-wise) error rate due to fewer
overall comparisons than testing all possible differences between diets. If there was not a
significant interaction for the dependent variable, only the statistically significant main effect of
diets was examined using a univariate one-way ANOVA followed by Dunnett’s test. Figure 6

provides a graphical summary of the statistical analyses used.
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Table 2: Nutritional composition for experimental diets (expressed as % of total feed). UC =
unstressed fish fed commercial feed, SC = stressed fish fed commercial feed, SG = stressed fish
fed genistein-supplemented feed, SP = stressed fish fed puerarin-supplemented feed.

Diets UC SC SG SP
Crude Protein (%) 50.00 50.00 50.00 50.00
Crude Fat (%) 16.00 16.00 16.00 16.00
Crude Fiber (%) 3.00 3.00 3.00 3.00
Ash (%) 12.00 12.00 12.00 12.00
Calcium (%) 2.55 2.55 2.55 2.55
Phosphorus (%) 1.30 1.30 1.30 1.30
Sodium (%) 0.60 0.60 0.60 0.60
Hydrocortisone (%) - 0.01 0.01 0.01
Puerarin (%) - - 0.20 -
Genistein (%) - - - 0.20

Table 3: Equations used to determine growth parameters

Growth Parameter

Equation
Total biomass change (Ba) Br — B;
, BA
Daily Ba Days
Total weight gain (Wa) W — W,
i WA
Daily Wa Days
: In(Wg) — In(Wy)
Specific Growth Rate (SGR) * 100
Days
) Total FI
Daily FI Days
; ; (FI/Fish in Sample)
Feed Conversion Ratio (FCR)
Total WA
. Effic: ) Total W,
Protein Efficiency Ratio (PER) (P1/Fish in Sample)
Weight

Condition Factor (K)

Length3



Significant Two-Way MANOVA

Intaection (Diets x Duration of Stress)

l

Significant
Main Effect

Series of univariate one-way ANOVA
for the main effect of diet at every
level of stress response

Univariate one-way ANOVA
for main effect of diet
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*  Post Hoc
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Dunnett’s test
(SC serving as the single
control for comparisons)

Figure 6: Flow chart for statistical analysis of diets and time on physiological and growth

parameters
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Results

The results of the MANOVA analysis are presented in Table 4. Focusing on the main effect of
diets on cortisol (Fig. 7), all stressed groups showed a decrease in serum cortisol levels. Serum
cortisol for UC was 3676 + 1161 pg/mL, which was significantly greater than SC with 274 + 56
pg/mL of cortisol in the serum (p = .001). Although isoflavone supplemented diets showed
overall greater serum cortisol concentration, there were not any significant differences between

SC and SG (p =.954) or SC and SP (p = .260).

Since there was a significant interaction between diets and time for blood glucose (p = .008),
hematocrit (p =.037), and plasma protein (p > .001), diets were compared at every level of time
(i.e. day 3, day 21, and day 49) (Fig. 8, Fig. 9, and Fig. 10, respectively). At day 3, there was a
significant effect of diets on blood glucose concentration (F(3,20) = 3.703, p =.029). SG had a
blood glucose level of 63.5 + 7.4 mg/dL, significantly greater than SC, which had a blood
glucose level of 43.7 + 1.6 mg/dL (p =.021). UC and SP did not significantly differ from SC (p
=.589 and p = .999, respectively). There was also a significant effect of diets on blood glucose
concentration at day 21 (#(3,20) = 6.472, p = .003). At day 21, all stressed groups had a lower
blood glucose concentration compared to UC. SC had a significantly lower blood glucose level
at 32.2 + 1.9 mg/dL compared to UC at 42.3 £ 4.2 mg/dL (p = .035), but did not significantly
differ from SG (p = .473) or SP (p = .677). Blood glucose levels were comparable between all
diets at day 49 (£(3,20) = .491, p = .693).

Similar to blood glucose, there was a significant effect of diets on hematocrit at days 3 (F(3,20)
=3.223, p = .045) and day 21 (F(3,20) = 8.529, p = .001), but not at day 49 (¥(3,20) =.828,p =
494). At day 3, SG had significantly decreased hematocrit to 34.5 + 1.3 % compared to SC, with
a hematocrit 0f 43.3 = 3.0 % (p = .015), although UC (p = .200) and SP (p = .244) did not
significantly differ from SC. Diets had a significant effect on hematocrit at day 21 (F(3,20) =
8.529, p =.001), with all stressed groups having elevated hematocrit at day 21 compared to
control. While SG and SP did not significantly differ from SC (p = .148 and p = .680,
respectively), SC (50.2 + 2.0 %) had a significantly increased hematocrit compared to UC (37.3
+ 1.5 %) at day 21 (p <.001).
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Diets had a significant effect on plasma protein at day 3 (£(3,20) = 5.053, p =.009), day 21
(F(3,20) = 14.633, p > .001), and day 49 (F(3,20) = 9.348, p <.001), although at day 3 and day
49, there were no significant difference between UC and SC (p = .495 and p = .059,
respectively), SC and SG (p = .166 and p = .093, respectively), and SC and SP (p =.235 and p =
121, respectively). At day 21, UC had a plasma protein concentration of 4.7 + 0.4 g/.1L, while
all stressed groups showed elevated plasma protein concentration. SC, with a plasma protein
concentration of 6.3 = 0.2 g/.1L, was significantly greater than UC (p > .001), but did not
significantly differ from SG (p = .442) or SP (p =.500).

Hepatosomatic index (Fig. 11) was found to not be significantly affected by diets (p =.517), but
spleen-somatic index (Fig. 12) was significantly (p =.029). For spleen-somatic index, SC
showed an overall decrease (0.130 +.007 %) while SP showed an overall increase (0.166 £ .008

%). SC and SP were significantly different from one another (p = .008).

Diets did not have a significant effect on length at day 3 (#(3,20) = 1.406, p = .270) or day 21
(F(3,20) = .189, p = .903), but did have a significant effect at day 49 (F(3,20) = 5.315, p =.007).
At week 7 (Fig. 13), UC had a mean length of 21.4 £+ 0.4 cm, while SC had a mean length of 19.8
+ 0.3 cm. SC had a significantly smaller length compared to UC (p = .005), but was not
significantly different from SG (p =.969) or SP (p = .272). The same trend was found for
weight. There was not a significant effect of diets on weight at day 3 (£(3,20) =2.068, p =.137)
or day 21 (F(3,20) = .747, p = .537), but there was a significant effect on weight at day 49
(F(3,20) =12.853, p <.001) (Fig. 14). At day 49, SC, with a mean weight of 160.2 + 5.0 g,
which was significantly lower than UC, with a mean weight of 225.0 + 11.5 g (p <.001). While
SG and SP had a higher weight than SC, there were not significant differences detected (p = .356
and p = .218, respectively). Using length and weight to determine condition factor, there was a
significant effect of diets on condition factor at day 3 (F(3,20) =4.863, p =.011) and day 49
(F(3,20) = 3.387, p = .038) (Fig. 15), but not at day 21 (F(3,20) = 1.344, p = .288). Condition
factor for SC was 2.20 £ 0.05 at day 3 and 2.08 + .04 at day 49, while UC reported 2.01 + .04 at
day 3 and 2.29 + .07 at day 49 for condition factor. At day 3, SC had a significantly greater
condition factor compared to both UC (p =.014) and SG (p =.009), with SG having a condition
factor of 1.99 + .03, but SC had a significantly lower condition factor than UC at day 49 (p =
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.048). SC did not significantly differ from SG at day 49 (p =.186), and did not significantly
differ from SP at day 3 (p = .343) or day 49 (p = 1.000).

Focusing on the qualitative growth data presented in Table 5, UC showed a higher daily and total
gain in both Ba and Wa, as well as a higher SGR, compared to all stress groups, although this
finding did not have replicates. For those stress groups that received IF supplementation, they
appeared to have a greater SGR, and daily and total Ba, and daily and total Wa when compared
to SC. The feed input was greatest for UC, showing more food was required to achieve such
growth compared to the stress groups. SG and SP had similar feed inputs as SC, but achieved
more growth while having the same feed input. This is represented through FCR and PER, which
shows a greater FCR and PER for SG and SP compared to SC. Collectively, UC showed more
favorable values across all growth parameters compared to all of the stress diets. With the
addition of isoflavone supplementation in the feed, SG and SP showed more favorable values

across all growth parameters compared to SC.
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Table 4: MANOVA results for the interactive (Int.) effects of time and diet or the main effect
(ME) of diet on the combined physiological and growth parameters.

Statistical Test Wilks A F p
Overall MANOVA 1.22 (48, 265) =3.090 <.001
Serum Cortisol (Int.) - (6,60) =1.745 141
Serum Cortisol (ME) (3,60) =17.505 .001
Blood Glucose (Int.) - (6,60) =3.250 .008
Hematocrit (Int.) - (6,60)=2.418 .037
Plasma Protein (Int.) - (6,60) =7.596 <.001
Hepatosomatic Index (Int.) - (6,60) =0.729 .628
Hepatosomatic Index (ME) - (3,60)=0.768 517
Spleen-Somatic Index (Int.) - (6,60)=1.118 363
Spleen-Somatic Index (ME) - (3,60)=3.222 .029
Length (Int.) - (6,60) =2.269 .049
Weight (Int.) - (6,60)=4.378 .001
Condition Factor (Int.) - (6,60) =3.871 .002
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Figure 7: Overall main effect of diets on serum cortisol concentration. UC = unstressed fish fed
commercial feed, SC = stressed fish fed commercial feed, SG = stressed fish fed genistein-
supplemented feed, SP = stressed fish fed puerarin-supplemented feed. Bars represent
mean + SEM; * = p <.05 compared to SC.
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Figure 8: Effect of diets on blood glucose concentration at day 3, day 21, and day 49 post-
induction of stress. UC = unstressed fish fed commercial feed, SC = stressed fish fed commercial
feed, SG = stressed fish fed genistein-supplemented feed, SP = stressed fish fed puerarin-
supplemented feed. Bars represent mean + SEM; * = p < .05 compared to SC within each
sampling period (days).
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Figure 9: Effect of diets on hematocrit at day 3, day 21, and day 49 post-induction of stress.
UC = unstressed fish fed commercial feed, SC = stressed fed commercial feed, SG = stressed
fish fed genistein-supplemented feed, SP = stressed fish fed puerarin-supplemented feed. Bars

represent mean + SEM; * = p < .05 compared to SC within each sampling period (days).
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Figure 10: Effect of diets on plasma protein concentration at day 3, day 21, and day 49 post-
induction of stress. UC = unstressed fish fed commercial feed, SC = stressed fed commercial
feed, SG = stressed fish fed genistein-supplemented feed, SP = stressed fish fed puerarin-
supplemented feed. Bars represent mean + SEM; * = p < .05 compared to SC within each
sampling period (days).
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Figure 11: Overall main effect of diets on hepatosomatic index. UC = unstressed fish fed
commercial feed, SC = stressed fish fed commercial feed, SG = stressed fish fed genistein-
supplemented feed, SP = stressed fish fed puerarin-supplemented feed.

