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ABSTRACT

Metabolic syndrome is a condition characterized by the presence of multiple co-morbidities
including hypertension, dyslipidemia, obesity and hyperglycemia. More recently, non-alcoholic
fatty liver disease (NAFLD) has been included in this cluster as the hepatic manifestation of the
metabolic syndrome. Lifestyle interventions are the first line of therapy for these co-morbidities
and while pharmacological treatment is available for some of them, life-long adherence to
treatment is challenging. Others, such as NAFLD remain without approved pharmacological
therapy.

Food-derived bioactive peptides are short amino acid sequences derived from a parent protein
from a food source. Bioactive peptides, beyond their nutritional value modulate physiological
processes; therefore, they have a role in disease management. We are interested in egg-derived
bioactive peptides and our group showed before that egg white hydrolysate and bioactive
peptides have antihypertensive effects in vivo and anti-inflammatory and adipogenic activity in
vitro. Moreover, in vitro these peptides prevent angiotensin II- and tumor necrosis factor alpha-
induced insulin resistance.

Given the crosstalk between the conditions in the metabolic syndrome, I hypothesized that
two bioactive peptides derived from the egg white, Peptide 2 (QAMPFRVTEQE) and IRW,
would promote beneficial effects on diet-induced metabolic dysfunction. More specifically, I
focused on insulin resistance and NAFLD.

To address this hypothesis C57BL/6 mice were fed high-fat diet (HFD) for 6 weeks to induce
obesity and glucose intolerance. After that, their diet was supplemented with either of the
peptides (Peptide 2 or IRW) for another 8 weeks. Another group received HFD and

rosiglitazone, an insulin sensitizer and the third group continued receiving HFD only.
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Throughout the 14-week period one group received a low-fat diet. Glucose tolerance, insulin

sensitivity and body composition were assessed in vivo. After euthanasia, blood, skeletal muscle,

adipose tissue, and liver tissues were collected. Plasma biochemical analysis was performed
using ELISA and colorimetric commercial kits. Insulin signaling, lipolysis, adipogenesis
markers, renin-angiotensin system components, mitochondria and lipid metabolism were
assessed by western blot, qPCR or functional assays. NAFLD features were characterized by
biochemical and histological analysis.

Overall, Peptide 2 improved systemic insulin resistance and restored adipose tissue insulin
signaling, thereby normalizing the lipolytic response to insulin. The actions of Peptide 2 on
adipose tissue may in part explain the observed decrease in hepatic lipid accumulation. IRW
improved insulin resistance and insulin signaling in skeletal muscle but not in adipose tissue.
IRW prevented NAFLD, concurrent with increasing fatty acid oxidation and mitochondria

content in the liver. I propose that the peptides are exerting their effects via membrane bound

receptors, such as via angiotensin II type 2 receptor (AT2R) or angiotensin 1-7 receptor (MasR);

however, this requires further evaluation.

In conclusion, in this thesis I provide evidence that bioactive peptides promote beneficial
effects in an obese, glucose intolerant mouse model. More specifically, these peptides both
improve insulin signaling and reduce hepatic steatosis, thus providing a potential novel

therapeutic option for NAFLD, which currently lacks approved pharmacological treatment.
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1. CHAPTER 1: Literature review

1.1 Metabolic syndrome
Metabolic syndrome is an umbrella term that refers to the presence of multiple co-morbidities
in an individual, increasing their risk of cardiovascular disease. The co-morbidities associated

with metabolic syndrome are hypertension, insulin resistance, central obesity and dyslipidemia

[1].

1.1.1 Prevalence and diagnosis of the metabolic syndrome

Metabolic syndrome prevalence worldwide is difficult to define due to different criteria used
for diagnosis; however, it is estimated that around 25% of the global population has metabolic
syndrome [2]. In Canada, the most recent data, dating back to 2014, indicates that 19% of
Canadians are living with metabolic syndrome [3]. According to the criteria defined by the
International Diabetes Federation, metabolic syndrome is diagnosed when an individual has
central obesity and at least two more of the co-morbidities such as high triglycerides (TG), low
high-density lipoprotein cholesterol, hypertension and hyperglycemia/type 2 diabetes [1]. The
International Diabetes Federation thresholds used to diagnose metabolic syndrome are shown in

Fig. 1.1.
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Figure 1. 1. Criteria for metabolic syndrome diagnosis according to the International Diabetes Federation.

BMI, body mass index. Created with Biorender.com.

1.2 Type 2 diabetes

1.2.1 Type 2 diabetes definition and prevalence

Type 2 diabetes is a metabolic condition characterized by elevated plasma glucose
concentration (hyperglycemia). Hyperglycemia in type 2 diabetes may be due to impaired insulin
action (insulin resistance), impaired insulin secretion/synthesis or even a combination of both
factors [4]. Nevertheless, insulin resistance is considered the hallmark of 2 diabetes. Type 2
diabetes accounts for about 90% of the diabetes cases worldwide and as of 2021, 537 million of
people were diagnosed with diabetes globally, a number expected to increase 46% by 2045 [4].
According to Diabetes Canada, 11.7 million (30%) of Canadians live with diabetes or pre-
diabetes [5].

In Canada, diabetes is diagnosed if fasting plasma glucose >7.0 mmol/L, or hemoglobin A1C
(HbAlc) > 6.5%, or 2h plasma glucose in a 75 g oral glucose tolerance test (OGTT) > 11.1

mmol/L, or random plasma glucose > 11.1 mmol/L. When an individual presents impaired



fasting glucose (6.1-6.9 mmol/L), impaired glucose tolerance (7.8-11.0 mmol/L) or HbAlc

6.0%-6.4%, prediabetes is diagnosed [6].

1.2.2 Current approved treatment options for type 2 diabetes

The first lines of therapy for type 2 diabetes are nutrition and physical activity therapy, also
referred to as lifestyle interventions [7, 8], followed by pharmacotherapy [9, 10]. Nutrition
therapy alone reduces HbAlc, improves glycemic control, reduces body weight (BW) and
improves quality of life [7]. Similarly, physical activity improves cardiorespiratory outcomes,
glycemic control, lipid profile and reduces the risk of cardiovascular diseases [8]. The landmark
Look AHEAD randomized controlled trial used an intensive lifestyle intervention paradigm to
show that the intervention participants reduced their BW and blood pressure and had improved
insulin sensitivity and dyslipidemia [11]. This is supported by meta-analysis demonstrating that
lifestyle interventions are beneficial for type 2 diabetes [12] even in low-income countries [13].
In addition, a 54% and 36% lower risk of developing type 2 diabetes is seen in individuals with
prediabetes after 1 and 3 years of lifestyle interventions, respectively [14]. This supports the use
of lifestyle interventions to manage metabolic diseases; however, because type 2 diabetes is a
chronic disease, its requirement for life-long therapy and long-term adherence to lifestyle
interventions is challenging [15, 16].

Pharmacotherapy should complement type 2 diabetes management from the beginning of
treatment if HbAlc is > 1.5% above target, or after 3 months of lifestyle interventions if the
target HbAlc is not achieved [10]. The first pharmacological choice is metformin, but other
categories of drugs are dipeptidyl peptidase-4 (DPP-4) inhibitors, glucagon-like peptide-1 (GLP-

1) receptor agonists, sodium-glucose co-transporter (SGLT)-2-inhibitors, insulin secretagogues,



thiazolidinediones and insulin [9]. These drugs have different mechanisms of action and target
organs, the discussion of which is beyond the scope of this thesis. Nevertheless, the goal of their
use is to improve glycemic control and prevent complications from hyperglycemia [9].
Unfortunately, pharmacotherapy is accompanied by variable treatment adherence due to factors
such as high costs [17, 18] and possible side effects, including hypoglycemic episodes and

weight gain [9, 18, 19].

1.3 Non-alcoholic fatty liver disease (NAFLD)

1.3.1 NAFLD definition and prevalence

NAFLD is a term referring to multiple conditions affecting the liver, ranging from simple
fatty liver (hepatic steatosis) to non-alcoholic steatohepatitis (NASH), where inflammation and
hepatocyte ballooning are present together with steatosis. If untreated, NASH progresses to liver
cirrhosis, hepatocellular carcinoma and eventually the need for liver transplantation [20].
NAFLD is often referred to as the hepatic manifestation of the metabolic syndrome due to its
high incidence in individuals with the co-morbidities under the metabolic syndrome cluster [21].
For example, among individuals with NAFLD, 42% are diagnosed with metabolic syndrome,
22% with type 2 diabetes and 51% with obesity [22]. Due to the high association between
NAFLD and other metabolic co-morbidities, a recent consensus meeting proposed to change the
name to metabolic-associated fatty liver disease (MAFLD) [23]; however, in this thesis I will
refer to this condition as NAFLD.

Liver biopsy (histological assessment) is the gold standard method used to diagnose NAFLD;
however, because it is an invasive method hepatic steatosis is usually diagnosed using imaging

(for example, ultrasound or magnetic resonance imaging). Hepatic steatosis is characterized by



lipid accumulation in the liver (> 5%) in the absence of cellular damage and without a secondary
cause, such as excessive alcohol consumption, steatogenic drugs or hereditary disorders [24]. On
the other hand, NASH diagnosis is made using histological analysis indicating the presence of
inflammation and hepatocyte ballooning (cellular damage), with or without the presence of
fibrosis [24].

A recent meta-analysis revealed that the NAFLD prevalence worldwide is 32.4%, making it
one of the most prevalent liver diseases globally. This prevalence is concerning, because it is
already higher than the 25% global impact initially estimated [25]. An estimated projection is
that 23% of Canadians will be diagnosed with NAFLD by 2030, severely impacting the

Canadian health care system [26].

1.3.2 Current treatment options for NAFLD

Currently there is no approved pharmacological treatment for NAFLD. However, lifestyle
interventions aiming to decrease BW and, in specific cases, bariatric surgery are indicated to
treat NAFLD [27]. A decrease in BW significantly improves liver steatosis, but no improvement
in fibrosis is observed with BW loss [28]. There is an intensive search for drugs that can be
repurposed to treat NAFLD such as pioglitazone, a peroxisome proliferator- activated receptor
gamma (PPARY) agonist [29, 30]. Moreover, other drug classes have been or are under testing in
clinical trials as reviewed [31, 32], including thyroid hormones, receptor B agonists, lipogenesis
inhibitors, fibrogenesis inhibitors, modulators of bile acid metabolism, GLP-1 agonists and dual
agonists (GLP-1/glucagon receptor), and SGLT-1 receptor inhibitors. For an overview of their
mechanisms of action and current clinical trials I refer the reader to excellent reviews on the

topic [31, 32]. Despite these efforts, NAFLD remains without approved pharmaceutical therapy.



1.4 Physiology of glucose homeostasis and metabolism

1.4.1 Glucose absorption and blood glucose homeostasis

Hyperglycemia is the main symptom characterizing diabetes. Blood glucose homeostasis
depends on glucose absorption and, mainly, on the integrated functional antagonism between
insulin and glucagon acting on peripheral tissues. After digestion, glucose is absorbed via SGLT,
which is expressed on the apical membrane of enterocytes, and crosses the basolateral membrane
of enterocytes via glucose transporter (GLUT)-2 to reach the systemic circulation [33].

Ingestion of nutrients, especially glucose, stimulates the pancreas to secrete insulin, a peptide
hormone produced by the B-cells in the islets of Langerhans. Insulin then promotes a myriad of
effects in insulin-sensitive tissues, including an increase of glucose uptake, which is further
converted into energy or stored for future use. On the other hand, fasting stimulates the a-cells in
the pancreas to secrete glucagon. Glucagon acts mainly in the liver to promote gluconeogenesis,
which increases blood glucose concentration and availability for metabolism [33].

It is worth noting that insulin actions can be counter-regulated by other hormones such as
adrenaline, cortisol and growth hormone, and its secretion can be modulated by leptin and GLP-
1, for example [34, 35]. However, given the scope of this thesis, in the following sections I will
focus on insulin-mediated glucose uptake in the skeletal muscle and white adipose tissue (WAT),
including the metabolic fate of glucose in those tissues. In addition, I will address the role of

glucagon in the liver to regulate blood glucose homeostasis (Fig. 1.2.).

1.4.2 Skeletal muscle glucose metabolism: glycolysis and glycogenesis

The skeletal muscle is the main tissue responsible for the blood glucose uptake, playing an

important role in blood glucose homeostasis [36]. Insulin-dependent glucose uptake in skeletal



muscle is initiated when insulin binds to its receptor, which undergoes autophosphorylation and
tyrosine kinase activation. The activated insulin receptor then phosphorylates the insulin receptor
substrate (IRS) leading to phosphatidylinositol-3 kinase (PI3K) activation. PI3K converts
phosphatidylinositol (PIP)-2 into PIP3, which activates protein kinase B (AKT). The substrate
for AKT is the Akt substrate of 160 kDa (AS160), which is localized on the membrane of
intracellular vesicles containing GLUT4. AS160 activation allows the translocation of GLUT4
from the vesicles to the plasma membrane. The insertion of GLUT4 into the plasma membrane
facilitates glucose entrance into the muscle cells via passive diffusion [37, 38]. Once inside the
skeletal muscle cells, glucose has two main fates, glycolysis or glycogenesis (Fig. 1.2).

Glycolysis is the process of breaking down glucose to generate pyruvate. The rate-limiting
enzymes in the first phase of glycolysis are hexokinase, which irreversibly converts glucose into
glucose-6-phosphate (G6P) and phosphofructokinase 1, which converts fructose-6-phosphate to
fructose-1,6-bisphosphate [39]. During the first phase of glycolysis, adenosine triphosphate
(ATP) is consumed to eventually generate glycerol 3-phosphate (G3P). The metabolism of G3P
initiates the second phase of glycolysis, which generates ATP. The second phase is mainly
regulated by pyruvate kinase, an enzyme that irreversibly converts phosphoenol pyruvate to
pyruvate, the final product of glycolysis [39]. In the presence of oxygen (aerobic glycolysis),
pyruvate enters the mitochondria, where it is then metabolized via the tricarboxylic acid cycle to
generate large amounts of ATP via oxidative phosphorylation (oxphos). In the absence of oxygen
(anaerobic glycolysis), pyruvate is converted in lactate, which circulates to the liver to participate
in gluconeogenesis [40].

The second fate of glucose in skeletal muscle is conversion into glycogen (glycogenesis).

Glycogen is the main form of glucose storage in the skeletal muscle [33]. In glycogenesis, G6P



formed during glycolysis undergoes a series of reactions to eventually form glycogen, a process
catalyzed insulin-dependently by glycogen synthase [40]. Glycogen formed in the skeletal
muscle is not involved in later regulation of blood glucose homeostasis, as it mainly serves as an
energy substrate for the muscle cells [40], but the initial uptake of glucose from the blood by
skeletal muscle cells has a great influence on blood glucose homeostasis.

It is worth mentioning that glucose uptake in skeletal muscle may occur independently of
insulin signaling. For example, exercise is shown to increase GLUT4 translocation to the plasma
membrane of skeletal muscle cells in both healthy individuals and individuals with type 2
diabetes [41]. AMPK signaling is also well known to lead to glucose uptake independently of
insulin and 5-aminoimidazole-4-carboxamide ribonucleotide, an AMPK activator increases

GLUTH4 translocation to the plasma membrane enhancing glucose uptake, as reviewed [42].

1.4.3 White adipose tissue (WAT) glucose metabolism: glycolysis and de novo
lipogenesis (DNL)

WAT is the main site of energy storage of lipids, mainly in the form of TG. WAT glucose
uptake is insulin-dependent, via GLUT4, a similar process to what happens in skeletal muscle
(section 1.4.2). Inside the adipocyte, glucose undergoes glycolysis or participates in de novo
lipogenesis (DNL) (Fig. 1.2). To form lipids (lipogenesis) a glycerol backbone is necessary, and
adipocytes get glycerol from the hydrolysis of TG in the circulation, which is then
phosphorylated into G3P. However, adipocytes may also get G3P via more efficient pathways,
such as directly from glycolysis. In addition, during excess carbohydrate intake, the pyruvate
generated by glycolysis participates in fatty acid formation from a non-lipid precursor, a process

named DNL, contributing to overall lipid storage [43].



In DNL, pyruvate (from glycolysis, for example) enters the mitochondria and via the
tricarboxylic acid (TCA) cycle is transformed into citrate. Citrate is exported to the cytoplasm
where it is converted into acetyl-CoA by ATP-citrate lyase. Acetyl-CoA is then converted into
malonyl-CoA, a step catalyzed by acetyl-CoA carboxylase (ACC). The rate-limiting enzyme in
DNL is fatty acid synthase (FAS), which converts malonyl-CoA into palmitate, a fatty acid that
can be later modified into other fatty acids by the action of stearoyl-CoA desaturase-1 (SCD1)
[44]. Fatty acids are then esterified in TG and stored in the adipocytes. Blood glucose and insulin
regulate lipogenesis via carbohydrate response element binding protein (ChREBP) [45] and
sterol regulatory element binding protein-1 (SREBP-1) transcription factors, respectively [44,
46]. Therefore, glucose uptake in adipocytes is involved in the regulation of blood glucose

homeostasis, although to a lesser extent than skeletal muscle.

1.4.4 Hepatic glucose metabolism: glycogenesis, gluconeogenesis and DNL

The liver is a key organ involved in glucose homeostasis; however, this involvement is more
related to the role of the liver in producing glucose (gluconeogenesis) than increasing glucose
uptake. GLUT?2 is the most expressed isoform of glucose transporter isoform in the liver, being
responsible for most glucose uptake in hepatocytes during feeding periods, an action that is
independent of insulin signaling [47, 48]. GLUT2 provides efficient flux of glucose inside the
hepatocytes, but also exports glucose to the blood stream after gluconeogenesis. Insulin
decreases the expression of GLUT2, highlighting, perhaps, a more important function in hepatic
glucose efflux rather than influx [47].

Similar to skeletal muscle cells, glycolysis happens in the liver (section 1.4.2). In hepatocytes,

glucose substrate for glycolysis can be from the blood circulation (feeding) or generated by



gluconeogenesis (fasting). In addition, during feeding, glycolysis generates G6P, which
participates in glycogenesis (section 1.4.2). The hepatic glycogen stores are used later to increase
availability of glucose in the blood through glycogenolysis, a process mainly catalyzed by
glucose-6-phosphatase, which converts G6P into glucose to be exported to the blood circulation
[40] (Fig. 1.2).

Glucagon is involved in inhibiting glycogenesis and stimulating glycogenolysis to promote
glucose availability [49]. However, the most physiologically important role of glucagon to
regulate blood glucose homeostasis is the activation of gluconeogenesis. Gluconeogenesis is the
process of generating glucose from non-carbohydrates precursors, for example from lactate,
amino acids and fatty acids, which are converted into pyruvate to initiate the process [40].
During fasting, the drop in blood glucose concentration stimulates the release of glucagon from
the pancreas, and glucagon acts in the liver via glucagon receptor to initiate a cascade via G-
coupled proteins and adenylate cyclase causing an increase in cyclic AMP (cAMP), which
activates protein kinase A (PKA). PKA activation is believed to be mechanism by which
glucagon increases phosphoenolpyruvate carboxykinase expression and activity in the liver.
phosphoenolpyruvate carboxykinase is one of the rate-limiting enzymes in the gluconeogenic
pathway, where it converts oxaloacetate (generated from pyruvate) to phosphoenolpyruvate.
Through a series of reactions phosphoenolpyruvate is eventually converted into G6P, which is
then converted into glucose by glucose-6-phosphatase, the rate-limiting enzyme of the last step
in the gluconeogenic pathway [49]. On the other hand, during periods of feeding, insulin has a
potent inhibitory action on gluconeogenesis [50], an effect that can directly affect transcription of
gluconeogenic genes (for example, via forkhead box O1 (FOXO1) inhibition) [51] or occur

indirectly, via insulin action in other tissues, such as by decreasing adipose tissue lipolysis [52].

10



In the liver, glucose can also enter the DNL pathway. Although DNL was described above in

adipocytes, in the liver is where most of DNL occurs. The process is similar to what was

described in section 1.4.3. culminating in hepatic lipid storage in the form of TG. Therefore, the

liver participates in blood glucose regulation through many processes, mainly through

modulation of glycogenesis/glycogenolysis, gluconeogenesis and DNL (Fig. 1.2).

Gluconeogenesis
Glycogenolysis

/N

Glycogen Glucose
or

lipids
Liver

Glycogenesis
DNL

High blood sugar

Insulin
release

Glucose uptake

Vg WAT

Pancreas
Glucose uptake
Glucagon
release Muscle

Low blood sugar

Glycolysis
DNL

Glucose /\

Lipids
or
Energy
(ATP)

Glycolysis
Glycogenesis

Glucose /\y

Glycogen
or
Energy
(ATP)

Figure 1. 2. Blood glucose regulation and fate of glucose in the liver, skeletal muscle and white adipose tissue

(WAT). See text section 1.4.1; 1.4.2 and 1.4.3 for specific details. DNL, de novo lipogenesis. Created with

Biorender.com.

1.5 Physiology of lipid metabolism

1.5.1 Lipid absorption and blood lipid homeostasis

The main form of dietary lipid ingested is TG. During the process of digestion, TGs are

broken down to glycerol and fatty acids, which are absorbed by enterocytes. Inside the
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enterocytes, they are re-esterified into TG and assembled into chylomicrons. Chylomicrons are
then secreted by the enterocytes and enter the lymphatic system; from there they are drained by
the subclavian veins into the systemic blood circulation [33, 53]. Chylomicrons are lipoproteins
formed by a single phospholipid layer and proteins, with a core composed of neutral lipids (i.e.,
TG) and cholesterol esters. The microsomal triglyceride transfer protein (MTP) is an essential
protein participating in chylomicron assembly [54]. The production of lipoproteins using lipids
from endogenous sources (non-dietary lipids) happens in the liver, where very-low density
lipoprotein (VLDL) is assembled and secreted into the circulation. From the circulation,
lipoproteins deliver lipids to target tissues where they serve many purposes [54]. In addition, as
mentioned above, excess carbohydrate intake can be converted into TG via DNL in the liver and
WAT (section 1.4). Through the process of lipolysis, WAT-stored lipids are released into the
circulation to be used as a fuel source by other tissues. Therefore, blood lipid homeostasis is a
result of the of amount of lipids absorbed by the intestinal cells and exported as chylomicrons,
the uptake of lipids from the circulation in target tissues and the production and export of lipids
from the liver (VLDL) and WAT (products of lipolysis). In the next sections I will focus on the

lipid metabolism in WAT and in the liver.

1.5.2 White adipose tissue (WAT): lipogenesis and lipolysis and adipogenesis

Lipoprotein lipase (LPL) is essential to initiate the breakdown of lipids in the circulation. LPL
hydrolyses the TG from circulating lipoproteins, generating glycerol and fatty acids. While fatty
acids are absorbed by adipocytes, hepatocytes and skeletal muscle cells for example, glycerol is
transported to the liver where it takes part in the gluconeogenesis pathway (section 1.4.4) [53]. It

is believed that most of the lipid uptake into cells is mediated by proteins. The first identified
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fatty acid transporter was CD36 or fatty acid translocase [55], which is expressed by many
tissues including the liver, WAT, skeletal muscle and immune cells. Other proteins involved in
fatty acid uptake are fatty acid transporter proteins and very long-chain acyl-CoA synthetase.
Once inside the cells, fatty acids bind to fatty acid binding proteins or are activated into acyl-
CoA, a process catalyzed by acyl-CoA synthetases/ligases. After that, they are either
metabolized or stored. When the amount of intracellular fatty acids exceeds the demand for
cellular processes, they are stored as TG in lipid droplets (LD) [56].

The main pathway leading to TG formation and storage in adipocytes is the G3P pathway
(Kennedy pathway) but the monoglyceride (MG) pathway may also be activated when
intracellular lipids undergo lipolysis and MG is formed. In the G3P pathway, glucose and
glycerol serve as substrates to be converted into G3P. Next, G3P is converted into phosphatidic
acid through reactions catalyzed by G3P acyltransferases and acylglycerolphosphate
acyltransferases, respectively. Phosphatidic acid is then converted into diglycerides (DG) by
lipins. Finally, DG is converted into TG by diglyceride acyltransferases (DGATs). On the other
hand, in the presence of MG, the process is shorter, and MG acyltransferases (MGATSs) convert
MG into DG followed by DGAT-catalyzed conversion of DG into TG [56].

LDs are considered a safe way to store lipids in a neutral form (TG) intracellularly. Lipolysis
is the process through which TGs are broken down into glycerol and fatty acids to be released
into the circulation [57]. LDs are coated with perilipins, proteins that maintain the structure and
dynamics of LDs and the absence of perilipins in WAT leads to exacerbated lipolysis and
resistance to diet-induced obesity [58, 59]. During fasting periods, with enhanced catecholamine
release and B-adrenergic stimulation, lipolysis is activated [60, 61]. The first step in the canonical

lipolysis pathway is an increase in cAMP, which activates PKA. PKA indirectly activates
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adipose triglyceride lipase (ATGL), by promoting the release of comparative gene identification
58 (CGI-58), which is a coactivator of ATGL. In addition, PKA directly phosphorylates
hormone-sensitive lipase (HSL) facilitating its translocation to the LD surface and also
phosphorylates perilipins, which changes the LD organization to expose the lipids to the
cytosolic lipases (ATGL, HSL) [62]. ATGL hydrolyses TG into DG, while HSL mainly
hydrolyses DGs into MGs but can also catalyze the reaction of TG to DG. Lastly,
monoacylglycerol lipase (MGL) hydrolyses MG into glycerol and fatty acids, which are exported
to the blood stream [63]. It is worth mentioning that fatty acids can also be re-esterified into TG
within the adipocytes, thereby adding another layer of control to regulate the amount of fatty
acids released in the circulation [64].

During the fed state (postprandially, in the presence of insulin), perilipin sequesters CGI-58
and prevents HSL binding to the LD surface, thereby inhibiting lipolysis [65]. Lipolysis is
strongly inhibited by insulin action, preventing the usage of endogenous energy sources, and
shifting metabolism to use more glucose as fuel. Insulin inhibits lipolysis via phosphodiesterase
3B (PD3B) [66], which degrades cAMP, therefore reducing the amount of cAMP and inhibiting
the canonical lipolysis cascade [63]. Despite AKT being part of the canonical insulin signaling,
insulin suppression of lipolysis may happen independently of AKT [66], while insulin
phosphorylation of HSL is dependent on AKT signaling [67]. Thus, WAT participates in blood
lipid homeostasis by regulating lipid uptake, fatty acid release into the circulation (lipolysis) and
fatty acid re-esterification.

It is important to differentiate the process of lipogenesis from adipogenesis. While lipogenesis
refers to the formation of TG, adipogenesis refers to the formation of new adipocytes, through

cell differentiation and maturation. The master regulator of adipogenesis is the PPARy, which
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acts in conjunction with CCAAT/enhancer binding protein o (CEBPa) to stimulate mitosis in
adipose tissue [68, 69]. PPARY is an adipogenic transcription factor and it also enhances
lipogenic pathways to increase lipid accumulation in LD, therefore being involved in adipocyte
maturation [69, 70]. Adipose tissue expansion in the context of insulin resistance will be

discussed in section 1.6.

1.5.3 Liver: fatty acid uptake, DNL, fatty acid oxidation and export

The liver is a key organ involved in lipid metabolism. In terms of lipid uptake, the process
occurs similarly as in WAT (section 1.5.2). As discussed above, although most of the lipids are
ingested in the diet, fatty acids can also be synthesized endogenously from non-lipid precursors,
such as carbohydrates, via DNL. This process happens primarily in the liver (section 1.4.4) but
can also happen in WAT (section 1.4.3). The hepatic DNL contribution to the total pool of fatty
acids in plasma is diet-dependent; for example, when fed diets low in fat content the rates of
DNL in rodents are higher than when fed high-fat diets [71, 72]. In humans, diets high in
carbohydrates enhance DNL, while high-fat diet decreases it [73, 74].

Regardless of their source (endogenous (DNL, lipolysis)/exogenous (diet)) if fatty acids
exceed the liver demand for cellular process they are esterified into TG, mainly via the G3P
pathway (section 1.5.2). In the liver TG will then be stored in LD or exported via VLDL. As
mentioned before, insulin stimulates lipogenic pathways via SREBP-1 [44, 46].

VLDL assembly occurs in the hepatocytes, mostly in the endoplasmic reticulum (ER) and
requires apolipoprotein B (apoB). Lipids for the assembly of VLDL are recruited by apoB or by
MTP. Briefly, during the process of translation apoB undergoes lipidation with the help of MTP,

an ER-localized protein that transfers TG to the apoB protein, initiating the clustering of TG with
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apoB, forming a neutral lipid core. At the same time, regular cytosolic LDs (not associated with
apoB) are being formed in the ER. This step is followed by addition of TG from the regular
cytosolic LDs, giving rise to the mature VLDL particle that is exported by the liver into the
circulation [54, 75]. Lipids used for VLDL assembly can be from DNL and from increased
lipolysis from WAT, which increases fatty acid flux into the liver. VLDL contains many lipid
species, including TG, phospholipids, and cholesterol [54].