Bars represent mean + SEM.
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Figure 12: Overall main effect of diets of spleen-somatic index. UC = unstressed fish fed
commercial feed, SC = stressed fish fed commercial feed, SG = stressed fish fed genistein-
supplemented feed, SP = stressed fish fed puerarin-supplemented feed.

Bars represent mean + SEM; * = p < .05 compared to SC.
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Figure 13: Effect of diets on terminal (day 49) length. UC = unstressed fish fed commercial feed,
SC = stressed fish fed commercial feed, SG = stressed fish fed genistein-supplemented feed,
SP = stressed fish fed puerarin-supplemented feed. Bars represent mean + SEM;

* = p <.05 compared to SC at day 49.
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Figure 14: Effect of diets on terminal (day 49) weight. UC = unstressed fish fed commercial
feed, SC = stressed fish fed commercial feed, SG = stressed fish fed genistein-supplemented
feed, SP = stressed fish fed puerarin-supplemented feed. Bars represent mean + SEM;

* = p <.05 compared to SC at day 49.
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Figure 15: Effect of diets on terminal (day 49) condition factor. UC = unstressed fish fed
commercial feed, SC = stressed fish fed commercial feed, SG = stressed fish fed genistein-
supplemented feed, SP = stressed fish fed puerarin-supplemented feed. Bars represent
mean + SEM; * = p <.05 compared to SC at day 49.
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Table 5: Effects of diets on Ba, Wa, SGR, FI, FCR, and PER over 49 weeks. UC = unstressed
fish fed commercial feed, SC = stressed fed commercial feed, SG = stressed fish fed genistein-
supplemented feed, SP = stressed fish fed puerarin-supplemented feed. Values represent mean +
SEM; * = p < .05 compared to SC.

Growth uc e SG SP

Parameters
Biomass (g)

B; 566.3 566.3 566.3 566.3

Br 1350.2 961.1 1077.1 1056.7

Daily Ba 16.00 8.06 10.42 10.01

Total Ba 783.9 394.8 510.8 490.4
Weight (g)

Wi 94.4+3.2 944 +32 944 +32 94.4+32

Wre 225.0+ 11.5%* 160.2 £5.0 176.1 £5.8 179.5+7.0

Daily Wa 2.67 1.34 1.74 1.67

Total Wa 130.7 65.8 85.1 81.7
SGR (g) 1.77 1.08 131 1.27
Fl(g)

Daily FI 17.3 15.3 15.4 15.2

Total FI 846.6 748.2 752.4 742.8
FCR 1.08 1.90 1.47 1.51
PER 1.85 1.06 1.36 1.32
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Discussion

There is a lag in the production of corticosteroids, making cortisol an effective measurement of
overall stress, even after the capturing and handling required to sample fish (Barton, 2002).
While an overall decrease in cortisol may appear counterintuitive, the addition of cortisol to the
diets (in the form of hydrocortisone) affects the negative feedback mechanism of stress (Barton,
2002; Barton et al., 1987). The HPI axis is controlled through negative feedback, and the
repeated exposure of stress causes desensitization of the HPI axis, resulting in a decreased
production of cortisol (Barton, 2002; Barton et al., 1987; Madaro et al., 2015). The mechanism
of this negative feedback mechanism is twofold: 1) increased cortisol metabolism, leading to
more rapid clearance of cortisol from the system (Redding et al., 1984), and 2) chronic stress
leads to downregulation of tissue cortisol receptors (Pottinger, 1990, Barton et al., 1987).
Specifically, the chronic administration of cortisol shuts down release of corticotrophic-releasing
factor from the hypothalamus, which downregulates the production of adrenocorticotrophin from
the anterior pituitary (Barton et al., 1987; Basu et al., 1965). The lack of adrenocorticotrophin
stimulating interrenal chromaffin cells to produce cortisol leads to atrophy of the interrenal tissue
(Barton et al., 1987; Basu et al., 1965). As shown in this study, hydrocortisone administration to
Nile tilapia resulted in downregulation of serum cortisol concentration, demonstrating a lower
production of endogenous cortisol production, as measured 24 after final administration of
hydrocortisone. Stressed fish showed a significant decrease in endogenous cortisol production
compared to unstressed fish. Even so, the addition of hydrocortisone into the feed still affects
target tissues, producing negative consequences on growth and immunity (Barton et al., 1987).
These findings show that the cortisol administered to the diets was indeed metabolized by the
stressed fish, and was expected to cause negative impacts on physiology and growth. Although
not statistically significant, the supplementation of pure isoflavone isolates in the feed showed
overall higher cortisol concentrations, suggesting their use may alleviate the negative impacts of

cortisol administration and produce a suppressed stress response.

Under stress, fish release blood glucose to help meet increased energy demands, resulting in an
increased blood glucose concentration (Barton et al., 1987). This study did not demonstrate a
significant increase in blood glucose concentration for stressed fish. Genistein supplementation

showed significantly increased blood glucose concentration in the early stages of stress, although
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this appeared to be eliminated or even reversed in the later stages of stress. One possible
mechanism for the increase in blood glucose concentration is through the upregulation of insig/
gene by genistein (Olsvik et al., 2017). This gene produces a membrane protein embedded in the
endoplasmic reticulum membrane, and plays a role in many physiological processes, including
glucose metabolism (GeneCards Database). Genistein was also shown to modulate the glycolysis
pathway, decreasing the glucose-6-phosphate intermediate (Olsvik et al., 2017). Genistein
supplementation also resulted in an increased HSI, although this was not significant. The liver is
the main carbohydrate storage center in animals, with glucose being converted into glycogen and
stored in the liver (Wendelaar Bonga, 1997). This increase in liver size associated with genistein
may be due to decreased breakdown of glycogen into glucose. Genistein was shown to inhibit
glycogenolysis, downregulating many of the pathway end products, such as maltose (Olsvik et
al., 2017). Although genistein was shown to increase blood glucose concentrations, it is possible
that molecules other than glycogen are being utilized in glucose production. The findings of this
study suggest genistein supplementation may negatively impact glucose metabolism and
homeostasis in Nile tilapia. Conversely, puerarin did not demonstrate any impacts on blood

glucose or liver size.

Stress caused an overall increase in hematocrit, increasing the number of red blood cells
circulating in the blood, although this was only statistically significant at day 21. The release of
epinephrine and norepinephrine during stress results in the release of additional red blood cells
and swelling of those red blood cells (Wendelaar Bonga, 1997). Genistein supplementation was
able to prevent this release of red blood cells in the early stages of stress. Both genistein and
puerarin consistently showed non-significantly lowered hematocrit values throughout the
duration of the experiment, further suggesting these isoflavones may reduce the negative

consequences of stress on circulating red blood cells.

Induction of stress in Nile tilapia produced changes in total plasma protein concentration. Stress
caused an overall increase in plasma protein concentration, with a rise in protein concentration
being continuous with the duration of stress. Increase in plasma protein concentration is thought
to be an indicator of good health (Panigrahi et al., 2010), but an increase in plasma protein is also

associated with stress (Ellis et al., 2012). This rise in plasma protein concentration is thought to
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be related to immunity (Dawood et al., 2017; Gerwick et al., 2002). Injection of a variety of
bacteria and viral factors caused on overall increase in plasma protein concentration (Gerwick et
al., 2002). While an overall increase was shown, the protein profiles (as determined by protein
molecular weight) showed upregulation of individual, un-identified proteins varied between
different bacteria and different viral factors (Gerwick et al., 2002). During the early stages of
stress, genistein had lower plasma protein concentration while puerarin showed increased plasma
protein levels. As the duration of stress progresses, this trend changed, with genistein having
higher plasma protein concentrations and puerarin having lower plasma protein concentration. A
study that has looked into the effects of puerarin on plasma protein concentration found similar
results, showing an overall decrease in plasma protein concentration (Hossain et al., 2013).
Without proper controls in place, it is difficult to draw conclusions about whether an additional
increase in plasma protein concentration above that caused by stress alone should be considered
a positive or negative influence. While the increase in plasma protein concentration may indicate
more robust innate immunity, it may also be due to an increase in stress. Generally speaking
though, increased protein concentration would require additional energy expenditure to produce

said proteins, suggesting further deviations from homeostasis.