The liver is a highly oxidative tissue and, interestingly, the master regulator of DNL, malonyl-
CoA, is also the primary regulator of fatty acid oxidation. Malonyl-CoA is involved in both
processes by regulating the activity of carnitine palmitoyltransferase 1o (CPT1a) in the liver [76,
77]. When malonyl-CoA is decreased, such as during fasting, CPT1a is more active, therefore
more fatty acids undergo oxidation. During feeding periods, malonyl-CoA concentration
increases, inhibiting CPT1a and switching fatty acids’ fate from oxidation to TG esterification
and promoting DNL [76, 78]. The process of B-oxidation in the liver happens in the
mitochondria and it generates ATP (via oxphos) and acetyl-CoA for ketone bodies. Briefly, fatty
acids are converted into acyl-CoA by acyl-CoA ligases, and they enter the outer mitochondria
membrane, where they are converted into acyl-carnitine by CPT1a and transported through the
inner mitochondria membrane by carnitine: acylcarnitine translocase. Once inside the
mitochondrial matrix they are converted back to acyl-CoA to undergo oxidation. The process of
oxidation starts with B-oxidation and the removal of carbons from the acyl-CoA generating
acetyl-CoA. Next acetyl-CoA is converted into citrate by citrate synthase and oxidized to CO»
via the TCA cycle [79]. Finally, flavin adenine dinucleotide (FADH) and nicotinamide adenine

dinucleotide (NADH) generated from the citric acid cycle are used to generate ATP via the
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electron transport chain [56, 80]. In summary, the liver is a key organ involved in blood lipid

regulation, by regulating lipid uptake, oxidation, VLDL assembly and export (Fig. 1.3).
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Figure 1. 3. Pathways (simplified) involved in blood lipid regulation, the fate of lipids in the liver and white
adipose tissue (WAT) and the contribution of DNL to lipid homeostasis. See text section 1.5.2 and 1.5.3 for
specific details. DNL, de novo lipogenesis; MG, monoglyceride; G3P, glycerol-3-phosphate; LPL, lipoprotein

lipase. Created with Biorender.com.

1.6 Pathophysiology of type 2 diabetes
1.6.1 Systemic and tissue-specific insulin resistance

The hallmark of type 2 diabetes is insulin resistance. Insulin resistance is characterized by
impaired insulin action in insulin sensitive tissues, leading to dysfunction in both glucose and
lipid metabolism [81]. Therefore, it is important to consider changes happening systemically and

in insulin-sensitive tissues when investigating insulin resistance.
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Systemic insulin resistance refers to the whole-body impaired ability to respond to insulin
action, therefore, impairing glucose and lipid homeostasis. Systemic insulin resistance in animal
models is assessed by insulin tolerance tests (ITT) or by hyperinsulinemic-euglycemic clamp, the
latter being the gold standard technique to assess this parameter [82]. In the ITT, if systemic
insulin resistance is present, insulin administration fails to regulate glucose properly and higher
plasma glucose concentration is seen for a prolonged time compared to healthy controls. While
in the hyperinsulinemic-euglycemic clamp, if insulin resistance is present, insulin administration
fails to suppress hepatic glucose production and fails to stimulate glucose uptake in skeletal
muscle and WAT [83].

It was observed long ago that individuals with type 2 diabetes have impaired glucose disposal
during the euglycemic-hyperinsulinemic clamp [83]. Moreover, hepatic glucose production is
higher while plasma fatty acids is not suppressed by insulin and fatty acid oxidation is reduced
[83, 84], suggesting insulin resistance. In these studies, the importance of peripheral tissues in
regulating glucose disposal is emphasized. It is worth noting that not only impaired glucose
disposal and hepatic glucose production account for the hyperglycemia seen in type 2 diabetes,
but also a failure of B-cell function leading to decreased glucose-stimulated insulin secretion
during the progressive stages of the disease [85, 86]. During the first stages of insulin resistance,
B-cells secrete more insulin to compensate for the insulin resistance, thereby maintaining
normoglycemia due to hyperinsulinemia. However, with time, the stress upon the cells leads to
B-cell dysfunction, reflected as lower secretion of insulin and the onset of hyperglycemia, as
reviewed [87]. Despite advancements in this field, there is evidence to support two different
points of view in which 1) insulin resistance causes hyperglycemia leading to -cell dysfunction

or 2) hyperinsulinemia causes peripheral tissue dysfunction leading to insulin resistance; these
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two situations are not mutually exclusive and may occur at the same time [88]. Nevertheless,
both hypotheses culminate in hyperglycemia and dyslipidemia as major consequences of
impairment in insulin signaling.

Given the underlying importance of impairment of peripheral glucose disposal and lipid
metabolism to development of type 2 diabetes and related conditions, the focus of the following

sections will be on insulin resistance in the WAT, liver and skeletal muscle.

1.6.2 WAT insulin resistance

Obesity is a major risk factor for insulin resistance. In humans, the number of cells in
subcutaneous WAT is defined during puberty, with an annual turnover of approximately 10%.
Moreover, individuals with obesity and hypertrophied WAT (larger adipocytes) have a lower
rate of adipogenesis, resulting in the need for old adipocytes to retain more lipids and expand
even more in size [89], which is associated with detrimental effects. For example, adipose tissue
expansion through hypertrophy is associated with higher plasma fasting insulin concentration
and homeostatic model assessment of insulin resistance (HOMA-IR) [90]. Even in the absence of
obesity, larger adipocytes are associated with increased insulin resistance and are positively
correlated with inflammatory markers and lipolysis [91]. The term lipotoxicity refers to
detrimental effects of excess lipid accumulation in non-adipose tissues (ectopic lipid
accumulation), especially ceramides, DG, and cholesterol esters. These lipids cause
inflammation, oxidative stress, mitochondrial dysfunction and insulin resistance eventually
leading to cell death [92]. Impairment of WAT expansion induces lipid accumulation in non-
adipose tissues [93], such as the liver and the skeletal muscle, which impairs insulin signaling via

protein kinase C (PKC) activation for example, as reviewed elsewhere [81, 94].

19



On the other hand, prevention of PPARy phosphorylation to prolong its activity improves
insulin sensitivity, an effect associated with smaller adipocytes, despite similar fat mass [95]. A
similar outcome is seen with troglitazone treatment, a potent PPAR agonist [96]. Moreover,
enhanced insulin signaling in WAT is sufficient to restore systemic metabolic dysfunction, such
as glucose intolerance and insulin resistance, and decrease hepatic lipid accumulation and WAT
inflammation despite increased subcutaneous WAT mass [97]. Therefore, proper WAT
expansion with preserved insulin signaling protects against ectopic lipid accumulation and
systemic metabolic dysfunction. The importance of proper WAT expansion is emphasized in
lipodystrophy, where insulin resistance and ectopic lipid accumulation is exacerbated, as
reviewed [98].

The main systemic effects of insulin resistance in WAT are related to reduced insulin
inhibition of lipolysis, impaired lipogenesis and, to a lesser extent, reduced glucose uptake [94].
For example, in 3T3-L1 adipocytes AKT silencing impairs insulin signaling and glucose uptake
due to reduced GLUT4 translocation to the plasma membrane [99, 100]. In vivo, AKT ablation
in WAT promotes lipodystrophy, insulin resistance and hepatic steatosis [101] and GLUT4
ablation in WAT decreases glucose uptake while inducing skeletal muscle and liver insulin
resistance, glucose intolerance and hyperinsulinemia [102]. High-fat diet (HFD) feeding
decreases AKT phosphorylation and increases HSL phosphorylation, leading to decreased
insulin-stimulated glucose uptake and impaired insulin inhibition of lipolysis [103]. In fact, rats
fed HFD have higher plasma insulin, TG, fatty acids and glycerol, suggesting increased lipolysis,
effects attributed to phosphotyrosine interaction domain containing 1 (PID1), which impairs
insulin action both in rodents and in 3T3-L1 cells [104]. Mice with mutated insulin receptor

develop insulin resistance and, when challenged with HFD, present exacerbated WAT lipolysis,
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providing extra substrate for DNL in the liver and contributing to hyperglycemia [105]. In
addition, HFD-fed mice show enhanced basal lipolysis, but impaired catecholamine-stimulated
lipolysis [106]. Impaired insulin inhibition of lipolysis, dysregulation of plasma fatty acids and
enhanced hepatic glucose production are also seen in humans with type 2 diabetes, even
independent of obesity [84, 107, 108], highlighting the close relationship between insulin
resistance and lipolysis.

Despite changes in insulin’s direct effect on WAT glucose and lipid metabolism, it is worth
mentioning that WAT dysfunction is also related to altered secretion of adipokines, such as
adiponectin and leptin. For example, decreased adiponectin is associated with increased insulin
resistance, while adiponectin administration improves insulin resistance by reducing ectopic lipid
accumulation and increasing lipid oxidation in the skeletal muscle [109, 110]. Leptin is involved
in the regulation of food intake, glucose and lipid metabolism [111] and leptin concentration in
plasma is correlated to fat mass, with obesity increasing and weight loss decreasing its plasma
concentration [112]. Defective leptin physiology is present in two important animal models used
in diabetes and obesity studies: the db/db mouse, which has a mutation of the leptin receptor
[113] and the ob/ob mouse, which has a mutation in the gene encoding leptin, leading to leptin
deficiency [114, 115]. In both cases impaired leptin signaling results in obesity and impaired
glucose homeostasis leading to hyperglycemia [111]. Adipokine release and the inflammatory
process during WAT expansion, although related to insulin resistance, are not the main focus of
this thesis and I refer the reader to reviews on these topics [116, 117].

In summary, one of the major consequences of WAT insulin resistance is its impact on other

tissues, such as inducing lipid accumulation in the liver and the skeletal muscle. Also, by
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increasing fatty acid availability (due to impaired lipolysis inhibition), WAT contributes to

hepatic gluconeogenesis, which affects blood glucose homeostasis.

1.6.3 Liver insulin resistance

Insulin resistance affects the liver directly and indirectly. Indirectly, WAT insulin resistance
promotes excess fatty acid in the circulation, which can be captured by the liver leading to
increased hepatic lipogenesis and gluconeogenesis. In addition, hyperglycemia due to impaired
glucose uptake in skeletal muscle and WAT provides extra substrate for hepatic DNL. Directly,
hepatic insulin resistance impairs the inhibitory action of insulin on gluconeogenesis, preventing
the switch from glucose production to glucose utilization. Interestingly, although in healthy
states insulin stimulates hepatic lipogenesis, one would expect that insulin resistance should then
decrease this pathway. However, in obesity and type 2 diabetes a paradox is often observed,
whereby hepatic insulin resistant is associated with higher activity of the lipogenic pathway, a
process commonly referred to as selective insulin resistance [118].

The hypothesis of selective insulin resistance in the liver is supported by observations that
despite hyperinsulinemia and impaired insulin signaling via IRS, insulin-stimulated SREPB-1
activity is enhanced in rodents [119]. In mice fed HFD, liver insulin IRS-2 is reduced, while
IRS-1 is unchanged [120]. The specific liver knock out of IRS-1 or IRS-2 both induce glucose
intolerance and insulin resistance, however, only IRS-1 knockout prevents hepatic lipid
accumulation, decreases DNL and the expression of Pparg, Fsp27 and Cd36, suggesting
selective insulin resistance when IRS-2 is reduced and IRS-1 is intact [120]. Liver-specific
deletion of both /rsi/Irs2 induces complete insulin resistance [120]. This is consistent in obesity

and type 2 diabetes models, where liver Irs2 expression is dramatically reduced, while Irs/ is
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less affected [121]. Moreover, not only protein abundance, but insulin-stimulated IRS
phosphorylation in muscle and liver is impaired in Zucker fatty rats [122]. Selective insulin
resistance is also supported by observations in humans with NAFLD, where the hepatic
expression of gluconeogenic genes is enhanced despite decreased /rs2 expression, and hepatic
lipid accumulation is present [123]. Moreover, the contribution DNL to hepatic lipid content is
higher in obese individuals with NAFLD (40%) compared to lean (10%) and obese (20%)
individuals without NAFLD. In this study, DNL is inversely correlated with hepatic and whole-
body insulin sensitivity and positively correlated with plasma glucose and insulin values. In
addition, weight loss is accompanied by a decreased in DNL [124].

Insulin inhibits hepatic gluconeogenesis via classical insulin signaling, in which p-AKT
suppresses FOXO1 activity, therefore decreasing the activity of phosphoenolpyruvate
carboxykinase and glucose-6-phosphatase, which decreases gluconeogenesis [125]. In fact, in
individuals with obesity and type 2 diabetes, gluconeogenesis is exacerbated and insulin
suppression of gluconeogenesis is impaired [126, 127]. Other studies in humans also support the
idea of impaired inhibition of hepatic gluconeogenesis in individuals with insulin resistance [84,
108]. Failure to suppress hepatic glucose production is also seen in AKT2 knockout mouse
models [128], while IRS knockout enhances expression of gluconeogenic enzymes [120],
supporting evidence for the role of impaired hepatic insulin signaling in failure to suppress
gluconeogenesis.

Insulin resistance is also associated with hypertriglyceridemia and lipid metabolism is
impaired in individuals with type 2 diabetes [129]. A study in a subpopulation of the DiRECT
trial shows that weight loss and type 2 diabetes remission decrease VLDL export, while weight

re-gain in some of the individuals increases VLDL export and plasma TG [130]. Studies in
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primary hepatocytes from rodents indicate that insulin inhibits apoB secretion and that
hepatocytes from Zucker fatty rats have impaired insulin suppression of apoB, leading to
postprandial hypertriglyceridemia [131]. Moreover, in 0b/ob mice basal rates of VLDL
production are similar to lean mice, while insulin suppression of VLDL production during a
hyperinsulinemic clamp is impaired. This is associated with reduced insulin signaling [132].
Insulin may regulate VLDL secretion by inhibiting MTP via FOXO1 [133] and in HFD-induced
obese mice and db/db mice, hypertriglyceridemia is associated with increased hepatic MTP
protein abundance and FOXO1 nuclear localization [133, 134]. All of these corroborate that
increased VLDL secretion downstream of insulin resistant states accounts for the
hypertriglyceridemia seen in humans and rodent models of type 2 diabetes.

In summary, hepatic insulin resistance may lead to detrimental systemic and local effects,
such as hypertriglyceridemia, hyperglycemia, and lipid accumulation in the liver. The role of
insulin resistance in the underlying pathogenesis of NAFLD is discussed further in this thesis

(section 1.7).

1.6.4 Skeletal muscle insulin resistance

The major consequence of insulin resistance in skeletal muscle is impaired glucose uptake,
which contributes to an increase in plasma glucose concentration. In type 2 diabetes impaired
insulin signaling is the peripheral defect leading to hyperglycemia. Studies in rodents show that
insulin signaling is impacted at different molecular sites in the skeletal muscle of obesity and
type 2 diabetes models, for example AKT2 ablation in mice impairs skeletal muscle glucose
uptake [128] and IRS-1 deficiency impairs insulin signaling in mice [135]. Moreover, in obese,

insulin resistant mice /rs/ and Irs2 expression in skeletal muscle is reduced by 50% [121] and
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HFD reduces skeletal muscle AKT phosphorylation [103], induces insulin resistance [136, 137]
and impairs insulin-stimulated glucose uptake [138]. The disruption in insulin signaling is
eventually reflected in reduced GLUT4 translocation to the plasma membrane, therefore,
reducing insulin-stimulated glucose uptake in muscle, an effect seen in both rodents models of
type 2 diabetes and obesity [139-141] and in humans [142], resulting in hyperglycemia.

As mentioned above, WAT insulin resistance induces ectopic lipid accumulation and
increased lipid in skeletal muscle is associated with impaired insulin signaling and action [143].
Therefore, considering that the skeletal muscle is the main site of glucose disposal, insulin
resistance in skeletal muscle accounts for a significant portion of the hyperglycemia in type 2
diabetes. It is clear from the sections above that the pathophysiology in type 2 diabetes is
complex and involves inter-organ communication, which must be considered when interpreting

any study findings.

1.6.5 Consequences of insulin resistance: complications of hyperglycemia

Uncontrolled hyperglycemia is associated with several complications, both macro and
microvascular. The macrovascular complication is the increased risk for cardiovascular disease
[144]. At the microvascular level, hyperglycemia is causally associated with retinopathy [145],
nephropathy [146], neuropathy [147] and lower limb amputation [148]. The impact of these
complications on the individual and on society emphasizes the need for optimized type 2

diabetes management for their prevention.

1.7 NAFLD: a disease involving a complex organ crosstalk
NAFLD pathophysiology is a clear example of organ crosstalk, especially between the liver

and WAT. However, more recently, the involvement of other organs in NAFLD pathogenesis is
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becoming clearer. Moreover, the intrinsic relationship between other metabolic conditions such
as obesity, type 2 diabetes, dyslipidemia and hypertension with NAFLD, makes the disease even
more complex. Despite great advancements in this field, it is still unclear what drives disease
progression. In the next sections I will focus on one of the most accepted hypotheses for NAFLD

underlying pathophysiology and the consequences of untreated NAFLD.

1.7.1 The underlying mechanisms of NAFLD: The multi-hit hypothesis

NAFLD results from the inability of the liver to properly dispose of fatty acids delivered to it
or produced by DNL. The main pathways regulating lipid metabolism in the liver are uptake of
fatty acids, DNL, fatty acid oxidation and VLDL secretion. The most accepted theory for
NAFLD development is the multi-hit hypothesis, which accounts for many factors in disease
initiation and progression, such as insulin resistance, adipokines, nutritional factors, epigenetics,
gut microbiome, and genetics [149].

According to the multi-hit hypothesis, dietary habits (for example, high-fat/high-sugar diet)
and genetic factors (for example, lipodystrophy) lead to a dysfunctional WAT. If WAT does not
expand properly or if hypertrophy of adipocytes is exacerbated, then insulin resistance is initiated
[149, 150]. The impaired capacity of WAT to retain lipids increases fatty acid availability in the
circulation (hyperlipidemia) and these fatty acids can be taken up by the liver. Moreover, a
dysfunctional WAT secretes pro-inflammatory molecules, such as tumor necrosis factor-alpha
(TNF-0) and interleukin-6 (IL-6) and decreases its secretion of adiponectin, all of which
contribute to inflammation, insulin resistance and a pro-fibrotic environment [149, 150]. Adding
to that, hepatic insulin resistance exacerbates DNL, contributing to the total amount of fatty acids

requiring disposal by the liver. Increased fatty acids lead to TG accumulation and the formation
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of toxic lipid species, causing lipotoxicity [149]. The increased fatty acid flux may increase fatty
acid oxidation and elevate reactive oxygen species formation leading to mitochondria
dysfunction [151]. Moreover, ER stress may occur, exacerbating the local inflammatory process.
Changes in the gut microbiome seen with obesity or poor dietary habits increase pro-
inflammatory cytokines and gut permeability to lipids, further affecting the liver. Lastly, genetic
and epigenetic changes may enhance all of these processes, and chronic exposure to these
changes leads to fibrosis development and eventually cirrhosis [149].

Many of the pathways mentioned above are, in fact, altered in NAFLD. For example, fatty
acid transporter protein levels and possibly translocation are increased in patients with NAFLD
compared to healthy individuals, suggesting increased capacity for fatty acid uptake [152]. DNL
is exacerbated in NAFLD as mentioned above [124]. Mitochondrial function may be impacted in
many instances, as reviewed [151] and ER stress is enhanced in the liver of individuals with
NAFLD [153]. It is important to consider that these processes may occur concomitant with each
other, and that the intensity of each process is variable across individuals with NAFLD.
Nonetheless, multiple factors are involved in NAFLD pathogenesis, and many variables may be

triggering disease progression, which remains to be clarified.

1.7.2 Progression of untreated NAFLD

NAFLD refers to both simple steatosis and to NASH, which are reversible conditions [28].
However, if left untreated the consequences of NAFLD can be fatal. When NASH progresses to
cirrhosis the advanced fibrosis leads to accumulation of non-functional hepatic tissue. In
addition, cirrhosis may progress to hepatocellular carcinoma, which necessitates liver

transplantation [154]. In fact, NASH has become the leading cause of hepatocellular carcinoma

27



in the United States of America [155]. Progression of untreated NAFLD impacts the individual’s
quality of life and increases health care costs associated with the disease. This highlights the

need to find alternative approaches to mitigate hepatic steatosis progression to NASH.

1.8 Bioactive peptides and metabolic conditions
1.8.1 Definition and the role of bioactive peptides in metabolic diseases

Around 75% Canadians use a natural health product (NHP) daily [156], while 31% of people
with diabetes use alternative medications to manage their disease [157]. Although there are
guidelines for the use of complementary and alternative medicine for diabetes management
[158], the use of NHP is not yet fully supported by clinical guidelines and practitioners due to a
lack of randomized clinical trials and concerns about production and toxicity. Therefore, a
process of pre-clinical study followed by clinical trials is necessary to increase the acceptability
of NHP as therapies for metabolic conditions.

Under the NHP classification, among probiotics, herbal medicines and others, we encounter
amino acids [159]. Peptides are short amino acid sequences and food-derived bioactive peptides
(if not incorporated into foods) that can be classified as NHP. Moreover, they can potentially be
classified as nutraceuticals, which are molecules with a proven physiological effect against
chronic diseases that are isolated from food and sold in medicinal form [160]. Therefore, their
classification depends on the form in which they are sold and consumed, and their proven
beneficial effect.

Food-derived bioactive peptides are latent within the parent protein but are released after
protein hydrolysis or fermentation [161, 162]. Many food proteins generate bioactive peptides,

for example egg, fish, milk, soy [163]. The renin-angiotensin system (RAS) is the most studied
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pathway affected by food bioactive peptides and the ability of several peptides to improve
hypertension is extensively studied [164]. However, some peptides and hydrolysates also have
potential to aid in the management of type 2 diabetes and obesity. Their effects range from
improving insulin signaling, inflammation and lipid profile, to reducing BW or oxidative stress,
as reviewed [165-167]. In addition, some protein hydrolysates promote beneficial effects in
humans with type 2 diabetes by improving postprandial insulin response and glucose values,
increasing plasma GLP-1, reducing HbAlc, BW and HOMA-IR [168-171].

The focus of this thesis is on egg white-derived bioactive peptides and hydrolysates. Although
egg-derived hydrolysates have been tested in humans for their anti-hypertensive and cognitive
effects [172-174], to my knowledge, there are no clinical trials completed or ongoing to test the

beneficial effects of egg hydrolysate and peptides on insulin resistance and NAFLD.

1.8.2 Egg-derived peptides/hydrolysates and insulin resistance

In preclinical models, egg-derived bioactive peptides improve obesity and insulin resistance
[165]. For example, egg white hydrolysate (EWH) supplementation for 12 weeks decreases
fasting plasma insulin, HOMA-IR and homeostasis model assessment of -cell function
(HOMA-B), without changes in fasting plasma glucose concentration in Zucker fatty rats [175].
In Wistar rats, 10 weeks supplementation with EWH prevents diet-induced obesity by decreasing
fat mass, adipocyte size, and oxidative stress markers such as plasma malondialdehyde [176].
The same EWH (11 weeks of supplementation) decreases resistin gene expression in WAT,
while enhancing the expression of genes involved in oxidative metabolism in brown adipose
tissue, including Ppargcla, Cptlb, Ucpl and Ppara. These effects are accompanied by enhanced

mitochondrial DNA and expression of mitochondria dynamics-related genes in brown adipose
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tissue [177]. The authors suggest increased thermogenesis as the main mechanism observed in
these studies [175, 176]. Other researchers supplemented Goto-Kakizaki rats with EWH for 6
weeks, leading to decreased BW, fasting glucose, HOMA-IR and lipid accumulation in skeletal
muscle [178]. Only the prevention of ectopic lipid accumulation is reproduced in Wistar rats
following the same study protocol [178]. In type 2 diabetic Nagoya-Shibata-Yasuda mice, EWH
supplementation for 8 weeks improves oral glucose tolerance test (OGTT) without
improvements in the ITT [179]. A recent study shows that IRW and IQW (two egg-derived
bioactive peptides) supplementation for 8§ weeks reduces fasting glucose and leptin while
increasing adiponectin plasma concentration in diet-induced obese mice. These results are
accompanied by improvements in OGTT and ITT [180]. Although improvements in metabolic
parameters related to insulin sensitivity are observed in these studies, insulin signaling is not a

primary outcome in any of them.

1.8.3 Egg-derived peptides/hydrolysates and NAFLD

Egg peptides and hydrolysates also promote beneficial effects in NAFLD-related markers. For
example, EWH supplementation for 12 weeks decreases plasma fatty acids and liver steatosis in
Zucker fatty rats, together with decreased plasma malondialdehyde [181]. In Wistar rats, EWH
supplementation for 8 weeks decreases diet-induced hepatic lipid accumulation and FAS activity,
while increasing fat excretion in the feces [182]. In another study, EWH decreases liver
cholesterol and TG accumulation and reduces the Stearoyl-CoA Desaturase (SCD) Index, while
increasing cholesterol excretion in the feces of Wistar rats [183]. In Goto-Kakizaki rats, EWH
decreases hepatic SCD Index without changing hepatic TG content [178]. Supplementation with

EWH for 14 days prevents orotic acid-induced NAFLD in Sprague-Dawley rats, shown by
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decreased hepatic TG content and serum aspartate aminotransferase. Plasma lipids are drastically
decreased in orotic acid-treated animals compared to control while EWH restores hepatic VLDL
secretion (measured by MTP abundance) and by increasing the formation of phospholipids in the
liver to normalize circulating lipids [184]. Although EWH does not change hepatic TG during
fasting, EWH tends to decrease fed state liver TG content in Nagoya-Shibata-Yasuda mice. This
effect is accompanied by increased fat excretion in the feces of the animals [179]. IRW and IQW
decrease gene expression of Dgatl, Dgat2, Tnfa, 116 and 1115 in the liver of mice supplemented
for 8 weeks, but only IQW decreases hepatic cholesterol and TG accumulation [180]. These
results indicate that egg hydrolysates and peptides may improve multiple aspects of NAFLD,
such as an oxidative stress, inflammation and lipid accumulation, highlighting the fact that many

mechanisms may be involved in these beneficial effects.

1.8.4 Previous relevant work using IRW and EWH performed by our group

Our group has extensively studied EWH and egg-derived peptides. IRW is a tripeptide
(isoleucine-arginine-tryptophan) derived from ovotransferrin [185], while EWH is a mixture of
bioactive peptides generated from hydrolysis of the whole egg white [186]. Both are generated
after pepsin and thermolysin hydrolysis [185, 186]. Initially, they were identified as angiotensin
converting enzyme (ACE) inhibitors and their effects in reducing blood pressure were shown in
spontaneously hypertensive rats [186, 187]. Moreover, studies in vitro and in vivo now
demonstrate their potential to decrease inflammation and oxidative stress in the cardiovascular
system [186, 188-190]. Because of the crosstalk between hypertension, inflammation, obesity
and insulin resistance, our group has the overarching hypothesis that IRW and EWH will also

exhibit activities relevant to obesity and type 2 diabetes.
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In this context, we used cell culture models to demonstrate that IRW improves angiotensin-II-
induced insulin resistance in L6 myoblasts via decreasing angiotensin type 1 receptor (AT1R)
protein abundance, promoting antioxidant effects and AKT phosphorylation and glucose
transporter 4 (GLUT4) translocation to the plasma membrane of the cells [191]. In addition, IRW
also improves TNF-a-induced insulin resistance in L6 cells by promoting similar effects [192].
In L6 cells and in muscle and liver of mice, IRW increases nicotinamide
phosphoribosyltransferase (NAMPT), an effect accompanied by increase in sirtuin 1 (SIRT1)
protein abundance in the liver [193]. SIRT1 overexpression protects against HFD-induced
metabolic damage in mice [194] and decreased SIRT1 is associated with NAFLD in rats [195].
Therefore, it is worth exploring the effect of IRW on key organs involved in metabolic diseases
such as skeletal muscle, WAT and liver, which is the focus of this thesis.

EWH also shows promising beneficial effects in this context. For example, EWH improves
TNF-a-induced insulin resistance in L6 myoblasts [192] and stimulates adipocyte differentiation,
adiponectin secretion, reduced inflammatory markers and sensitized preadipocytes to insulin
action in vitro [196]. Obese, insulin resistant rats fed 4% EWH have improved glucose tolerance
and insulin sensitivity, accompanied by enhanced insulin signaling in skeletal muscle and WAT,
reduced adipocyte size and inflammatory markers in plasma, enhanced PPARy in WAT and
increased angiotensin II type 2 receptor (AT2R) protein in WAT and liver [197]. These activities
of EWH led us to identify specific peptides from EWH with adipogenic effects in vitro [198].
However, the in vivo effects of these individual peptides are unknown. Therefore, investigating

their activity in vivo is one of the objectives of this thesis.
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2. CHAPTER 2: Hypothesis and objectives

2.1 Hypothesis

Based on literature review and previous work done by our group, I hypothesize that
dietary supplementation with egg white-derived bioactive peptides will improve diet-induced
insulin resistance and prevent NAFLD development in obese, glucose intolerant mice.
Specifically, I expect that these peptides will exert beneficial effects by improving skeletal

muscle and WAT insulin signaling and by increasing hepatic lipid oxidation.

2.2 Overall aims
The overall aim of this thesis is to investigate the ability of specific peptides derived from
the egg white to reverse HFD-induced insulin resistance in WAT and skeletal muscle and to

prevent NAFLD in C57BL/6 mice.

2.3 Specific objectives

The specific objectives of this thesis are:

#1 To (a) screen four different specific peptides identified in the EWH with adipogenic
capacity in vitro for their ability to promote beneficial metabolic effects related to obesity and

insulin sensitivity in vivo and (b) select a candidate for further characterization.

For the completion of this specific objective, an in vivo study using C57BL/6 mice was

conducted as exemplified in Fig. 2.1. Key outcomes were BW and body composition, glucose

tolerance and insulin sensitivity. Four different EW-derived peptides previously found to
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increase PPARY in adipocyte cell culture [198] were screened to identify the most promising

peptide to elicit in vivo metabolic changes. Rosiglitazone is a PPARy agonist and known insulin

sensitizer; therefore, a positive control group treated with rosiglitazone was included (ROSI).

After the completion of this objective, I found that Peptide2 treated animals had improved

insulin sensitivity and decreased inguinal and retroperitoneal fat mass. For this reason, it was

selected for further characterization.
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Figure 2. 1. General study design. LFD, low-fat diet; HFD, high-fat diet; OGTT, oral glucose tolerance test; ITT,

insulin tolerance test; MRI, magnetic resonance imaging.
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#2 To identify metabolic effects and mechanistic pathways of Peptide 2 supplementation in

diet induced obese-insulin resistant mice focusing on the WAT and liver.