Stress also showed a non-significant decrease in spleen size, an important organ that plays a role
in adaptive immunity. Spleen size has shown to be predictive of disease resistance in fish, but the
exact mechanism has not been determined (Hadidi et al., 2008). It is possible that increased
spleen size allows for more efficient filtration of the blood or that spleen size is directly related
to the composition of spleen cells (Hadidi et al., 2008). Overabundance or deficiencies in
specific spleen cells may be responsible for the related spleen size (Hadidi et al., 2008). Stress is
known to cause apoptosis of circulating lymphocytes and lymphocytes in the spleen (Saha et al.,
2003). Fish lymphocytes also contain catecholamine receptors, leading to the hypothesis that
lymphocytes can be directly innervated by the autonomic nervous systems (Nardocci et al.,
2014), possibly mediated through the stress response. The addition of pure isoflavones resulted
in an increase in spleen somatic index, but this was only significant for puerarin. Other research
findings also suggest there is a positive effect of puerarin on spleen somatic index (Hossain et al.,

2013), supporting the finding that puerarin significantly increases spleen size.
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Negative consequences of stress on growth were apparent in this study. Stressed Nile tilapia
showed overall lower growth rates, indicated by a lower specific growth rate and lower weight
and biomass gains. Stress also resulted in leaner fish, as indicated by a significantly lower
condition factor. Stress is thought to reduce growth in a number of different ways. First, stress
leads to a decrease in feed intake (Wendelaar Bonga, 1997), which was simulated in this study.
Stressed fish showed a lower daily and total feed intake compared to non-stressed fish. Neither
genistein nor puerarin appeared to caused changes in overall feed intake. Second, stress causes
negative consequences on the assimilation of food into body weight (Wendelaar Bonga, 1997).
Again, stress showed much greater feed conversion ratio compared to non-stressed fish, meaning
it required larger quantities of feed to produce increases in weight gain. While the isoflavones
supplemented in the diets did not appear to influence feed intake, there is evidence to suggest
that genistein and puerarin did influence the assimilation of food, requiring less food than the
stressed fish that did not receive isoflavone supplementation. Stressed fish also had a lower
protein efficiency ratio, indicating that stress resulted in larger quantities of dietary protein to
produce growth. Again, genistein and puerarin supplemented to the diets appeared to alleviate
the consequences of stress, as demonstrated by less protein being required in the diets. Lastly,
stress increases overall metabolic rate above basal metabolism (Wendelaar Bonga, 1997).
Metabolic rate can be examined in a number of different ways, but one prime example is the rate
of respiration (Wendelaar Bonga, 1997). Research has shown that respiration rate is negatively
associated with growth in fish, where an increase in respiration, and consequently an increase in
metabolism, leads to an overall reduction of growth (Vaughan et al., 1982). Increases in
respiration rates have been associated with increases in stress (Barton et al., 1987). Since the rate
of metabolism was not directly examined in this study, no conclusions about metabolic rate can

be drawn from this study.

Little to no information regarding the effects of puerarin on growth is available. Genistein has
been well studied, but there are conflicting results regarding the effects of genistein on growth.
Low doses of genistein have been shown to have no effect of growth on flounder, but genistein
did show inhibitory effects on growth at greater concentrations (DiMaggio et al., 2016). Yellow
perch have shown decreased growth at concentrations of genistein nearly four-fold greater than

what was tested in this study (Ko et al., 1999). Other studies have found no effect of genistein on
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growth in trout (Bennetau-Pelissero et al. 2001) or in bass (Pollack et al., 2003). One study found
that the addition of genistein to the feed resulted in a decreased feed intake in trout, but it also
produced a greater protein utilization (Torno et al., 2018). This partially supports the findings of
this research. While genistein supplementation did not decrease feed intake, it did result in

greater protein efficiency, possibly due to protein utilization as described by Torno et al. (2018).
Conclusion

The effects of stress on fish causes many deleterious effects. The isoflavones genistein and
puerarin appear to alleviate some of these negative consequences, such as the effects of stress on
red blood cell release and plasma protein concentration. These negative consequences of stress
are due to the release of catecholamine and corticosteroids, such as cortisol. The use of cortisol
added to the feed allowed for downregulation of endogenous cortisol production while still
producing the negative consequences of stress. One possible negative consequence of genistein
supplementation is an imbalance in glucose homeostasis, which may be explained due to the
effects of genistein on the glycolysis and glycogenolysis pathway. Increases in spleen size shows
that puerarin and possibly genistein promote the adaptive immune system. Genistein and
puerarin also produced differing effects on plasma protein concentrations, although further
investigation is needed to determine the relationships between stress, isoflavones, and this innate
immune response. These isoflavones also showed overall better growth rates in Nile tilapia, as
seen with a greater specific growth rate, weight gain, feed conversion, and protein efficiency, all
while requiring the same amount of feed. While further research is needed to better understand
the effects of isoflavone on stress, these findings suggest that isoflavones may be effective

modulators of the stress response.
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COMPARISON OF CRUDE ISOFLAVONE EXTRACTS ON STRESS

Introduction

Aquaculture, a rapidly growing source of high quality protein (Troell et al., 2014), has the
potential to feed millions of people and help reduce world hunger. Unfortunately, this growth is
coming at the expense of the fish being reared. Crowded conditions and other stressors in this
artificial environment results in the release of catecholamines and corticosteroids, which inhibit
growth and immunity (Barton, 2002). This results in huge economic losses as fish succumb to
disease and death (Liu et al., 2017). To counteract these side effects, antibiotics and other
chemicals are used prevalently and with little discrimination (Hvistendahl, 2012, Watts et al.,
2017), promoting antibiotic resistance and passing antibiotic residues along to consumers
(Caruso, 2016). Nutraceuticals may help turn this tide by taking a more proactive response to
stress. Isoflavones are of particular interest. They are naturally abundant in some widely
consumed foods (Ganai & Farooqi, 2015) and have many different health benefits associated
with them. Although structurally similar, isoflavones do not share all of the same health benefits
(Ruiz-Larrea et al., 1997; Yanagihara, 1993), and different isoflavones may have more potent

health effects compared to others.

In nature though, these isoflavones are not produced in isolation. Legumes produce many
different isoflavones, with variations in the relative abundance of these isoflavones between
plants. Burdette and Marcus (2013) found isoflavones composition varies greatly between
different legume dietary supplements. Soybean (Glycine max) flour and soybean protein isolate
showed genistein in the greatest concentration, closely followed by daidzein. Commercially
available soybean products do not appear to follow this same trend in isoflavone composition.
Daidzein is the isoflavone found in greatest abundance in commercial soybean (Glycone max),
followed by genistin and glycitin (Chen and Wei, 2008). Converting soybean into other soy
products appears to produce changes in the relative abundance of these isoflavones. In soymilk
and tofu, genistin was the most abundant isoflavone, followed by daidzein then glycitin (Chen
and Wei, 2008). Further complicating this issue, isoflavone composition can vary greatly within

the same plant. The soybean germ was shown to have the greatest concentration of isoflavone,
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with daidzin and glycitin being produced in the greatest abundance (Yue et al., 2010). Although
at lower concentration, the soybean coat contained the same relative abundance of isoflavones
(Yu et al., 2010). Daidzin was the most abundant isoflavone in the soybean cotyledon, but
instead of glycitin, genistein was the second most abundant product. Isoflavone concentration
also varied greatly within and between clover species (Butkute et al., 2014). Red clover
(Trifolium pretense) flower and red clover extract contained mostly formononetin and biochanin
A (Burdette and Marcus, 2013). Formononetin was generally the most abundant isoflavone
across species and tissues, although there was great variation in the second most abundant
isoflavone (Butkute et al., 2014). Puerarin and daidzein were the most abundant isoflavone in
kudzu (Pueraria lobate) thizome and extract products (Burdette and Marcus, 2013). Other
studies have supported this finding (Reppert et al., 2008), suggesting there may be little
variations in isoflavone composition in kudzu. Lastly, dietary supplements are not always sold
on a plant-by-plant basis either, but may combine a variety of isoflavone-producing plants. As
expected, there are large variations in isoflavone composition across different dietary
supplements containing mixtures of these legumes (Delmonte et al., 2006). These findings
clearly demonstrate that relative isoflavone abundance can vary greatly between different

isoflavone-containing plants and their products, both between species and even within species.

While many studies have tried to tease apart the individual effects of isoflavones (Ruiz-Larrea et
al., 1997; Yanagilhara, 1993; Rasbach & Schnellmann, 2008), the holistic consumption of
isoflavones from legumes also needs to be considered. That is, there may be combined effects of
isoflavones when used in conjunction with one another that is different than any one individual
effect. The nature of those combined effects is not well understood, although a few recent studies
have worked to better understand these effects. Huang et al. (2016) found that soybean extract
containing a crude isoflavone mixture produced a decrease in macrophage nitrate production, a
precursor to respiratory burst. While the individual effects of genistein and daidzein were able to
stimulate a similar reduction in nitrate production, those individual effects were significantly
different than those produced from the crude isoflavone extract. Wu et al. (2019) took a different
approach by mixing individual isoflavones together to create isoflavone concentrations identical
to those in crude isoflavone extracts from soybean. They found that crude soybean isoflavone

extracts produced increases in growth and changes in oocyte histology in fish, but the individual
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isoflavone mixture did not produce the same results, even though these isoflavones were
standardized to the crude isoflavone extract. While more research is needed in this area, this
suggests that crude isoflavone extracts may produce substantially different results than their

individual components.

The objective of this experiment was to determine the effects of three crude isoflavone extracts
(kudzu, red clover, and soybean) on stress in Nile tilapia. It was hypothesized that kudzu, red
clover, and soybean isoflavone extracts will reduce stress, resulting in increased growth and

improved immunity (Table 6).

Method
Fish Acquisition and Maintenance

Fingerling Nile tilapia (Oreochromis niloticus) (n=120) obtained from Troyer Aqua Farm
(Indiana, USA) were reared in a recirculating system in the Life Science Resource Center on the
Purdue University Fort Wayne campus. One hundred twenty fish were randomly distributed into
15 20-gallon tanks (n=8), each fed their own unique diet (Fig. 16). Twenty percent water changes
were performed on a weekly basis for the duration of the experiment, with water chemistry being
measured on a weekly basis. Water chemistry was maintained at a healthy level (ammonia < 0.25
ppm, nitrite < 0.5 ppm, nitrate <40 ppm, dissolved oxygen > 7.0 mg/L). The pH and temperature
ranged from 7.2-7.6 and 25-28°C, respectively. A photoperiod of 14-hour daylight, 10-hour night

was maintained throughout the duration of the experiment.
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Table 6: Hypothesized results of stress on various physiological and growth parameters.
Supplementation of isoflavones for stressed fish is expected to improve these parameters.