2a) To characterize the metabolic phenotype of mice fed HFD supplemented with Peptide 2.
2b) To evaluate WAT insulin signaling, lipolysis, adipogenesis potential and morphology.
2¢) To investigate hepatic expression of genes involved in lipid metabolism and to characterize

NAFLD features morphologically.

To complete objective #2a, the same study design as in objective #1 (Fig. 2.1) was
conducted but comparing only Peptide 2 to HFD, low fat diet (LFD) and ROSI controls (n=8-10
animals/group). Key metabolic outcomes were glucose tolerance, insulin sensitivity and body
composition. To complete objective #2b, ex vivo lipolysis and protein abundance of p-AKT and
key target involved in adipogenesis were measured. Moreover, PPARy activation and adipocyte
size were investigated in WAT. For the completion of objective #2c, changes in lipid
metabolism, inflammation and fibrosis gene expression in liver were measured and NAFLD

features were characterized in histological samples.

#3 To investigate the effect of IRW (a tripeptide derived from EW) on plasma RAS

components, systemic insulin sensitivity and insulin signaling in skeletal muscle and WAT of

obese, glucose intolerant mice.

3a) To characterize metabolic phenotype and systemic insulin sensitivity of mice fed IRW.

3b) To quantify RAS components’ plasma activity and skeletal muscle protein abundance.
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3¢) To investigate skeletal muscle insulin signaling, muscle synthesis pathway and AMPKa
activation.
3d) To investigate insulin signaling, adipogenesis, AMPKa and thermogenesis pathways in

visceral WAT.

To complete objective #3, an animal trial was conducted similarly as in objective #1 (Fig.
1.1) but changing the diet supplementation to IRW (n=8 animals/group, 45 mg/kg BW). At the
end of the trial all the animals were injected with insulin intraperitoneally prior to euthanasia. For
objective #3a key outcomes were glucose tolerance, insulin sensitivity and BW. To complete
#3b, angiotensin II, angiotensin 1-7, ACE and ACE2 plasma activity were measured. In addition,
ATIR, AT2R, angiotensin (1-7) receptor (MasR), ACE and ACE2 protein abundance in skeletal
muscle was measured. For the completion of objective #3c, p-AKT, plasma membrane GLUT4,
PPARy and AMPKa protein abundance was measured in skeletal muscle. In addition, gene
expression of muscle synthesis targets was analysed. To complete objective #3d, p-AKT,

uncoupling protein 1 (UCP-1), PPARy and AMPKa were measured in WAT.

#4 To characterize the mechanisms of action of IRW in preventing HF D-induced NAFLD.

4a) To investigate the phenotype of HFD-fed mice after IRW supplementation.

4b) To conduct a quantitative analysis of visceral adipocyte morphology and adipogenesis.

4c) To identify alterations in liver lipid accumulation and NAFLD features.

4d) To investigate hepatic lipid metabolism and mitochondrial related genes.
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For objective #4, another animal trial was conducted as in objective #1 (Fig. 1.1) but
changing the intervention to IRW (n=8 animals/group, 45 mg/kg BW). This animal trial was
conducted in collaboration with another student in Dr. Jianping Wu’s lab, who focused on
skeletal muscle- and plasma-related outcomes. Main outcomes for objective #4a were body

composition and OGTT. For objective #4b, adipocyte size and protein abundance of FAB4,

PPARY, adiponectin and perilipin 1 were measured. To complete objective #4c, NAFLD features

were investigated. To complete objective #4d, the expression of genes involved in lipid

metabolism and mitochondrial function were analyzed in liver tissue. In addition, p-AMPKS, p-

AMPKa, CPTla, p-ACCI1, FAS and mitochondria oxidative phosphorylation (oxphos-

complexes [-V) protein abundance was measured.
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3. CHAPTER 3: An egg white-derived peptide enhances systemic insulin
sensitivity and modulates markers of non-alcoholic fatty liver disease in

obese, insulin resistant mice

This section reflects the outcomes from experiments undertaken to address objectives #1 and
#2. I participated in the study design, performed the experiments, analyzed the data, and prepared
the manuscript for submission under the supervision of Dr. Catherine Chan and co-supervision of
Dr. Jianping Wu. For this work I had help from Dr. Jessica Yue’s, Dr. Robin Clugston’s and Dr.
Marcelo Mori’s teams in interpreting the data and conducting the experiments related to
euglycemic-hyperinsulinemic clamp, liver qPCR and in vitro studies, respectively. In addition,
Ren Wang participated in performing the experiments as an undergraduate student under my
supervision. This manuscript was published in the journal Metabolites in January 2023 [199]. A

PDF version of the manuscript is provided in Appendix 2.
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Abstract

Non-alcoholic fatty liver disease (NAFLD), the hepatic manifestation of the metabolic
syndrome, is a global health problem. Currently, no pharmacological treatment is approved for
NAFLD. Natural health products, including bioactive peptides, are potential candidates to aid in
the management of metabolic syndrome-related conditions, including insulin resistance and
obesity. In this study, we hypothesized that an egg white-derived bioactive peptide
QAMPFRVTEQE (Peptide 2) would improve systemic and local WAT insulin sensitivity,
thereby preventing HFD-induced exacerbation of pathological features associated with NAFLD,
such as lipid droplet size and number, inflammation, and hepatocyte hypertrophy in HFD-fed
mice. Similar to rosiglitazone, Peptide 2 supplementation improved systemic insulin resistance
during the hyperinsulinemic-euglycemic clamp and enhanced insulin signaling in WAT,
modulating ex vivo lipolysis. In the liver, compared with HFD-fed animals, Peptide 2
supplemented animals presented decreased hepatic cholesterol accumulation (p < 0.05) and area
of individual hepatic lipid droplet by around 50% (p = 0.09) and reduced hepatic inflammatory
infiltration (p < 0.05) whereas rosiglitazone exacerbated steatosis. In conclusion, Peptide 2
supplementation improved insulin sensitivity and decreased hepatic steatosis, unlike the insulin-

sensitizing drug rosiglitazone.

Keywords: Bioactive peptides; egg; metabolic syndrome; non-alcoholic fatty liver disease;

type 2 diabetes
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3.1 Introduction

Metabolic syndrome pathophysiology exemplifies a clear crosstalk between major metabolic
organs, including the liver and WAT. NAFLD affects 25% of the global population and is
strongly associated with obesity, type 2 diabetes/insulin resistance, and dyslipidemia. All of
these conditions are a public health concern and beget socioeconomic problems [200]. Hepatic
steatosis in NAFLD results from an imbalance between substrate availability (fatty acids and
carbohydrates) and the hepatic capacity to dispose of fats properly. In humans, the two main
sources of non-esterified fatty acids (NEFA) in the liver are WAT lipolysis and DNL [201]. DNL
produces fatty acids from non-lipid precursors such as glucose or fructose and is increased in
insulin resistant states [124], and plays an important role in NAFLD [202]. NAFLD may
progress to NASH in which inflammation, fibrosis and cellular damage are present, then to
cirrhosis and further to hepatic cancer, increasing the need for liver transplantation [201] and
seriously impacting quality of life.

Lifestyle interventions (diet and physical activity) improve NAFLD, but currently no
pharmacological treatment is approved for NAFLD. Several drugs, including thiazolidinediones
(PPARY agonists that are insulin sensitizers) are being investigated as therapies to reduce hepatic
steatosis, inflammation, and fibrosis [20, 203]. However, findings are controversial [204, 205].
Natural health products and functional foods include potential candidates to aid in the
management of metabolic conditions. Food-derived bioactive peptides have effects beyond their
nutritive value and can modulate physiological processes promoting health benefits [206]. There
are many food sources of bioactive peptides, including the egg, a universally available and

consumed source of protein.
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Previously, our group showed that an egg white hydrolysate (EWH) alleviates hypertension
[186] and insulin resistance in rat models [197], and mimics insulin action in preadipocytes
[196]. In addition, IRW, a specific peptide found in the EWH improves hypertension [187] and
insulin resistance in rodents [207]. Another peptide identified in the EWH is QAMPFRVTEQE
(aka Peptide 2), which mimics insulin actions to enhance PPARY protein abundance and other
markers of adipogenesis in preadipocyte cell culture [198] but the in vivo efficacy of Peptide 2 is
not established.

Considering the need of new therapies for NAFLD and the crosstalk between insulin
signaling, WAT and the liver, we aimed to identify specific effects of Peptide 2 diet
supplementation on manifestations of the metabolic syndrome including systemic IR, WAT
response to insulin and NAFLD markers, compared with the thiazolidinedione rosiglitazone. We
hypothesized that Peptide 2 supplementation improves systemic and local insulin sensitivity,
which in turn alleviates pathological cellular features associated with NAFLD, therefore

modulating both glucose and lipid metabolism.

3.2 Materials and Methods

3.2.1 Animals and Diets

Protocol 1: This protocol and some results of a previous intervention trial were previously
published by our group [197]. Briefly, male Sprague Dawley (SD) rats (n = 48) were fed with
HFD for 6 weeks. Then, half of the animals received HFD+4% EWH with the remainder serving
as HFD controls for another 6 weeks. At the end of week 12, half of the animals received an
intraperitoneal injection of insulin (2 IU/kg of BW) to stimulate insulin signaling prior to

euthanization using CO». Diet composition was published elsewhere [197] and was matched for
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macronutrient and energy content. Herein, we report lipolysis pathway data from WAT tissues; a
full description of the rat phenotype after EWH treatment is published elsewhere [197].

Protocol 2: Male C57BL/6 mice (5 weeks old) purchased from Charles River Canada were
housed 4/cage with ad libitum access to food and water, exposed to 12:12 h light: dark in a
humidity- and temperature-controlled environment (60% humidity, 23 °C). Mice received a low-
fat diet (LFD, 10% kcal fat) or a HFD (HFD, 45% kcal fat) for 6 weeks. After that, the HFD
animals were divided into 3 groups: HFD only, HFD + Peptide 2 (PEP2) and HFD +
rosiglitazone (ROSI) and continued receiving their respective diets for another 8 weeks. LFD
animals continued receiving LFD for another 8 weeks. After a total of 14 weeks, mice either
received an intraperitoneal injection of insulin (1.5 IU/kg BW) prior to euthanasia or were
directly euthanized using CO,, while some mice underwent hyperinsulinemic-euglycemic clamp
prior to euthanasia by ketamine. Diet composition is shown in Table 3.1. Peptide 2 was
administered at 45 mg/Kg BW/day daily mixed in the diet. The characteristics of Peptide 2 are
reported in Table 3.2 [198]; it was synthesized by Genscript (Piscataway, NJ, USA) with 97.9%
compound purity and no terminus modifications. Peptide 2 is soluble in water, dimethyl
sulfoxide and phosphate-buffered saline at a concentration <10 mg/mL. High performance liquid
chromatography chromatogram and the mass spectra of the peptide provided by Genscript are
shown in Fig. 3.1. Rosiglitazone (Sigma-Aldrich, ST. Louis, MA, USA) was administered at 2.5

umol/kg BW/day in the drinking water.
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Table 3.1 Diet composition.

Casein (g/Kg)

L-Cystine (g/Kg)

Corn Starch (g/Kg)

Maltodextrin (g/Kg)

Sucrose (g/Kg)

Lard (g/Kg)

Soybean Oil (g/Kg)

Cellulose (g/Kg)

Mineral Mix, AIN-93G-MX (94046) (g/Kg)

Calcium Phosphate, dibasic (g/Kg)

Vitamin Mix, AIN-93-VX (94047) (g/Kg)

Choline Bitartrate (g/Kg)

PEP2 (mg/Kg BW)

Rosiglitazone (uM/Kg BW in water)

LFD HFD HFD+PEP2 HFD+ROSI
210.0 245.0  245.0 245.0
3.0 3.5 3.5 3.5
445.0 85.0 85.0 85.0
50.0 115.0 115.0 115.0
160.0 200.0  200.0 200.0
20.0 195.0 195.0 195.0
20.0 30.0 30.0 30.0
37.15 58.0 58.0 58.0
35.0 43.0 43.0 43.0
2.0 3.4 34 34
15.0 19.0 19.0 19.0
2.75 3.0 3.0 3.0
n/a n/a 45.0 n/a
n/a n/a n/a 2.5
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Table 3. 2. Peptide 2 specifications.

Peptide 2
Amino acid sequence QAMPFRVTEQE
Number of amino acids 11
Theoretical molecular weight (g/mol) * 1335.50
Observed molecular weight (g/mol) 1335.8
Theoretical isoelectric point * 4.53
Grand average of hydropathicity (GRAVY) * -0.918
Hydrophobicity * 22
Terminus modifications None

Net charge at pH 7.0 *

-1

* Parameters calculated using online tools: ProtParam (Expasy); Bachem peptide calculator and Thermofischer

Peptide analyzing tool. Observed molecular weight provided by Genscript.
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Figure 3. 1. Peptide 2 chromatograph. High performance liquid chromatography (A) and mass spectrometry (B).

Provided by Genscript.
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3.2.2 BW, Body Composition and Sample Collection

Mice were weighed weekly. Body composition was measured at week 14 in fasted conditions
using an ECHO magnetic resonance imaging (ECHO MRI) as per manufacturer’s instructions.
Blood was collected by cardiac puncture into EDTA tubes and plasma was stored at —80 °C until
further analysis. Liver and WAT (retroperitoneal (rWAT), epidydimal (eWAT) and inguinal
(IWAT)) were collected, weighed and snap frozen in liquid nitrogen. A sample of each tissue

was fixed in formalin, dehydrated, and preserved in paraffin blocks for histological analysis.

3.2.3 Adipose Tissue Organ Culture

During tissue collection, a piece of approximately 100 mg each and of each fat pad i(WAT,
eWAT and rWAT) were collected and washed with cold phosphate-buffered saline + 1%
penicillin/streptomycin (Gibco, Waltham, MA, USA) and kept in M199 media (Sigma-Aldrich,
St. Louis, MA, USA) supplemented with 50 pU insulin (Sigma-Aldrich, St. Louis, MA, USA),
2.5 nmol/L. dexamethasone (Sigma-Aldrich, St. Louis, MA, USA) and 1%
penicillin/streptomycin in a cell incubator at 37 °C and 5% CO; for 24 h. After that, the media
was replaced with fresh M199 supplemented only with 2.5% fatty acid-free bovine serum
albumin (MP Biomedicals, Santa Ana, CA, USA). Each piece received one of the following
treatments: sterile H>O or norepinephrine (1 pM, Sigma-Aldrich, St. Louis, MA, USA) or
norepinephrine (1 pumol/L) + insulin (1 IU/mL) for 2 h. An aliquot of the media was collected

after 2 h and kept at =80 °C for future glycerol analysis.
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3.24 Preadipocyte Cell Culture

Preadipocytes derived from mouse inguinal WAT (9W) and from brown adipose tissue (9B)
were cultured and differentiated as previously described [208]. Briefly, cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum and 1%
penicillin/streptomycin until confluence was reached. After that, cells were differentiated in
DMEM containing 20 nmol/L insulin, 1 nmol/L triiodothyronine, 0.5 mmol/L isobutyl
methylxanthine, 1 umol/L dexamethasone, 0.125 mmol/L indomethacin, and 2.8 pmol/L
rosiglitazone. Because we wanted to compared the effect of Peptide 2 with rosiglitazone during
preadipocyte differentiation, we modified the above differentiation cocktail as follows: the
control (C) received the cocktail described above, the C+PEP2 was treated with the above
cocktail supplemented with 100 umol/L Peptide 2, the negative control (Rosi neg) received the
above cocktail without rosiglitazone and the Rosi neg+PEP2 received the above cocktail without

rosiglitazone but supplemented with Peptide 2 (100 umol/L).