Parameter Stress Isoflavone .
Supplementation

Serum Cortisol J 0
Blood Glucose T J
Hematocrit T N
Plasma Protein 0 J
Hepatosomatic Index l 0
Spleen-Somatic Index N 0
Length - -
Weight N T
Biomass 1 )
Specific Growth Rate N T
Feed Intake 1 )
Feed Conversion Ratio T N
Protein Efficiency Ratio { 0
Condition Factor J 0

Dayl E
UC SC (Acute) | £
s
g
Day 10 Z
Growth
ucC SC SK SS (Day 0)
(Day 42)

Figure 16: Study design. Fish from each of the five diets were sampled four times. Acute and
chronic stress was measured at days 1 and 10, respectively. Growth was measured at day 0 and
42. UC = unstressed fish fed commercial feed, SC = stressed fish fed commercial feed, SK =
stressed fish fed kudzu-supplemented feed, SR = stressed fish fed red clover-supplemented feed,
SS = stressed fish fed soybean-supplemented feed.
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Diets

AquaMax® Fingerling Starter 300 commercial feed was obtained from Purina® (Missouri, USA),
with nutritional information provided in Table 7. Fish were fed twice daily at 1.5% of mean body
weight, with fish being weighed on a weekly basis to determine mean body weight.
Hydrocortisone was used to induce stress in fish, which has been reported previously (Barton, et
al, 1987). To stress fish, 100 mg of hydrocortisone, 98% (Acros Organics, New Jersey, USA),
dissolved in pure ethanol was mixed with one kg of commercial feed in an enclosed container.
Feed pellets were spread out on a tray and allowed to air dry overnight before use. Crude
isoflavone extract was added to the feed in a similar fashion as hydrocortisone, with the
exception that 5 g of 40% crude isoflavone extract was added per kg of commercial feed, to
create a concentration of 2 g of isoflavone per kg of feed. Feed was placed in a sealed container
and stored at 4°C. 40% crude isoflavone extracts of kudzu (Pueraria lobata), red clover
(Trifolium pratense), and soybean (Glycine max) were obtained from Nutra Green Biotechnology
Co. (California, USA). Individual isoflavone composition of the 40% crude extracts was

provided upon purchase (Table 8).
Experimental Design

Fish were allowed to acclimate for two weeks prior to starting the experiment, during which time
they were fed commercial feed until satiation. Fish were fed one of the five experimental diets:
1) unstressed fish fed commercial feed (UC), which served as a negative control for stress, 2)
stressed fish fed commercial feed (SC), which served as a positive control for stress, 3) stressed
fish fed kudzu extract-supplemented feed (SK), 4) stressed fish fed red clover extract-
supplemented feed (SP), and 5) stressed fish fed soybean extract-supplemented feed (Fig. 16).
There were three tanks for each of the five diets. One set of tanks with eight fish from each of the
five diets was sampled at day 1, which constituted the acute stress portion of the physiology
study, and at day 10. The second set of tanks with eight fish from each of the five diets was
sampled at day 10, which constituted the chronic stress portion of the study. The third set of
tanks containing eight fish was utilized for the growth study. Fish from each of the five diets
were collected at day 0 (baseline), before the diets were administered. Length and weight were

recorded for each fish. The same fish from the five tanks were again measured 42 days after
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feeding with the experimental diets. The growth portion of this study represented a repeat-

measure design, but the physiology portion did not.

Fish were euthanized by adding 200 mg of Tricaine-S (MS-222) (Western Chemical,
Washington, USA) to one liter of water, waiting until operculum movement and response to
stimuli ceased. Weight and length were collected at every sampling period. At day 1 and day 10,
blood was collected from the caudal vein of each fish using a heparinized (Sequester-Sol,
Florida, USA) 25-gauge needle (BD Syringe, New Jersey, USA). To obtain plasma, blood was
immediately centrifuged at 10,000 rpm for 5 minutes before clotting occurred. To obtain serum,
blood was allowed to sit on ice for one hour so clotting could occur. After clotting, the blood was
spun at 5000 rpm for 10 minutes using a centrifuge. Excess serum was stored at -80°C until

ready for use. Fish were then dissected to collect the liver and spleen.
Physiological Parameters

Serum cortisol concentration was analyzed using a commercial cortisol enzyme-linked
immunosorbent assay (ELISA) kit purchased from Cayman Chemical (Michigan, USA).
Procedure was followed according to manufacturer’s guidelines (Cayman, 2017). Briefly, serum
was removed from -80°C and allowed to thaw before use. First, ELISA buffer was added to a 96-
well plate, followed by the standard cortisol concentrations or serum sample. Next, cortisol
acetylcholinesterase (AChE) inhibitor was added before finally adding cortisol ELISA
monoclonal antibodies. Plates were covered in plastic film and allowed to incubate overnight at
4°C. After incubation, plates were emptied and rinsed five times using wash buffer. Ellmen’s
reagent was added to each well, plates were covered with plastic film, and incubated at room
temperature for 90 minutes using an orbital shaker. Plates were read at 420nm using a Multiskan
GO (Thermo Scientific, Massachussets, USA) plate reader. Data was analyzed using a four-
parameter logistic fit with log concentration of cortisol plotted on the x-axis and %B/By plotted

on the y-axis.

Blood glucose concentration was determined using heparinized blood. One drop of blood from
each sample was added to a FreeStyle Lite (Abbott, California, USA) blood glucose test strip and
read using a FreeStyle Lite (Abbott, California, USA) glucometer. The FreeStyle Lite
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glucometer has shown to be one of the most accurate glucometers on the market, with a 96%

compliance rate (Klonoff et al., 2018).

To determine hematocrit (packed cell volume), heparinized blood was added to a capillary tube,
sealed at one end using a critocap, and spun at 10,000 rpm for five minutes using a
microcentrifuge. The capillary tube with separated blood was placed on a microhematocrit

capillary tube reader and the percentage of red blood cells was read.

Plasma protein concentration was determined using a VEE GEE CLX 1 (Washington, USA)
refractometer. 2 drops of plasma were added to the surface of the prism. The plate lid was closed
and placed under a bright light to view the blue-white boundary, indicative of the plasma protein

concentration. The refractometer was properly cleaned between samples.

Lysozyme activity was measured according to Ellis (1990). Briefly, the lyophilized gram-
negative bacterium Micrococcus lysodeikticus (Sigma, Missouri, USA) was weighed and added
to sodium phosphate buffer (0.05M, pH 6.2) to create a suspension of 0.2 mg of bacteria per mL.
Serum (25 pL) was added to 1.0 mL of M. lysodeikticus suspension and briefly vortexed.
Absorbance (530 nm) was recorded at 30 seconds (Absi) and 4 minutes 30 seconds (Absr) using
a Milton Roy Spectronic 601(Pennsylvania, USA) spectrophotometer. Lysozyme activity was
calculated using the equation below. A unit of lysozyme activity is described as causing a

decrease in absorbance of 0.001 per minute.

AbSI - AbSF
min

To determine the organ-somatic indices, both the spleen and liver were weighed after dissection.
Hepatosomatic index (I) and spleen-somatic index (SSI) were calculated by the following

equation:

Liver weight (g) Spleen weight (g)

L Total body weight (g) * 100 S5 Total body weight (g) * 100
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Growth Parameters

Initial length (L) in cm and initial weight (Wi) in g were collected at day 0. Initial biomass (Br)
in g was calculated by the addition W from the eight-fish sample. Using the same eight fish from
initial measurements, final length (Lr) in cm and final weight (WF) in g were collected at day 42.
Final biomass (Br) in g was calculated by the addition Wr from the same six-fish. Condition
factor was calculated as followed: [weight/length’]. Total feed intake (FI) in g was calculated by
the addition of feed added to the tank from each of the six weeks of sampling. Protein intake (PI)
in g was calculated by multiplying FI by the proportion of protein in the feed. All growth
parameters were calculated according to Table 9. Fish were assumed to homogenous growth,
where the largest fish in the initial sample was compared with the largest fish in the final sample,

and so on for the remainder of the fish.
Statistics

All physiological parameters and the growth parameters length, weight, and FCR were analyzed
using a two-way (5x2) multivariate analysis of variance (MANOVA) using diets and stress
response as the independent variables (o = .05). The growth parameters TWG and SGR were
analyzed by a one-way MANOVA using diets as the independent variable. The two-way
MANOVA was followed-up using a series of univariate two-way ANOVAs for dependent
variables that had a statistically significant interaction, examining diets at every level of stress
response. Dunnett’s test (many-to-one comparison) was used for all post-hoc analysis, with SC
serving as the diet with which the other diets were compared. Comparing all other diets to only
SC was utilized for two reasons: 1) SC is the only diet that has one degree of commonality with
all other diets regarding stress and isoflavone supplementation, and 2) to minimize the type 1
(family-wise) error rate due to fewer overall comparisons than testing all possible differences
between diets. If there was not a significant interaction for the dependent variable, only the
statistically significant main effect of diets was examined using a univariate one-way ANOVA
followed by Dunnett’s test. Figure 17 provides a graphical summary of the statistical analyses

used.
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Table 7: Nutritional composition for experimental diets (expressed as % of total feed). UC =
unstressed fish fed commercial feed, SC = stressed fish fed commercial feed, SK = stressed fish
fed kudzu-supplemented feed, SR = stressed fish fed red clover-supplemented feed, SS =

stressed fish fed soybean-supplemented feed.

Diets

ucC SC SK SR SS
Crude Protein (%) 50.00 50.00 50.00 50.00 50.00
Crude Fat (%) 16.00 16.00 16.00 16.00 16.00
Crude Fiber (%) 3.00 3.00 3.00 3.00 3.00
Ash (%) 12.00 12.00 12.00 12.00 12.00
Calcium (%) 2.55 2.55 2.55 2.55 2.55
Phosphorus (%) 1.30 1.30 1.30 1.30 1.30
Sodium (%) 0.60 0.60 0.60 0.60 0.60
Hydrocortisone (%) - 0.01 0.01 0.01 0.01
Kudzu Extract (%) - - 0.50 - -
Red Clover Extract (%) - - - 0.50 -
Soybean Extract (%) - - - - 0.50

Table 8: Ratio of isoflavones in crude extracts of kudzu (Pueraria lobata),

red clover (Trifolium pratense), and soybean (Glycine max)

Isoflavone Kudzu Red Clover Soybean
Biochanin A - 8.5% -
Daidzein 3.3% 0.4% 1.4%
Daidzin 6.2% - 21.8%
Formononetin - 30.7% -
Genistein - 0.3% 0.3%
Genistin - - 4.5%
Glycitein - - 0.5%
Glycitin - - 11.4%
Puerarin 30.4% - =
Total 40.0% 40.0% 40.0%



Table 9: Equations used to determine growth parameters

Growth Parameter Equation
Total biomass change (Ba) Br — B;
Daily B Ba
aily Ba Days
Total weight gain (Wa) W — W,
Daily W, wa
aily Wa Days
: In(Wg) — In(Wy)
Specific Growth Rate (SGR) * 100
Days
Daily F Total FI
ay Days
Feed Conversion Ratio (FCR) (HYER 10 SVl
Total WA
Protein Efficiency Ratio (PER) (P1/Fish in Sample)
Total WA
- Weight
Condition Factor e
Length

Significant Tvo-WinCMANCHVE Not

Kb on (Diets x Duration of Stress) Signiioant

l

Significant
Main Effect
Series of univariate one-way AMOVA
for the main effect of diet at every Report
level of stress response
A
Univariate one-way ANOWVA
for main effect of diet
( Dunnett’s test
*  Post Hoc » [SC serving as the single
Lcontral for comparisons)

Figure 17: Flow chart for statistical analysis of diets and
stress response on physiological and growth parameters
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Results

The results of the MANOVA analyses are presented in Table 10. There was not a significant
main effect of diets on serum cortisol concentration (p =.134) (Fig. 18), blood glucose
concentration (p = .865) (Fig. 19), or hematocrit (p = .151) (Fig. 20), although it does appear that
stress caused an overall decrease in serum cortisol concentration and hematocrit. There was a
significant interaction between diets and stress response on plasma protein concentration (p =
.001) (Fig. 21). When examining the effect of diets on stress, there was a significant main effect
for diets during chronic stress (£(4,35) = 8.232, p > .001) but not acute stress (F(4,33) =.776, p
=.549). During chronic stress, the addition of hydrocortisone to the feed appeared to elevate
plasma protein levels, although there were no significant differences between UC and SC, which
had a plasma protein concentration of 5.45 £ 0.29 (p = .187). SK and SR did not significantly
differ from SC either (p = .917 and p = .856, respectively). SS, which had a plasma protein
concentration of 6.90 & 0.23, did show a significantly higher plasma protein concentration

though when compared to SC (p =.003).

While the main effect of diets did significantly impact LA (p = .004), none of the diets were
shown to be significantly different from SC, the diet which all other were compared with (p =
905 for UC, p =.162 for SK, p =.438 for SR, and p = .447 for SS) (Fig. 22). Stress appeared to
cause an overall increase in lysozyme activity, with the crude isoflavone extract supplemented
diets showing an additional increase in lysozyme activity. A similar trend was shown for
hepatosomatic index, where there was a significant main effect of diets on hepatosomatic index
(p = .046), but there was no significant difference detected between SC and UC (p = .905), SK (p
=.162), SR (p = .438), or SS (p = .447) (Fig. 23). Like lysozyme activity though, hepatosomatic
index appeared to increase overall for the four stress diets, with the three crude isoflavone extract

supplemented diets showing the greatest HSI.

Lastly, diets did show a significant effect on spleen-somatic index (p = .003) (Fig. 24). SC had
an overall decrease in spleen-somatic index, with a measurement of 0.278 + 0.033 %, compared
to UC, which had an overall spleen-somatic index of 0.435 £+ 0.033 % (p = .013). All diets that

were supplemented with isoflavone showed a significantly greater spleen-somatic index, which
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appeared to be comparable to the UC. Overall spleen-somatic index was 0.463 + 0.043 % for SK
(p =.002), 0.439 + 0.054 % for SR (p =.013), and 0.418 + 0.036 % for SS (p =.021).

There was not a significant effect of diets on length (p =.099) (Fig. 25), but there was a
significant effect interaction between diets and time on weight (p = .025) and condition factor (p
=.047). Weight and condition factor did not significantly differ at baseline (£(4,35) =.055, p =
994, and F(4,35) =2.044, p = .110, respectively). At day 42 though, diets significantly impacted
both weight (F(4,35) = 2.684, p = .047) and condition factor (£(4,35) = 7.340, p <.001). UC had
a greater terminal weight (139.5 + 11.7 g) than SC (102.0 = 11.5 g) (p = .047), but there were no
significant differences between SC and SK (p =.992), SR (p = .963), or SS (p =.999) (Fig. 26).
UC also showed a more favorable terminal condition factor (2.03 £ 0.07) than SC (1.80 £ 0.04)
(p =.002), but again, there were no statistical differences between SC and SK (p =.979), SR (p =
.773), or SS (p = .572) (Fig. 27).

Due to the repeated measures of growth, it is possible to statistically analyze the effects of diets
on Wa and SGR. Both were shown to be significantly affected by diets (p =.001 and p <.001,
respectively). In both cases, UC had a greater Wa (83.2 £ 9.2 g) (Fig. 28) and SGR (2.12 £0.12
g) (Fig. 29) than SC, which had a Wa 0f 47.8 £ 6.1 gand a SGR of 1.53 £ 0.11 (p =.002 and p <
.001, respectively). Of all the crude isoflavone extract-supplemented diets, SR showed the
greatest Wa and SGR compared to SC, but these were not statistically significant (p = .818 and p
=.594, respectively). For Wa, compared to SC, neither SK (p =.964) or SS (p = .993) were
shown to be significantly different. The same is true for SGR (p =.519 and p = .994,

respectively).

Focusing on the qualitative growth data presented in Table 11, UC showed a higher daily and
total gain in both Ba and Wa, as well as a higher SGR, compared to all stress groups. For those
stress groups that received crude isoflavone extract-supplementation in their diets, there were
mixed results on growth. SR showed a greater SGR, and daily and total Ba and Wa when
compared to SC although this was not statistically significant. SS showed similar growth results
across most growth parameters, but did show possible improvements in FCR and PER. SK

showed the lowest growth, as suggested by a lower daily and total Ba and Wa, as well as SGR.
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For FI, UC required more food to achieve such growth compared to the stress groups. SC
required the second most feed, and all crude isoflavone extract-supplemented feeds required
lower quantities of feed than SC. This resulted in SR and SS having a lower FCR and a higher
PER than SC. Even though SK had a lower growth, it also had a lower FI, resulting in a
comparable FCR and PER as SC. Collectively, UC showed more favorable values across all
growth parameters (tank biomass, weight, SGR, FCR, and PER) except FI, compared to all of the
stress diets. With the addition of crude isoflavone extract-supplementation in the feed, SR and SS
showed more favorable values across all growth parameters compared to SC, while SK showed

similar values to SC.
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Table 10: MANOVA results for the interactive (Int.) effects of time and diet or the main effect
(ME) of diet on the combined physiological and growth parameters.

Statistical Test

Wilks A F p
Two-Way MANOVA 290 (40, 199) = 1.920 .002
Serum Cortisol (Int.) - (4,61)=1.573 .193
Serum Cortisol (ME) - (4,61)=1.831 134
Blood Glucose (Int.) - (4,61)=1.535 203
Blood Glucose (ME) - (4,61)=1.573 .865
Hematocrit (Int.) - (4,61)=1.505 212
Hematocrit (ME) - (4,61)=1.750 151
Plasma Protein (Int.) - (4,61)=5.106 .001
Lysozyme Activity (Int.) - (4,61)=0.454 .769
Lysozyme Activity (ME) - (4,61)=4.331 .004
Hepatosomatic Index (Int.) - (4,61)=1.169 .628
Hepatosomatic Index (ME) - (4,61)=2.588 .046
Spleen-Somatic Index (Int.) - (4,61)=0.825 259
Spleen-Somatic Index (ME) - (4,61)=4.542 .003
Length (Int.) - (4,61)=0.825 S14
Length (ME) - (4,61)=1.877 126
Weight (Int.) - (4,61)=2.949 .027
Condition Factor (Int.) - (4,61)=12.529 .050
One-Way MANOVA 469 (8,68)=3.914 .001
Specific Growth Rate (ME) - (4,35)=9.116 <.001
Weight Gain (ME) - (4,35) =6.064 .001
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Figure 18: Overall main effect of diets on serum cortisol concentration. UC = unstressed fish fed
commercial feed, SC = stressed fish fed commercial feed, SK = stressed fish fed kudzu
(Pueraria lobate)-supplemented feed, SR = stressed fish fed red clover (Trifolium pretense)-
supplemented feed, SS = stressed fish fed soybean (Glycine max)-supplemented feed.

Bars represent mean + SEM.
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Figure 19: Overall main effect of diets on blood glucose concentration. UC = unstressed fish fed
commercial feed, SC = stressed fish fed commercial feed, SK = stressed fish fed kudzu
(Pueraria lobate)-supplemented feed, SR = stressed fish fed red clover (Trifolium pretense)-
supplemented feed, SS = stressed fish fed soybean (Glycine max)-supplemented feed.