3.25 Hyperinsulinemic-Euglycemic Clamp

The euglycemic clamp was performed as previously described [209, 210] with the following
modifications: briefly, mice were anaesthetized using ketamine (90 mg/kg BW) and xylazine (10
mg/kg BW) and underwent aseptic right jugular vein catheterization for intravenous infusions.
Post-surgical BW and food intake were monitored daily. After 3—4 days (to re-establish a
minimum of 90% of pre-surgical BW), the mice were fasted for 5 h and underwent a
hyperinsulinemic-euglycemic clamp, in which a primed, continuous infusion of tritiated glucose
(1 pCi bolus + 0.1 pCi infusion; Perkin Elmer, Waltham, MA, USA) was maintained for the

duration of the experiment to assess glucose kinetics. After a basal period, the hyperinsulinemic-
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euglycemic clamp was initiated with a primed, continuous infusion of insulin (3.0 mU/kg/min)
for 120 min, and plasma glucose levels were maintained at a similar euglycemic level to the
basal period using a variable infusion of 10% glucose solution. Plasma samples were obtained
every 10 min for the measurement of glucose concentration (Analox Glucose Analyzer,
Huntington beach, CA, USA) and [3-*H]-glucose specific activity. At conclusion of the clamp
period, mice were euthanized using an infusion of 0.02 mL ketamine via the jugular vein,

followed by decapitation.

3.2.6 Oral Glucose Tolerance Test (OGTT) and Insulin Tolerance Test (ITT)

OGTT were performed at week 13. Briefly, after overnight fasting a bolus of glucose (1 g/kg
BW) was orally gavaged to mice and blood glucose was measured after 0, 15, 30, 60, 90, and
120 min from the tail vein using a glucometer (Contour®Next, Mississauga, ON, CA). ITT were
performed at week 14. After 4 h fasting, mice received an intraperitoneal injection with insulin

(0.75 U/Kg BW) and glucose was measured after 0, 15, 30, 60, 90, and 120 min as cited above.

3.2.7 Liver Triglyceride (TG) and Cholesterol Content

Liver TG and cholesterol were extracted using approximately 100 mg of tissue and as
previously described [211]. Briefly, tissue was homogenized in 1 mL of NaCl solution. A total of
500 pL of the extract was mixed with 2 mL of Folch solution (chloroform:methanol (2:1)),
centrifuged at 3000 rpm for 10 min and the lower phase collected. Samples were dried under
nitrogen and resuspended with 1 mL of 2% TritonX-100 solution in chloroform and dried under

nitrogen. The dried sample was then resuspended in ddH»O and kept at =20 °C until further use.
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TG and cholesterol content were measured using a commercial kit (Infinity™, Thermo

Scientific, Waltham, MA, USA).

3.2.8 PPARy DNA Binding Activity

Nuclear protein extraction was performed using a commercial kit (Active Motif Inc.,
Carlsbad, CA, USA) following the manufacturer’s instructions for frozen tissue and using 100
mg of tissue for each extraction. PPAR-y DNA binding activity was assessed by a TransAM™
PPAR-y kit (Active Motif Inc., Carlsbad, CA, USA) using 10 ng/10uL of nuclear protein extract

following the manufacturer’s instructions.

3.2.9 Plasma Biochemical Analysis

All biochemical parameters were assessed after overnight fasting (14—16 h) and using the
following commercial kits or reagents as per manufacturer’s instructions: mouse insulin ELISA
(ALPCO, Salem, NH, USA); NEFA and liver L-type triglyceride M colorimetric assay (Wako
Pure Chemical Industries Ltd., Richmond, VA, USA); adiponectin and resistin (Mesoscale
Discovery); non-esterified fatty acids using glycerol free reagent as standard (Sigma-Aldrich, St.
Louis, MA, USA); alanine transaminase (ALT) (Abcam, Cambridge, UK). HOMA-IR was

calculated using the formula: [fasting glucose (mmol/L)] x [fasting insulin (uU/L)]/22.5].

3.2.10  Protein Extraction and Western Blot

All reagents were purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MA, USA)
unless otherwise specified. Liver tissue was homogenized using a tissue homogenizer in RIPA

buffer (50 mmol/L Tris HCL pH:8.0, 150 mmol/L NaCl, 0.1% Triton X-100, 0.5% sodium
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deoxycholate, 0.1% SDS) supplemented with 2 pg/mL aprotinin (Calbiochem), 5 mmol/L
sodium fluoride, 5 mmol/L sodium orthovanadate, and 1x protease inhibitor cocktail (FastPrep®-
24, MP Biomedicals). WAT protein was extracted using an extraction kit (AT-022, Invent
Biotechnologies, Plymouth, MN, USA). Lysates were stored at —80 °C for future analysis.
Protein extracts were separated by SDS-PAGE 12% polyacrylamide gels as previously reported
[197] and probed for p-AKT (Cell Signaling Technology (CS-4060S), AKT (CS-9272), PPARy
(Santa Cruz Biotechnology-SC7196), AT2R (abcam92445), p-HSL (CS-41265), HSL
(abcam45422), p-PKA (CS-5661S or PKA (CS-58425) overnight before incubation with
fluorescent secondary antibodies (Li-cor Biosciences) for 1 h at RT. Images were analyzed using
Image Studio Lite software (Li-cor Biosciences, Lincoln, NE, USA). All the phosphorylated
proteins bands were normalized to their corresponding total protein. Total proteins were
normalized to either B-actin (Sigma-Aldrich A5441), GAPDH (SC-47724 ) or Vinculin (SC-

25336).

3.2.11  Histology

Paraffin blocks of liver or WAT were cut into 5 um sections and affixed to glass slides.
Hematoxylin and eosin staining was performed as previously reported [197]. Fibrosis was
assessed using Masson’s trichrome staining kit (Sigma-Aldrich, St. Louis, MA, USA). Adipocyte
size: 10 random photomicroscopic images of each slide (1 slide per animal) were captured using
the microscope 20% objective lens and Axion Vision 4.8 software. Imagel software “freechand
selections” tool was used to measure adipocyte area (mm?) of 300 cells or 10 images per sample,
whichever was reached first. Liver morphological characterization: Random photomicroscopic

images (20%, Axio Vision 4.8 software, n = 3 per mouse) were taken and a researcher blinded to
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group assignment used ImageJ software “freehand selections” tool to quantify LD area, cell
number and inflammatory foci (a cluster with >5 immune cells). Each image was divided into 4
equal areas and the top left quadrant (standard area: 88,884.66 um?) was analyzed as a
representation of the total image. In terms of LD size, there is not a defined numerical threshold
for small or large LD categories. However, based on the literature, hepatic lipid accumulation
was divided into three categories, macrovesicular with one large LD displacing the nucleus to the
side, macrovesicular with one single small LD not displacing the nucleus and true microvesicular

steatosis where several small LD occupy a hepatocyte, giving it a foamy appearance [212-214].

3.2.12  Quantitative PCR (qPCR)

Primer sequences are provided in Table 3.3 Liver RNA was extracted using the QTAGEN
RNeasy Mini Plus kit following the manufacturer’s instructions and as previously described
[215] with the following modifications: frozen tissue (50—-100 mg) was lysed and homogenized
using 1 mL of TRIzol. After 5 min at RT, 0.2 mL of chloroform per mL of TRIzol was added.
Samples were shaken vigorously and incubated at RT for 3 min, followed by centrifugation at
12,000x g for 10 min at 2—8 °C. The supernatant was collected, and the manufacturer’s
instructions were followed for the remaining steps until RNA was obtained. RNA concentration
and purity were measured using a Nanodrop (Thermo Fisher, Waltham, MA, USA) and cDNA
synthesis was performed using the high-capacity cDNA RT kit (Applied Biosystems, Waltham,
MA, USA) using 2 pg RNA per reaction in a ProFlex PCR system thermocycler (Applied
Biosystems, Waltham, MA, USA). qPCR was performed using PerfeCTa SYBR Green
SuperMix ROX (Quantabio, Beverly, MA, USA) in a QuantStudio3 machine (Applied

Biosystems, Waltham, MA, USA) using B-actin as the reference gene.
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Table 3. 3. Primers sequences.

Primer sequence

Tnfa

Cd36

Fasn

Mogatl

Ppparg

Ppparg?2

Ppara

Srebplc

Cptla

Scdl

Dgat2

Actb

Atgl

Hsl

Plin2

Dgatl

F5 -3
R5 -3

F5-3
R5 -3

F5 -3
R5 -3

F5 -3
R5 -3

F5 -3
R5 -3

F5-3
R5 -3

F5 -3
R5 -3

F5 -3
R5 -3

F5-3
R5 -3

F5 -3
R5 -3

F5 -3
R5 -3

F5 -3
R5 -3

F5 -3
R5 -3

F5 -3
R5 -3

F5 -3
R5 -3

F5 -3
R5 -3

GGTTCTCTTCACGGGACAAGGC
AGAGAGGAGGTTGACTTTCTCCTG

TGGCTAAATGAGACTGGGACC
ACATCACCACTCCAATCCCAAGTAAGG

CTTCCGTCACTTCCAGTTAGAGCAG
AGTTCAGTGAGGCGTAGTAGACAGTG

CCTTGACCCATGGTGCCAGTT
CGTCTTGTATAGTTCGTAGCCAGGAGC

GAAGACATTCCATTCACAAGAGCTGACC
GCCTGTTGTAGAGCTGGGTCTT

ATGCTGTTATGGGTGAAACTCTGGGA
CACAGAGCTGATTCCGAAGTTGGTG

CGACCTGAAAGATTCGGAAACTGCAG
GCGTCTTCTCGGCCATACACAAG

GGAGCCATGGATTGCACATTTGAAGACAT
TTCCAGAGAGGAGGCCAGAGA

CCTACCATGGCTGGATGTTTGCAG
GTATCTTTGACAGCTGGGACAGGCA

GTTCCCTCCTGCAAGCTCTACAC
GCAGCCGTGCCTTGTAAGTTC

CTGGCAAGAACGCAGTCA
TTCTTCTGGACCCATCGG

AGCTATGAGCTGCCTGACG
TGCCACAGGATTCCATACCCAAG

TGTGGCCTCATTCCTCCTAC
TCGTGGATGTTGGTGGAGCT

GCT GGG CTG TCA AGC ACT GT
GTA ACT GGG TAG GCT GCC AT

CTGCGGCCATGACAAGT
GCTGGTTCAGAATAGGCAGTCTTT

GAGTCTATCACTCCAGTGGG
GGCGGCACCACAGGTTGACA
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ApoB F5-3

RS -3
Collal F5 -3
RS -3
Mitp F5 -3
RS -3

ACTGTGACTTCAATGTGGAG
CTGAGGCAGACAGACTTGTC

TCAGACCTGTGTGTTCCCTACT
ACGGGAATCCATCGGTCAT

AGAGGACAGCTTTGTCACCG
TCTTCAGCTCCAATTTCTGCTTCG

Abbreviations: Gene symbol followed by its (name) and the encoded protein: Ppara (peroxisome proliferator-

activated receptor alpha) encodes PPARa; Pparg (peroxisome proliferator-activated receptor gamma) encodes

PPARYy; Pparg2 (peroxisome proliferator-activated receptor gamma) encodes PPARY2; Trnfa (tumor necrosis factor

alpha) encodes TNF-a; Collal (collagen type 1 alpha 1 chain) encodes pro-alphal chains of type 1 collagen; Scd1

(stearoyl-Coenzyme A desaturase 1) SCD1; Fasn (fatty acid synthase) encodes FAS; Srebpic (sterol regulatory

element binding transcription factor 1c) encodes SREBP-1c; Mogat! (monoacylglycerol O-acyltransferase 1)

encodes MGAT1; Cd36 encodes fatty acid translocase (CD36); Cptla (carnitine palmitoyl transferase 1A) encodes

CPTla; ApoB (apolipoprotein B) encodes ApoB; Mttp (microsomal triglyceride transfer protein) encodes MTP;

Dgatl (diglycerides O-acyltransferase 1) encodes DGAT1; Dgat? (diglycerides O-acyltransferase 2) encodes

DGAT?2; Actb encodes B-actin Plin2 (perilipin 2) encodes PLIN2; Hs/ (hormone sensitive lipase) encodes HSL; A¢g/

(patatin-like phospholipase domain containing 2) encodes adipose triglyceride lipase (ATGL).
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3.2.13  Statistical Analysis

All data presented are expressed as means + SEM of ‘n’ mice as indicated in each figure
description. Statistical analysis was performed using GraphPad Prism software 7.0 (GraphPad
Software Inc., San Diego, CA, USA). Data were checked for normal distribution by the Shapiro—
Wilk test and any identified outliers were removed. T-test was used to compare LFD to HFD (to
establish insulin resistance-related differences), while one-way ANOV A was used to compare
HFD groups (i.e., HFD, PEP2 and ROSI) to identify treatment effects. Two-way ANOVA was
used to compare insulin regulation of AKT, PKA and HSL. Bonferroni’s or Dunn’s post-hoc
tests were performed to assess differences between groups when a significant main effect was

observed. A p-value < 0.05 was considered statistically significant.