Bars represent mean + SEM.
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Figure 20: Overall main effect of diets on hematocrit. UC = unstressed fish fed commercial feed,
SC = stressed fish fed commercial feed, SK = stressed fish fed kudzu (Pueraria lobate)-
supplemented feed, SR = stressed fish fed red clover (Trifolium pretense)-supplemented feed,
SS = stressed fish fed soybean (Glycine max)-supplemented feed. Bars represent mean + SEM.
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Figure 21: Effect of diets on plasma protein concentrations after day 1 and day 10 post-induction
of stress. UC = unstressed fish fed commercial feed, SC = stressed fish fed commercial feed,
SK = stressed fish fed kudzu (Pueraria lobate)-supplemented feed, SR = stressed fish fed red
clover (Trifolium pretense)-supplemented feed, SS = stressed fish fed soybean (Glycine max)-

supplemented feed. Bars represent mean + SEM; * = p < .05 compared to SC.
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Figure 22: Overall main effect of diets on lysozyme activity. UC = unstressed fish fed
commercial feed, SC = stressed fish fed commercial feed, SK = stressed fish fed kudzu
(Pueraria lobate)-supplemented feed, SR = stressed fish fed red clover (Trifolium pretense)-
supplemented feed, SS = stressed fish fed soybean (Glycine max)-supplemented feed.
Bars represent mean + SEM.
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Figure 23: Overall main effect of diets on hepatosomatic index. UC = unstressed fish fed
commercial feed, SC = stressed fish fed commercial feed, SK = stressed fish fed kudzu
(Pueraria lobate)-supplemented feed, SR = stressed fish fed red clover (Trifolium pretense)-
supplemented feed, SS = stressed fish fed soybean (Glycine max)-supplemented feed.
Bars represent mean + SEM.
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Figure 24: Overall main effect of diets on spleen-somatic index. UC = unstressed fish fed
commercial feed, SC = stressed fish fed commercial feed, SK = stressed fish fed kudzu
(Pueraria lobate)-supplemented feed, SR = stressed fish fed red clover (Trifolium pretense)-
supplemented feed, SS = stressed fish fed soybean (Glycine max)-supplemented feed.
Bars represent mean + SEM; * = p <.05 compared to SC.
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Figure 25: Effect of diets on terminal (day 42) length. UC = unstressed fish fed commercial feed,
SC = stressed fish fed commercial feed, SK = stressed fish fed kudzu (Pueraria lobate)-
supplemented feed, SR = stressed fish fed red clover (7rifolium pretense)-supplemented feed,
SS = stressed fish fed soybean (Glycine max)-supplemented feed. Bars represent mean + SEM.
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Figure 26: Effect of diets on terminal (day 42) weight. UC = unstressed fish fed commercial
feed, SC = stressed fish fed commercial feed, SK = stressed fish fed kudzu (Pueraria lobate)-
supplemented feed, SR = stressed fish fed red clover (7rifolium pretense)-supplemented feed,

SS = stressed fish fed soybean (Glycine max)-supplemented feed.
Bars represent mean + SEM; * = p < .05 compared to SC.
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Figure 27: Effect of diets on terminal (day 42) condition factor. UC = unstressed fish fed
commercial feed, SC = stressed fish fed commercial feed, SK = stressed fish fed kudzu
(Pueraria lobate)-supplemented feed, SR = stressed fish fed red clover (Trifolium pretense)-
supplemented feed, SS = stressed fish fed soybean (Glycine max)-supplemented feed.
Bars represent mean + SEM; * = p < .05 compared to SC.
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Figure 28: Effect of diets on daily and total weight gain over 42 days. UC = unstressed fish fed
commercial feed, SC = stressed fish fed commercial feed, SK = stressed fish fed kudzu
(Pueraria lobate)-supplemented feed, SR = stressed fish fed red clover (Trifolium pretense)-
supplemented feed, SS = stressed fish fed soybean (Glycine max)-supplemented feed.
Bars represent mean + SEM; * = p < .05 compared to SC.
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Figure 29: Effect of diets on specific growth rate over 42 days. UC = unstressed fish fed
commercial feed, SC = stressed fish fed commercial feed, SK = stressed fish fed kudzu
(Pueraria lobate)-supplemented feed, SR = stressed fish fed red clover (Trifolium pretense)-
supplemented feed, SS = stressed fish fed soybean (Glycine max)-supplemented feed. Bars
represent mean + SEM; * = p < .05 compared to SC.
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Table 11: Effects of diets on Ba, Wa, SGR, FI, FCR, and PER over 6 weeks. UC = unstressed
fish fed commercial feed, SC = stressed fish fed commercial feed, SK = stressed fish fed kudzu-
supplemented feed, SR = stressed fish fed red clover-supplemented feed, SS = stressed fish fed
soybean-supplemented feed. Values represent mean + SEM. * = p < .05 compared to SC.

Growth uc SC SK SR ss
Parameters
Biomass (g)
Bi 449.8 4332 430.4 431.0 428.7
Bt 1115.6 815.7 776.8 874.2 834.4
Daily Ba 15.95 9.11 8.25 10.55 9.66
Total Ba 665.8 382.5 346.4 4432 405.7
Weight (g)
Wi 548 +£2.7 542+64 53.8+4.0 57.3+3.7 53.6+4.1
Wt 149.0+10.4 * 1029+ 12.3 104.5+6.1 119.8 £8.8 104.3 +8.7
Daily Wa 1.97+0.22 * 1.14+0.14 1.03+0.13 1.32+0.13 1.21+0.12
Total Wa 83.2+92% 47.8 £6.05 433+54 554+53 50.7+5.2
SGR (g) 2.12+0.12 * 1.53+0.11 1.36 £ 0.09 1.69 + 0.05 1.57 £0.08
FI(g)
Daily FI 21.4 18.1 16.9 17.7 17.5
Total FI 900.7 759.6 707.9 744.6 734.7
FCR 1.35 1.99 2.04 1.68 1.81
PER 1.48 1.01 0.98 1.19 1.10
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Discussion

All of the stressed groups showed a nonsignificant overall decrease in cortisol over the 10-day
study. While fish fed red clover extract-supplemented feed showed comparable serum cortisol
concentrations to the stress control fish, the kudzu and soy extract diets showed even lower
concentrations of serum cortisol than the stress control, suggesting the addition of these
isoflavones may cause additional stress beyond the effects of hydrocortisone added to the diets,
or they lower cortisol concentration by some other mechanism. This decrease in serum cortisol
concentration for stressed fish is most likely due to the addition of hydrocortisone to the feed for
our stressed treatments, resulting in changes to the negative feedback mechanism that regulates
cortisol. Repeated chronic stressors, such as the daily consumption of hydrocortisone, affects the
feedback mechanism of the HPI axis, resulting in lower serum cortisol concentrations (Barton,
2002; Barton et al., 1987; Madaro et al., 2015). This is achieved through downregulation of
cortisol receptors (Pottinger, 1990; Barton et al., 1987) and increased metabolism of cortisol

(Redding et al., 1984).

No major differences in blood glucose concentration were detected between the unstressed and
stressed controls used in this study. There did appear to be a slight overall increase in blood
glucose concentration for all of the crude isoflavone extract-supplemented feed, with kudzu
extract-supplemented feed showing the greatest increase in blood glucose. These differences
appear to be negligible though. Meanwhile, there was an overall increase in hepatosomatic index
associated with crude isoflavone supplementation, above that associated with stress alone. The
liver is an important organ for homeostasis by storing energy in the form of glycogen
(Wendelaar Bonga, 1997). This increase in liver size, while having minimal to no effect on blood

glucose, would suggest that crude isoflavone extracts may improve energy reserves.

Stress resulted in a small overall decrease in hematocrit, or the percentage of red blood cells in
the blood. Red clover and soybean extract-supplemented feed showed similar results for
hematocrit as the stress fish fed commercial feed, but kudzu extract-supplemented feed showed
an overall increase in hematocrit, above unstressed fish fed commercial feed. Evidence suggests
that puerarin, the main component in kudzu, has hemolytic effects (Yue et al., 2008), although

these findings have not been replicated in fish. The fish may be upregulating the production of
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red blood cells to counteract the hemolytic effect, which would result in a greater hematocrit.
Stress is known to cause increases in hematocrit due to the release of additional red blood cells in
an attempt to maintain homeostasis through increased metabolism (Wendelaar Bonga, 1997).
Compounded with the finding that kudzu extract supplementation also caused a decrease in
cortisol, this would suggest that kudzu extract may produce negative side effects that result in

increased stress.

Stress did not affect plasma protein concentrations, an indicator of innate immunity (Dawood et
al., 2017; Gerwick et al., 2002), during acute stress, but as stress accumulated, there was an
increase in protein concentration. Stressed fish fed crude isoflavone extract-supplemented feed
showed increased plasma protein concentrations throughout the duration of the study, with this
increase becoming more pronounced as stress continued for soybean extract-supplemented feed.
Soybean isoflavones have previously demonstrated the capacity to increase serum protein
concentration under stress (Zhou et al., 2015b). Under stress, soybean isoflavones were shown to
upregulate the concentration of various proteins associated with innate immunity, such as
catalase, superoxide dismutase, lysozyme, and different heat shock proteins (Zhou et al., 2015b;
Yang 2019). This supports our finding of increased lysozyme activity associated with soybean
extract supplementation. Soybean extract has also demonstrated the ability to increase lysozyme
activity under normal, unstressed conditions (Zhou et al., 2015a). Soybean protein concentrate
has also been shown to increase plasma protein concentration in fish (Rumsey et al., 1994).
While quantification of isoflavones was not determined in the Rumsey et al. (1994) study,
soybean products consistently show substantial concentrations of isoflavones (Chen and Wei,
2008). These findings support the findings of this study, suggesting soybean isoflavones have a
potent impact on plasma protein concentration. It appears these upregulated proteins may help
modulate some of the negative consequences of stress, such as the effect of stress on protein

misfolding, as seen in the increase in heat shock proteins (Zhou et al., 2015b).

Stress caused an overall decrease in spleen-somatic index, but the addition of crude isoflavone
extracts produced significant increases in relative spleen size. Spleen size has demonstrated a
predictive ability in determining disease resistance, with larger spleens being associated with

increased resistance (Hadidi et al., 2008). Stress is known to decrease spleen size, possibly due to
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the effects of stress on lymphocyte apoptosis (Saha et al., 2003). The addition of crude
isoflavone extracts demonstrated the ability to modulate the negative consequence of stress on
spleen size. Evidence suggests that puerarin, the main isoflavone of the crude kudzu extract,

stimulates an increase spleen size in both stressed and unstressed fish (Hossain et al., 2013).

In terms of growth, there were many clear differences between stressed and unstressed fish
regarding the physical composition of the fish. Stressed showed decreases in terminal weight and
length, contributing to a poorer condition factor. Crude isoflavone extract-supplemented feed
appeared to decrease length beyond that of stress, while also having greater (in the case of red
clover extract) or comparable (in the cases of kudzu and genistein extracts) weight as growth.
One would expect this to improve condition factor, but the crude isoflavone extracts did not
appear to cause a considerable change. The negative consequences of stress are also apparent
when looking growth over the six-week period. Stress resulted in lower gains in biomass and
weight, as well as a lower specific growth rate. Again, red clover extract-supplemented feed
appeared to improve growth over this same period. Previous studies have shown similar results
regarding the effects of red clover extract on growth. Red clover extract supplementation has
previously increased weight gain and specific growth rate in fish (Turan and Akyurt, 2005).
Soybean extract appeared to have little to no effect on overall growth, while kudzu appeared to
decrease these growth rates. The use of daidzein and genistein in combination has also shown
positive effects on growth in fish (Bagheri et al., 2014). Both the red clover and soybean extracts
used in this study contain daidzein and genistein, suggesting the ratio between these isoflavones
may be an important consideration. Red clover extract contains daidzein and genistein in
relatively equal proportions, while soybean extract contains a higher concentration of daidzein
compared to genistein. Positive growth was associated with these isoflavones being roughly

proportional (Bagheri et al., 2014), as seen in the red clover extract used in this study.

These changes in growth caused by stress and crude isoflavone extract supplementation can be
better understood by taking into consideration feed intake. Stress caused an overall decrease in
feed intake while exhibiting higher costs in production as shown by the increase in feed
conversion and the decrease in protein efficiency ratios. Kudzu extract-supplemented feed

resulted in lower feed intake beyond that of stress alone, resulting in comparable feed conversion
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and protein efficiency. Red clover and soybean extract supplementation appeared to lower feed
intake, explaining the relative increases in feed conversion and a decreased protein efficiency.
The effect of red clover and red clover extract on reduced feed intake in fish has been previously

demonstrated (Turan, 2006; Turan and Akyurt, 2005).

Little information is available on the effects of kudzu extract affecting growth, let alone in fish.
This study is a step in better understanding the effects of kudzu extract on growth under stress.
There is conflicting information regarding the effects of soybean isoflavones on growth.
Evidence suggests that soybean isoflavones either have no impact or inhibition on growth,
depending on the concentration of soybean isoflavones added to the diet (Mai et al., 2012).
While there were no differences in feed intake associated with soybean isoflavone use in the diet,
there was a significant decrease in feed conversion at concentrations greater than what was used
in this study (Mai et al., 2012). A recent study suggests that soybean isoflavones may improve
growth, but again, is dependent on concentration (Yang, 2019). At low concentrations, soybean
isoflavones greatly improved weight gain, specific growth rate, feed intake, and feed conversion,
but these trends were reversed at greater concentrations of soybean isoflavones (Yang, 2019).
This effect may be explained by the effects of soybean isoflavones on apoptosis in muscle cells.
Soybean isoflavones were shown to reduce DNA fragmentation and apoptosis in myocytes at
lower concentrations, resulting in greater muscle mass, but increased DNA fragmentation and
apoptosis at greater concentrations (Yang, 2019). These findings strongly suggest that
concentration of isoflavones, both overall and in conjugation with each other, is an important

factor that needs to be considered.
Conclusion

Stress causes profound negative consequences on growth and immunity in fish. These are
expected to be exacerbated as aquaculture continues to grow. The use of isoflavones in the diets
show the potential to minimize some of these negative side effects to stress. Stress caused a
decrease in cortisol due to the effects on hydrocortisone added to the feed affecting the HPI axis
negative feedback mechanism. Red clover extract did not appear to improve cortisol, but the
addition of kudzu and soybean extracts to the feed may further lower cortisol levels. It appears

that crude isoflavone extracts may also increase energy reserves in Nile tilapia, as shown by an
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increase in liver size while having minimal effects on blood glucose. These isoflavone extracts
also appear to promote innate and adaptive immunity, as seen by the overall increase in plasma
protein, lysozyme activity, and spleen size. Red clover extract supplemented to the feed appears
to increase overall growth of Nile tilapia, while kudzu and soybean extracts showed minimal
effects on growth. Of the three crude isoflavone extracts, red clover extract supplementation
produced the best results in modulating stress, thereby improving immunity and growth. While
more research is needed, the addition of red clover extract to the diet shows promising potentials

in bettering the welfare of fish.
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GENERAL DISCUSSION

Two studies were used to examine the effects of isoflavones on immunity and growth in stressed
Nile tilapia. The first study focused on the use of pure isoflavone isolates, while the second
examined the effects of crude isoflavone extracts. Focusing on the positive and negative stress
controls used in this study, there appear to be some substantial differences. In the first study,
there was a significant decrease in cortisol caused by the addition of hydrocortisone in the feed.
While there was also a decrease in the second study, this decrease was not significant. The
overall serum cortisol levels in the second study were lower than those in the first study,
indicating the presence of additional stress. Stocking density is an important factor in rearing fish
such as Nile tilapia, with aggression increasing as stocking density increases (Hecht and
Appelbaum, 1988; Azaza et al., 2013). Aggression may be particularly impactful at lower
densities though (Suresh and Lin, 1992), with greater aggression being correlated with an
increase in stress (Barreto et al., 2009). In larger tanks with greater stocking density, as seen in
the first study, Nile tilapia are able to spread the aggression throughout the population. In smaller
setups, such as in the second study with only eight fish, aggression is not able to be dispersed
throughout the population. This leads to a clear hierarchy, which has negative consequences on
the fish (Harwood et al., 2003) in the form of increased stress. In the first study, there were clear
significant differences between stressed and unstressed controls for many of our physiological
parameters. These same differences were not always detected in the second study. Alternatively,
statistical differences between stressed and unstressed fish regarding the growth parameters were
consistently detected in both studies. Between the first and second studies, stressed controls
showed very similar growth factors, such as the similar feed conversion and protein efficiency
ratios seen between the two studies. Conversely, there was decreased feed conversion ratio and
an increased protein efficiency ratio for the control group in the second study compared to the
first. This would indicate the presence of additional stress (Wendelaar Bonga, 1997). Even
though this confound should be considered with any comparisons between the two studies
discussed hereafter, it would not invalidate the findings of the second study. Since all Nile tilapia
were reared in the same conditions for the second study, the effect of low density on stress would

be the same across all diets.
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Under stress, blood glucose concentrations increase and red blood cells are released to meet
increased energy demands to evade the noxious stimuli (Barton et al., 1987). The addition of
cortisol to induce stress did not produce the expected elevation in blood glucose. While there was
an apparent increase in hematocrit for the first study, no significant differences were detected
between stressed and unstressed fish for the second study. An overall decrease in hepatosomatic
index was also expected, as energy reserves are in the liver are utilized to help meet these
increased energy demands (Barton et al., 1987). Again, neither study showed significant
differences between stressed and unstressed controls for this physiological parameter. Plasma
protein was shown to be susceptible to cortisol administration, consistently showing increased
plasma protein concentrations. Increases in plasma protein concentrations were expected as
certain proteins are upregulated to deal with the negative consequences of stress (Barton et al.,
1987). Isoflavone supplementation showed a myriad of effects on plasma protein concentration,

both across diets and at different durations of stress.

Across both studies, there is a clear effect of hydrocortisone administration on physiological
changes, including decreased immunity and decreased growth, as energy is diverted from these
functions to deal with the disruption of homeostasis induced by stress (Barton et al., 1987). Both
pure isoflavone isolates and crude isoflavone extracts show the potential to alleviate these
negative side effects of stress. There were numerous difference and similarities between the two
supplements, even though the crude isoflavone extracts contained one or the other of the pure
isoflavone isolates tested in the first study. This would suggest that there are interactive effects
between isoflavones beyond those of the individual isoflavone isolate, as a few other studies

have shown (Huang et al., 2016; Wu et al., 2019).

In the first study, pure puerarin isolate was shown to decrease hematocrit regardless of the
duration of stress. In the second study, the use of crude kudzu extract, which mainly contains
puerarin isoflavone, had the opposite effect and actually caused on overall increase in
hematocrit. Kudzu extract also contained daidzin and daidzein, suggesting one of these two
isoflavones (or possibly the combination of both) may produce these differing effects. Similar to
isolated puerarin, isolated daidzein has shown the ability to decrease hematocrit in rats under

conditions that would produce stress (Karale and Kamath, 2017). This would suggest that the
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increase in hematocrit may be due to the effects of daidzin, or some unmeasured combined effect
produced by the combination of diadzein, daidzin, and puerarin. Alternatively, there were similar
trends between puerarin isolate and kudzu extract on the size of the liver in stressed Nile tilapia.
Both puerarin isolate and kudzu extract were shown to increase hepatosomatic index under
stress. Diadzein has been shown not to affect hepatosomatic index in fish (Hu, 2014), suggesting

puerarin may be the cause of increased liver size.