3.3 Results

3.3.1 EHW Effects on WAT Lipolytic Pathway from Obese, Insulin Resistant Rats

Previously we showed that 4% EWH improved glucose tolerance and insulin sensitivity,
reduced adipocyte size and enhanced PPARy abundance in WAT in rats [197]; thus, its effects
on lipolytic enzymes in WAT was investigated here. PPARy DNA binding activity was reduced
by 4% EWH in eWAT (p <0.01), but significantly increased in rWAT (p <0.01) (Fig. 3.2A,B).
The investigation of key enzymes involved in lipolysis by two-way ANOVA showed a
significant overall diet effect (p < 0.05) in tWAT p-PKA/PKA ratio and an overall insulin effect
(p <0.05) in p-HSL/HSL. The post-hoc analysis revealed that 4% EHW treated animals had
reduced p-HSL in rWAT after intraperitoneal injection of insulin (p < 0.05) despite no change in
phosphorylation of PKA (Fig. 3.2C,D). No changes in total PKA or HSL protein abundance were

seen in rIWAT (Fig. 3.3). In eWAT, two-way ANOVA revealed a significant overall diet effect
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(p <0.05) on p-PKA/PKA, while no overall effect was seen on p-HSL/HSL. No changes in p-
HSL or p-PKA (Figure 3.1.2E,F) or total HSL (Fig. 3.3D) were seen in eWAT. However, total
PKA abundance was reduced by 4% EWH treatment (p = 0.08) (Fig. 3.3C). Plasma and WAT

adiponectin and resistin concentrations were not different between groups (Table 3.4).
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Figure 3. 2. EWH effects in WAT of Sprague Dawley rats fed EWH for 6 weeks (Protocol 1). PPARy DNA
binding activity in rWAT (A) and eWAT (B). Data expressed as mean + SEM and analyzed by two-tailed t-test (n =
6-7). PKA, p-PKA, HSL and p-HSL protein abundance in tWAT (C,D) and eWAT (E,F). Data expressed as mean +
SEM and analyzed by two-way ANOVA (n = 3—4). Bars with different letters indicate p < 0.05. EWH, egg white
hydrolysate; PKA, protein kinase A; PPARy, Peroxisome proliferator-activated receptor gamma; HSL, hormone

sensitive lipase; WAT, white adipose tissue; rWAT, retroperitoneal WAT; eWAT, epididymal WAT.
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epididymal WAT.
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Table 3.4. Resistin and adiponectin concentration in plasma, epididymal and retroperitoneal adipose tissue in
Sprague Dawley rats treated with HFD+4% EWH for 6 weeks (Protocol 1). Data expressed as mean = SEM and

analyzed by two tailed t-test (n = 6-7).

HFD+4% EWH

HFD
Plasma (fasting)
Resistin (pg/mL) 1047 + 84.55 1011 + 82.99
Adiponectin (ng/mL) 55,853 £2832 60,270 £ 7367
eWAT
Resistin (pg/mL) 175.1 £ 15.67 166.5+11.14
Adiponectin (ng/mL) 1002 + 28.44 1044 + 19.54
rWAT
Resistin (pg/mL) 172.3 £20.14 175.1 £ 15.67
1033 +25 1026 +28.73

Adiponectin (ng/mL)

Abbreviations: HFD, high-fat diet; EWH, egg white hydrolysate; eWAT, epididymal adipose tissue; IWAT,

retroperitoneal adipose tissue.
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Based on these indications that 4% EWH had the potential to improve insulin-mediated
suppression of lipolysis and activate PPARY, a trial of 4 EWH-derived, purified peptides
(Peptides 1-4) that elicited increased PPARY in vitro [198] was initiated. From preliminary data
(n=12 mice/group), insulin tolerance was improved by Peptide 2 (p < 0.05) together with lower
iWAT and tWAT weights compared to HFD (Fig. 3.4), whereas Peptides 1, 3 and 4 did not
affect any WAT depot weight. Notably, Peptide 2 had the lowest and ROSI the highest liver
weight. Therefore, additional experiments were performed, focusing on the effects of Peptide 2

on the insulin resistant phenotype and iWAT/rWAT lipid metabolism.
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Figure 3. 4. Insulin tolerance test and tissues weight clamp in mice treated with Peptide 2 (Protocol 2). (A-B)

Insulin tolerance test (ITT) and (C-F) tissue weight after supplementation with 4 different peptides or rosiglitazone.
(A) ITT, (B) ITT area under the curve (AUC), (C) rWAT, (D) iWAT, (E) eWAT and (F) liver. Data expressed as
mean + SEM and analyzed by two-way ANOVA (A) or one-way ANOVA with HFD group set as control. (A-C, E)

n=11-12, (D) n=9-12 and (F) n=7-12. Bars with (b) indicates p<0.05 compared to HFD group. WAT, white adipose
tissue; rWAT, retroperitoneal WAT; eWAT, epididymal WAT; iWAT, inguinal WAT.
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3.3.2 Peptide 2 and Rosiglitazone Effects in HFD-Induced Obese, Insulin Resistant Mice

3.3.2.1 Food Intake, Body Composition and Tissue Weight

Food and water intake were not different between any of the groups compared to HFD
animals (Fig. 3.5A-D). As expected, after 6 weeks of HFD feeding, the HFD group presented
higher BW than LFD animals (p < 0.0001) (Table 3.5) and were glucose intolerant (p < 0.05)
(Fig. 3.6). At the end of the trial, HFD group maintained higher BW and BW gain than LFD (p <
0.0001). Initial BW was not different between all the HFD groups; however, the ROSI group had
a reduced rate of BW gain than HFD group after 3 weeks of treatment leading to a reduced final
BW (p =0.006). Peptide 2 supplementation did not influence final BW or BW gain in
comparison to HFD. Body composition analysis revealed that only the LFD animals had a lower
fat mass % and higher lean mass % than HFD (p < 0.0001) (Table 3.5). Compared to HFD, LFD
animals had decreased mass of all three fat pads (p <0.001). ROSI group presented lower rWAT
mass compared to HFD (p = 0.0022), while PEP2 animals had an intermediate rtWAT mass,
between ROSI and HFD groups. eWAT and iWAT did not change between all the HFD groups.
The liver weight of LFD and HFD groups was not different. ROSI animals had a heavier liver

than all the other HFD groups (p < 0.0001) (Table 3.5).
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ANOVA. HFD, high-fat diet; LFD, low fat diet; ROSI, rosiglitazone.

63



A OGTT B
201 1500 b
- LF a

—_ *% ** _E
é 15 = HF E
g = 1000+
Ew g
@ E
S o 5004
3 59 =]
[T) <

0 T 0

0 15 30 60 90 120 LFD HFD
Minutes

3
©
g
~— 44
Q
w
o
(%]
2
o 24
o
£
»
;-]
[T 04

Figure 3. 6. Glucose tolerance clamp in mice treated with Peptide 2 (Protocol 2). (A) OGTT, (B) area under the
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Table 3. 5. BW, body composition and plasma profile of C57BL/6 mice at the end of the Peptide 2 feeding
trial (Protocol 2). Data expressed as mean + SEM and analyzed by two-tailed t-test (LFD x HFD) and by one-way
ANOVA or Kruskal-Wallis (HFD groups). Different letters on the same row indicates p < 0.05 for HFD groups. #
indicates p < 0.05 and * indicates p < 0.1 compared to HFD.

LFD HFD HFD+PEP2 HFD+ROSI
Body composition (not
fasted)
Initial BW (g) (week 6) 29.1+0.6" 339+0.7* 329+06° 33.5+0.7°
Final BW (g) 33.4+0.7% 42.5+0.7° 41.4+0.52b 39.4+08°
BW gain (%) (week 6—13) 154+1.0" 25.0+1.3* 262+12° 17.7+1.5°
Final fat mass (% BW) 25.6+1.3% 385+1.1° 38.6+£0.6° 36.1+1.1°
Final lean mass (% BW) 659+12% 542+1.0% 543+0.6° 56.5+1.0°
Tissue weight (g/BW)
eWAT 0.039 +0.0029 # 0.059 + 0.0029 * 0.061 £0.0014%*  0.057 +0.0025 *
rWAT 0.017 £0.00079 *  0.028 £0.00084*  0.025 +0.00096*®  0.022 +0.0014 °
iWAT 0.046 £ 0.0070 # 0.073 £0.0049 * 0.065 £ 0.0027*  0.062 +0.0040 *
Liver 0.036 £ 0.0019 0.033 £0.0015* 0.032 +0.0007*  0.044 +0.0015°
Plasma (fasting)
Glucose (mmol/L) 45+03% 5.9+03% 53+03¢ 5.6+02¢
Insulin (ng/mL) 05+£0.1" 1.0£0.1% 09+0.1°* 0.6+0.1°%
HOMA-IR 08+02" 24+0.6° 1.8£03* 1.9+£03%
NEFA (mEq/L) 0.4 +0.02 0.4+0.02° 0.5+0.03° 0.5+0.04°
TG (mg/dL) 39.4+5.6 52.6+58% 43.2+4.2° 41.9+4.6°
Plasma ALT (mU/mL) 84+40" 28.4+27.1° 249+15.1° 209+13.5°
Liver content (mg/g
tissue)
TG 46.8+23" 71.5+£11.0° 57.6+6.7% 132.7+12.1°
Cholesterol 24+0.2 2.1£02°? 1.3+0.1° 1.8+£0.1°

Abbreviations: ALT, alanine aminotransferase; BW, body weight; eWAT, epidydimal white adipose tissue (WAT);
HFD, high-fat diet; HOMA-IR, homeostatic model assessment of insulin resistance; iWAT, inguinal WAT; LFD,
low fat diet; NEFA, non-esterified fatty acids; tWAT, retroperitoneal WAT; TG, triglycerides.
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3.3.2.2 Plasma Biochemical Parameters

Fasted LFD animals had lower blood glucose concentration than HFD (p < 0.001), while no
statistical difference was seen between the HFD groups. No statistical difference was seen in
fasting plasma insulin concentration between any of the groups, despite a considerable reduction
in LFD (p <0.1) and ROSI groups compared to HFD. This was accompanied by a lower
HOMA-IR in LFD animals compared to HFD (p = 0.024) but no differences between HFD
groups. No changes were seen regarding plasma lipid profile (NEFA and TG) between any of the

groups (Table 3.5).

3.3.2.3 Glucose Homeostasis and Systemic Insulin Sensitivity

In vivo tests confirmed that at week 14 HFD animals were glucose intolerant compared to
LFD animals (p = 0.015) (Fig. 3.7A,C), and that the ROSI group had improved glucose tolerance
compared to HFD group (p < 0.05) (Fig. 3.7B,C, right). Two-way ANOVA analysis show a
significant treatment X time interaction (p < 0.0001) and a significant effect of diet (p = 0.0437)
among the HFD groups. However, despite changes in the OGTT curve and AUC, the
incremental AUC was not different between groups (Fig. 3.7D). This is likely because fasting
glucose concentration in the OGTT was significantly lower in the LFD group compared to HFD
(Fig. 3.7E, left).

During the hyperinsulinemic-euglycemic clamp LFD, ROSI and PEP2 groups had improved
insulin sensitivity compared to HFD (p < 0.05) (Fig. 3.7 F-I and Fig. 3.8). Plasma glucose
during the hyperinsulinemic-euglycemic clamp was not different among the groups (Fig. 3.7F).
Similarly, there was no difference in plasma insulin during the clamp procedure (Fig. 3.7G), both

validating the clamp technique. Insulin resistance of the HFD group was indicated by the lower
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glucose infusion rate (GIR) (p <0.001) (Fig. 3.7H, left) and higher glucose production during the
clamp than LFD (p = 0.005) (Fig. 3.71, left). Moreover, GIR was higher in PEP2 (p = 0.0047)
and ROSI (p = 0.0013) compared to HFD (Fig. 3.7H, right). In addition, glucose production was
reduced in the PEP2 group compared to HFD (p = 0.015), while ROSI showed an intermediate
effect (Fig. 3.71, right). When comparing basal vs. clamp glucose production within group,
glucose production was only suppressed in the PEP2 group, with a similar pattern in the LFD
group (Fig. 3.8A). Insulin-stimulated glucose disposal was higher in the LFD (p = 0.038) and
ROSI (p = 0.06) groups compared to HFD and although it was also numerically higher in the
PEP2 group, no significance was seen (Fig. 3.8B). Improvement in insulin sensitivity after PEP2

and ROSI treatment was confirmed during the insulin tolerance test (Fig. 3.8C-I).
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Figure 3. 7. Glucose tolerance test and hyperinsulinemic-euglycemic clamp in mice treated with Peptide 2
(Protocol 2). (A,B) Glucose tolerance test (OGTT), (C) OGTT area under the curve (AUC), (D) OGTT incremental
AUC, (E) overnight fasting glucose on OGTT day (n = 11-12). Data expressed as mean + SEM and analyzed by
two-tailed t-test (LFD vs. HFD) and by one-way ANOVA or Kruskal-Wallis (HFD groups) or two-way ANOVA. In
the hyperinsulinemic-euglycemic clamp: (F) plasma glucose concentration; (G) plasma insulin; (H) glucose infusion
rate and (I) glucose production. Data expressed as mean + SEM of n =4-7 and analyzed by two-tailed t-test (LFD
vs. HFD) or by one-way ANOVA (HFD groups). Bars with different letters indicate p < 0.05. * and # indicate p <
0.05; ** indicates p < 0.01; **** indicates p < 0.0001.
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Figure 3. 8. Hyperinsulinemic-euglycemic clamp and Insulin tolerance test (ITT) clamp in mice treated with
Peptide 2 (Protocol 2). (A) within group glucose production comparison at basal state and during clamp; (B) insulin
stimulated glucose disposal. Data expressed as mean + SEM. Figure A and B (LFD x HFD) were analyzed by two
tailed t test and figure B (HFD groups) analyzed by one-way ANOVA (n=4-7). (C/D) ITT LFD x HFD and ITT
HFD groups (n=11-12); (E/F) insulin tolerance test (ITT) as % of baseline blood glucose concentration (n=11-12),
(G) ITT AUC, (H) ITT incremental area above the curve (AAC) and (I) 4-hour fasting glucose on ITT day (n=12).
Data expressed as mean + SEM and analyzed by two-way ANOVA (C-F) and by two tailed t test (LFD x HFD) or
by one-way ANOVA (HFD groups) (G-I). * Indicates p<0.05, **p<0.01, *** p<0.001 ****p<0.0001. HFD, high-fat
diet; LFD, low fat diet; ROSI, rosiglitazone. BW, body weight; HFD, high-fat diet; LFD, low fat diet; ROSI,

rosiglitazone. Bars with different letters indicate p<0.05.
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3.3.2.4 WAT Regulation by Insulin: Lipolysis and AKT

Tissue collected from fasted HFD animals had impaired norepinephrine-stimulated lipolysis
ex vivo in eWAT and iWAT (Fig. 3.9A,B), while in rWAT lipolysis stimulation occurred in all
the groups, despite HFD having a lower magnitude of stimulation (Fig. 3.9C). Two-way
ANOVA diet overall effect was significant in rWAT and iWAT (p < 0.05), but not in eWAT.
The overall stimulatory effect was significant in all three fat pads (p < 0.05). Interestingly, none
of the groups showed suppression of lipolysis by insulin in the eWAT (Fig. 3.9A), but the lack of
suppression of lipolysis by insulin in HFD was rescued by Peptide 2 in both iWAT (Fig. 3.9B)
and rWAT (Fig. 3.9C). ROSI normalized lipolysis suppression in iWAT (Fig. 3.9B) but not in
rWAT (Fig. 3.9C). Because only tWAT and iWAT demonstrated rescued suppression of
lipolysis, we investigated insulin regulation of the lipolytic pathway only in these two fat pads.
rWAT and iWAT exhibited enhanced AKT phosphorylation after insulin stimulation in LFD,
PEP2 and ROSI but not in HFD groups, with an overall effect of insulin in both fat pads, but a

dietary overall effect only in iWAT (Fig. 3.9D,E and Fig. 3.10).
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Figure 3. 9. White adipose tissue (WAT) ex vivo lipolysis and protein kinase B (AKT) activation in tissues
harvested from mice treated with Peptide 2 (Protocol 2). Lipolysis ex-vivo in (A) eWAT (n =5-6), (B) iWAT (n
=5-6) and (C) rIWAT (n =4-6). (D) rtWAT p-AKT/AKT (n = 6) and (E) iWAT p-AKT/AKT (n = 6). Data
expressed as mean + SEM and analyzed by two-way ANOVA (D,E). Bars with different letters and * indicate p <
0.05; ** p <0.01 and **** p <0.0001. HFD, high-fat diet; rWAT, retroperitoneal WAT; eWAT, epididymal WAT,
iWAT inguinal WAT; LFD, low fat diet; ROSI, rosiglitazone.
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Figure 3. 10. AKT and p-AKT normalization to /B-actin. (A) rWAT AKT/B-actin; (B) rWAT p-AKT/ B-actin;
(C) iWAT AKT/B-actin; (D) iWAT p-AKT/B-actin. Data expressed as mean + SEM of n=6 mice. Data analyzed by
one-way ANOVA or Kruskal-Wallis. Bars with different letters indicate p<0.05. HFD, high-fat diet; LFD, low fat
diet; rWAT, retroperitoneal WAT; eWAT, epididymal WAT; iWAT, inguinal WAT; ROSI, rosiglitazone.
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3.3.2.5 PPARy Activation, Adipocyte Size and Adipogenesis Markers