Study one showed the effects of genistein isolate on plasma protein, with the addition resulting in
an increase in plasma protein concentration. Soybean extract also showed the same trend. Both
genistein isolate and soybean extract have been shown to increase superoxide dismutase and
catalase in diabetic rats (Lee, 2006), both of which are found in the serum of fish (Feng et al.,
2013). It is possible that the effects of genistein on plasma protein concentration explain the
similar effects seen by soybean extract. The soybean extract used in this study also contained
other isoflavones though, with diadzin being in the greatest abundance, followed by glycitin,
genistin, daidzein, and glycitein, in that ordered. Genistein is actually the least abundant
isoflavone found in this crude soybean extract. Glycitein, another isoflavone in low abundance in
the soybean extract used in study two, has been shown to also increase superoxide dismutase
activity when used as a feed additive, although there was no effect on catalase activity (Hu et al.,
2015). The affinity of the isoflavones genistein and glycitein to plasma proteins may explain part
of the mechanism behind these findings. Daidzin, genistin, and glycitin are glycosylated forms of
daidzein, genistein, and glycitein, respectively, meaning they contain the addition of a
carbohydrate to their molecular structure (Coward et al., 1993). Glycosylation (in the case of
diadzin and genistin) decreased the affinity between the isoflavones and proteins in the serum
when compared to their respective non-glycosylated molecules (Xiao et al., 2009). Even though
genistein and glycitein are in relatively low abundance in the crude soybean extract, their
molecular structure may allow them to produce greater effects than other, more abundant
isoflavones, particularly on plasma protein concentration. The finding that isoflavones may
promote immunity is also supported by the effects of the pure isoflavone isolates (study one) and
crude isoflavone extracts (study two) on spleen size. These use of isoflavones, regardless of
preparation, resulted in increased spleen-somatic index, which is predictive of increased

immunity and disease resistance (Hadidi et al., 2008). This finding was repeatedly shown to be



85

significant, often producing effects that increased relative spleen size to that above the unstressed
control. Puerarin was present in kudzu extract, while genistein was present in both red clover and
soybean extract, indicating that these isoflavones may play a role in increasing spleen-somatic
index. Taken together, these findings from the physiological parameters measured in both studies
suggest a potent effect of isoflavones on reducing stress and improving immunity, although more
research is needed to determine the individual effects of these isoflavones and their respective

mechanisms of action.

The use of isoflavones generally improved the growth of Nile tilapia as well. In study one, the
use of puerarin and genistein resulted in increased growth rates. Puerarin and genistein
supplementation also resulted in a lower feed conversion ratio and increased protein efficiency
ratio, while having minimal to no impact on feed intake compared to the stress control. Genistein
was associated with a greater condition factor, which was also seen in fish fed soybean extract-
supplemented feed. Similar growth findings with red clover extract were shown in the second
study. The use of red clover extract-supplemented feed resulted in increased growth rate, while
having minimal effects on feed intake, resulting in better feed conversion and protein efficiency.
Red clover contains genistein is minimal amounts, meaning genistein may partially explain these
effects. Genistein is also found in soybean extract, but soybean extract supplemented in the feed
showed minimal improvements in growth. Since genistein has shown the ability to increase
growth in study one as well as in other research (Ko et al., 1999), this leads to two testable
(although not necessarily mutually exclusive) hypotheses to explain these different results for red
clover and soybean extracts: 1) genistein is in too low of abundance to cause improvements in
growth under stress, meaning a different isoflavone is responsible for this increased growth in
red clover, or 2) the interaction between the isoflavones in soybean extract in some way
minimize the individual effect of genistein on growth. Research suggests the second hypothesis
is more likely. The use of daidzein (present in both red clover and soybean extract) was shown to
not significantly affect growth in fish (Hu, 2014). A recent studying examining the effects of
biochanin A (abundant isoflavone in red clover extract) and daidzein (relatively low abundance
in both red clover and soybean extract) were shown to have no impacts on growth, feed intake,
feed conversion, or protein efficiency either in fish (Fickler et al., 2019). This suggests that either

formononetin in red clover extract is responsible for the increase in growth, or again, a possible
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interaction that would require more research. Interactions between these isoflavones would also
be expected based on the findings that puerarin increased growth while kudzu extract, which
contains mainly puerarin, did not improve growth. Isoflavones as a whole are potentially growth
modulators under stress, but more research is needed to determine the individual and combined

effects of these i1soflavones.
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GENERAL CONCLUSION

Scientists are developing a better understanding of the widespread health benefits of isoflavones.
While further research is needed, evidence suggests the addition of isoflavones to the feed of
Nile tilapia will reduce stress, improve immunity, and promote growth. These pure isoflavone
isolates have shown the potential to improve serum cortisol concentration, a strong indicator of
stress in animals. These both pure isolates and crude extracts of isoflavones may also produce
immune stimulating benefits, as seen in the increase of plasma protein concentration, lysozyme
activity, and spleen-somatic index. Isoflavones, particularly pure isoflavone isolates, also appear
to influence growth, improving overall growth rates while maintaining similar feed requirements,
resulting in better conversion of feed into body weight and protein. There is still much to
understand about these isoflavones. While research is ongoing into the individual effects of
isoflavones on a variety of biologically important parameters, relatively little research exists that
focuses on the combined effects of isoflavones. As aquaculture continues to grow, it is expected
that the stressors will increase and the consequences of those stressors will increase alongside.
Not only should the welfare of the animal be concerned, but reducing stress in the aquaculture
environment is beneficial to all people. The use of isoflavones may be one tool to achieve this
result. Reduction in stress through the use of isoflavones could lead to a decrease of antibiotics
and chemicals in aquaculture, possibly reducing pressures on antibiotic resistance and the
consumption of antibiotics as well as reducing pollutants in the environment. More research is
need though to understand the direct effects of isoflavone supplementation on antibiotic
resistance. Isoflavones show the potential to increase Nile tilapia production, which not only

rewards industry, but helps supply the increasing global demands of high quality fish protein.
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LIMITATIONS

There are four major limitations to this study. First, the presence of controls for the pure
isoflavone and isoflavone extract treatment diets would have allowed for a much deeper
understanding into the effects of isoflavones. Determining the effects on unstressed of these pure
isoflavone isolates and crude isoflavone extracts would not only allow for additional
comparisons, but would provide insights into the effects of these isoflavones in healthy Nile
tilapia. While this limitation hindered the ability to further understand the mechanisms behind
these isoflavones, it did not detract from the main objectives of this thesis, which was to
determine the varying effects of isoflavones in stressed Nile tilapia. Second, although previously
discussed in more detail, the consequences of increased aggression at such low densities was an
underlying confound that should be considered for all comparisons between study one and study
two. The benefit of rearing fish in smaller tanks at lower densities was the ability to statistically
analyze weight gain and specific growth rate between diets without the use of tagging. Third,
while terminal length, weight, and condition factor (weight gain and specific growth rate as well
for the second study) was able to be statistically analyzed, much of the growth data is qualitative
and would need to be reproduced to determine if these differences are statistically significant.
Lastly, the dosage of isoflavones used to supplement the feed in this study was selected based off
previous research showing success with isoflavone concentrations at this dosage. Dosages vary
widely in the literature, showing varying effects at varying concentrations. Conclusions derived
from these results should be understood in the context of the dosage, with the possibility that

these effects may be enhanced or minimized at different dosages.
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FUTURE DIRECTIONS

There are many directions in where this research could lead. First, these studies have
demonstrated the importance of properly measuring and reporting the concentrations of
isoflavones present in any diet supplementation. It is possible that many of the differing results
seen in the literature are mainly due to differences in the concentrations. High performance
liquid chromatography and other analytical tools to quantify the relative proportions of
isoflavones in extracts and other isoflavone-containing products should be implemented. This
would also allow for a better understanding of the combined effects of isoflavones, another area
that requires much more research. Due to the limited information available about the combined
effects of even two isoflavones, research should focus on the combined effects of the most
abundant isoflavones, such as biochanin A, daidzein, genistein, and puerarin. When studying
these combined effects, the use of graded levels of each isoflavone may provide a richer
understanding. This would lead to future developments in determining the appropriate
concentrations to use to promote the desired effects. While this research has examined some of
the mechanisms behind the effects of isoflavones on stress, a deeper understanding is required
and should be a major focus moving forward. The use of more advanced research techniques,
including qPCR for gene transcription and western blot for protein production, would allow for a
better understanding of the molecular messengers involved in these pathways. More research
should also be dedicated to the cost-effectiveness of introducing isoflavones into the diet. As
expected, pure isoflavones are extraordinarily more expensive than their crude extract
counterparts. If crude extracts can produce the same, or even better, effects than the individual
isoflavones, this would increase the likelihood that these isoflavones could be implemented in
the diet on a large scale. And lastly, pilot studies using isoflavones in large-scale aquaculture

operations are desperately needed.
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IMPACT

Findings of this research could promote the overall welfare of fish by reducing stress, improving
immunity, and boosting growth. The increase in growth associated with decreased stress would
allow for increased production in aquaculture, allowing aquaculture to meet the growing
demands for high quality protein and help feed many around the world. The reduction of stress
could also lead to reduced uses of chemicals to treat fish affected by the consequences of stress.
Less use of antibiotics in Eastern countries and elsewhere would lead to less selective pressure
for antibiotic resistance and can lead to the decreased consumption of antibiotics by consumers.
Fewer chemicals would also help protect the environment from aquaculture pollutants. This
research could also lead to a better understanding of stress. Fish, being a vertebrate, share nearly
identical mechanisms for stress compared to mammals. Stressors in the environment induce
stress via the HPI axis in fish or the homologous HPA axis in mammals. Using fish to better
understand the effects of isoflavones on stress could also lead for potential treatments using

isoflavones in other animals, including humans.
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