Despite being increased 40—50% in PEP2 and ROSI groups, PPARYy protein abundance in
rWAT did not reach statistical significance (Fig. 3.11A). However, PPARY activation was
increased in LFD (p = 0.016) and ROSI (p = 0.49) groups compared to HFD, but not in PEP2
(Fig. 3.11B). Image analysis revealed no differences in average adipocyte size or distribution in
the 'WAT (Fig. 3.11C and Fig. 3.12, respectively) in any diet group. In iWAT, total PPARYy
protein abundance was similar between groups (Fig. 3.11E) and PPARY activation was not
different between groups (Fig. 3.11F). The average adipocyte size in LFD group was smaller
than HFD (p = 0.048) (Fig. 3.11, left). However, no changes were seen among the HFD groups
(Fig. 3.11G, right). The distribution curve showed reduced percentage of larger adipocytes
(>0.017 mm?) in the LFD compared to HFD (p < 0.05) (Fig. 3.12). Protein abundance of markers
of adipogenesis, including adiponectin, perilipin-1, fatty-acid binding protein 4 and fatty acid
synthase were similar between HFD groups in both rWAT and iWAT (Fig. 3.12). In addition, we
tested the effect of Peptide 2 during the differentiation of cultured pre-adipocytes derived from
both subcutaneous (9W) and brown (9B) adipose tissue pads from mice. However, no major
effects were observed in terms of adipogenesis, lipolysis, lipogenesis, and WAT browning (Fig.

3.13 and Fig. 3.14).
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adipogenesis markers in tissues harvested from mice treated with Peptide 2 (Protocol 2). (A) PPARy protein
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WAT; eWAT, epididymal WAT; iWAT, inguinal WAT; PPARY, peroxisome proliferator activated receptor gamma;
ROSI, rosiglitazone.
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Figure 3. 12. Adipogenesis markers western blot. (A) adipocyte size distribution in rWAT (n=4) and (B)
adipocyte size distribution in iWAT (n=4). (C) Adiponectin rWAT, (D) Perilipin-1 rtWAT, (E) Fatty acid binding
protein-4 (FAB4)) rWAT, (F) Fatty-acids synthase (FAS) rWAT, (G) Adiponectin iWAT, (H) Perilipin-1 iWAT, (I)
Fatty acid binding protein-4 (FAB4)) iWAT, (J) Fatty-acids synthase (FAS) iWAT. Data expressed as mean + SEM
of n=5-6 mice and analyzed by two-tailed t-test (LFD x HFD) or by one-way ANOVA or Kruskal-Wallis (HFD
groups). Bars with different letters indicate p<0.05. HFD, high-fat diet; LFD, low fat diet; rWAT, retroperitoneal
WAT; eWAT, epididymal WAT; iWAT, inguinal WAT; ROSI, rosiglitazone.
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compared to control. Data analyzed by two-way ANOVA. Different colors indicate biological replicates.
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3.3.2.6 Liver Characterization

Morphological characterization of LD showed no differences between LFD and HFD groups
in terms of total LD number (Fig. 3.15A, left) and total LD area (Fig. 3.15C, left), but LFD had
30-40% smaller individual LD area (p = 0.09) (Fig. 3.15B, left). Among HFD groups, despite a
similar number of LD in all the groups (Fig. 3.15A, right), ROSI had a similar individual LD
area to HFD and an increased total LD area (p < 0.04) (Fig. 3.15B,C, right, respectively). PEP2
had smaller individual LD area compared to ROSI (p < 0.0043), and around 50% smaller area
compared to HFD (p = 0.09) (Fig. 3.15B, right). In addition, PEP2 had 40-50% smaller total LD
area compared to HFD, but while the ANOVA showed a p =0.0001 suggesting an overall
treatment effect, no statistical difference was observed between these groups (Fig. 3.15C, right, p
=0.2). Albeit not statistically significant, the qualitative analysis of the images revealed that
most of the animals had visibly less liver fat (first, second and fourth panel on Fig. 3.15G) while
the minority did not (third panel Fig. 3.15G). These differences were also reflected by the
distribution curve (Fig. 3.15D), which emphasized the right-shift in LD area as well as more
abundant LD > 50 um? in area in the ROSI livers. Regarding hepatocyte size, no difference
between LFD and HFD was observed, but PEP2 had a higher number of cells per area than ROSI
(p = 0.0024), indicative of less hypertrophy (Fig. 3.15E, right). Moreover, PEP2 and LFD
exhibited fewer inflammatory foci compared to HFD (p = 0.026), while ROSI had an
intermediate effect (Fig. 3.15F, right). The differences seen in hepatic TG content (Table 3.5)
and LD characterization are supported by the representative images, where we observed smaller
LD, less area covered in LD and reduced inflammatory foci presence in LFD and PEP2 groups,
while ROSI exhibited most of the image covered in LD (Fig. 3.15G). Hepatic cholesterol content

was lower in the PEP2 group compared to HFD (p = 0.02) and ROSI (p = 0.038) groups, but not
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different between LFD and HFD (Table 3.5). Plasma ALT was not different among the HFD
groups, but LFD had lower plasma ALT concentration than HFD animals (Table 3.5). Collagen
staining to identify fibrosis revealed no presence of collagen within the hepatic parenchyma in
almost all the samples. However, the samples from ROSI group had at least 1 image out of 19
with presence of weak collagen staining. One sample in the LFD group exhibited marked

collagen staining, which was attributed to a random finding of fibrosis (Table 3.6).
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Figure 3. 15. Liver characterization in tissues harvested from mice treated with Peptide 2 (Protocol 2). (A)
total LD number (n = 6); (B) average individual LD area (n = 6); (C) average area covered by LD (n = 6); (D) LD

distribution by size (n = 6); (E) number of cells per liver area analyzed (n = 6); (F) average inflammatory foci per

image (n = 5-6); (G) liver representative images. Data expressed as mean = SEM and analyzed by two tailed t-test

(LFD vs. HFD) and by one-way ANOVA or Kruskal-Wallis (HFD groups). Arrows indicate inflammatory foci.
Bars/lines with different letters indicates p < 0.05. LD, lipid droplet; HFD, high-fat diet; LFD, low fat diet; ROSI,

rosiglitazone.

Table 3. 6. Fibrosis assessment.

GROUPS Number of images Number of images FINAL
POSITIVE FOR FIBROSIS POSITIVE FOR FIBROSIS AVERAGE
(REVIEWER 1) (REVIEWER 2)
LFD-29 0/19 0/19 0/19
LFD-31 0/19 0/19 0/19
LFD-Fé 17/19 19/19 18/19
HFD-35 0/19 0/19 0/19
HFD-63 0/19 0/19 0/19
HFD-F17 1/19 0/19 0.5/19
PEP2-43 0/19 0/19 0/19
PEP2-F16 0/19 0/19 0/19
PEP2-F35 0/19 2/19 1/19
ROSI-25 0/19 1/19 0.5/19
ROSI-27 0/19 0/19 0/19
ROSI-53 1/19 0/19 0.5/19
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3.3.2.7 Liver PPARy and AT2R

Hepatic PPARy abundance was similar between all groups (Fig. 3.16A). Interestingly,

angiotensin II-type 2 receptor (AT2R) protein abundance was enhanced 2-fold (p =0.0004) in the

PEP2 group compared to HFD (Fig. 3.16B, right).
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Figure 3. 16. Liver protein abundance in tissues harvested from mice treated with Peptide 2 (Protocol 2). (A)

PPARYy protein abundance and (B) AT2R. Data expressed as mean = SEM of n = 5-6 mice. Data analyzed by two-
tailed t-test (LFD vs. HFD) and by one-way ANOVA or Kruskal-Wallis (HFD groups). Bars with different letters

indicates p < 0.05. PPARYy, peroxisome proliferator-activated receptor gamma; AT2R, angiotensin II type 2 receptor.

86




3.3.2.8 Lipid Metabolism, Inflammation, and Fibrosis Genes

mRNA expression of PPAR alpha (Ppara), gamma (Pparg) and gamma2 (Pparg2) was not

different among the HFD groups (Fig. 3.7A). Although pro-inflammatory gene 7nfa was not
different among the HFD groups, a trend of reduced Col/lal (p = 0.055), a marker of fibrosis,
was observed in PEP2 compared with ROSI (Fig. 3.17B). Among the several genes involved in
lipid metabolism analyzed, only Mogat! showed a significant difference, with a 3-fold increase
in the PEP2 group compared to HFD (p = 0.0017), and an approximately 1.5-fold increase
compared to ROSI (p = 0.0494) (Fig. 3.17C). No changes were seen in selected genes that
encode LD-associated proteins or that are involved in lipolysis (Fig. 3.17D). No difference in

any of the analyzed genes was observed between LFD and HFD (Fig. 3.18).
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Figure 3. 17. Liver gene expression in tissues harvested from mice treated with Peptide 2 (Protocol 2). (A)
Peroxisome proliferator-activated receptors; (B) inflammation and fibrosis related genes; (C) lipid metabolism
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3.4 Discussion

The prevalence of NAFLD, obesity and type 2 diabetes are increasing in parallel. In fact,
because of the relationship between hepatic steatosis and metabolic diseases, there is a
movement to change the parameters used for diagnosis of NAFLD and a name change to
metabolic-associated fatty liver disease (MAFLD) is also proposed [23]; however, we have used
NAFLD as the chosen abbreviation. Bioactive peptides have potential to aid in the management
of metabolic diseases because they can modulate physiological processes [206] either in
conjunction with pharmacological treatments or as novel, stand-alone approaches for conditions
without approved pharmacotherapy, such as NAFLD. In this study, we hypothesized that diet
supplementation with Peptide 2 would improve systemic and local insulin resistance and
consequently, modulate features of NAFLD in HFD-induced obese-insulin resistance mice. We
found that Peptide 2 supplementation: (1) improved systemic insulin resistance during the
hyperinsulinemic-euglycemic clamp; (2) rescued insulin-regulated lipolysis in tWAT and iWAT,
despite no change in adipocyte size or BW; (3) reduced hepatic lipid accumulation while
increasing monoacylglycerol O-acyltransferase 1 (Mogatl) gene expression in the liver; and (4)
reduced hepatic inflammatory infiltration.

EWH is a mixture of bioactive peptides shown before to improve insulin resistance and
reduce adipocyte size in rodents [197]. Herein, we showed that PPARy activation was enhanced
in tWAT of EWH supplemented animals, which was accompanied by a better response to insulin
in terms of suppression of enzymes involved in lipolysis in rWAT as well as increased p-AKT
[197]. Another possibility is that HFD reduced baseline p-HSL/HSL ratio, which was restored by

EWH leading to the insulin suppression of p-HSL observed. Nevertheless, these findings led us
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to hypothesize that the metabolic improvements seen in vivo were due to modulation of PPARYy
in WAT, similar to the action of thiazolidinediones, which would induce adipogenesis and
promote the appearance of more insulin sensitive adipocytes [116] improving systemic insulin
sensitivity. We then asked if there were specific peptides from the EWH mixture that could
modulate PPARy abundance and an in vitro screening revealed that a few peptides were able to
mimic insulin effect of enhancing PPARY in preadipocytes [198], which led us to investigate
their effects in vivo. The peptide with greater potential based on our screening (Fig. 3.4) was
Peptide 2 and we further evaluated its effects in obese, insulin resistant mice focusing on WAT
and the liver.

Insulin resistance is a key feature of type 2 diabetes, and it plays a significant, multi-factorial
role in the development of NAFLD [216]. Insulin resistance in WAT leads to impaired
suppression of lipolysis, which increases NEFA delivered to the liver whereas hepatic insulin
resistance impairs the suppression of gluconeogenesis [216]. Egg-derived peptides and
hydrolysates were shown before to improve insulin sensitivity in rodents [175, 197, 207] but
relative contributions of hepatic versus non-hepatic tissues were not evaluated. Therefore, we
first investigated the potential of Peptide 2 supplementation to reduce insulin resistance using a
hyperinsulinemic-euglycemic clamp, the gold standard technique for this outcome measurement.
We observed that LFD, PEP2 and ROSI groups had lower insulin resistance compared to HFD
group. Although rosiglitazone, a known insulin sensitizer, was expected to reduce insulin
resistance, this is the first study showing that dietary supplementation with Peptide 2 improves
insulin resistance, despite no changes in glucose tolerance or BW. Moreover, suppression of
endogenous glucose production during clamp was stronger in the PEP2 and LFD groups

compared to HFD, consistent with better hepatic insulin sensitivity. This improvement in insulin
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resistance was supported by a reduced HOMA-IR in the LFD group, but despite a decrease in
PEP2 group HOMA-IR, it was not statistically significant. Not only systemic insulin sensitivity
was improved by Peptide 2 supplementation but WAT insulin signaling was also rescued. The
normalized regulation of lipolysis by insulin would be predicted to reduce NEFA delivery to the
liver. Taken together, these results suggest that the improvement in systemic insulin sensitivity in
the PEP2 group could be in part because of a decreased spillover of lipids from WAT to non-
adipose tissues due to a better hormonal regulation of lipolysis.

We then asked if the improvement in WAT insulin signaling was associated with PPARy
activation. PPARYy regulates adipogenesis and has an important role in glucose and lipid
metabolism. We previously showed that Peptide 2 increased PPARY protein in adipocyte cell
culture [198]. However, we did not see higher PPARY activation in any of the fat pads tested.
This was accompanied by no overall changes in WAT adipocyte size or adipogenesis markers
among HFD group, substantiated by no effect in adipogenesis markers during preadipocyte
differentiation of mouse-derived cells in culture. On the other hand, we observed increased
activation of PPARY in rWAT of ROSI animals. Therefore, the effects of Peptide 2 are different
from rosiglitazone, supporting a PPARY independent mechanism of action. We conclude at this
point that Peptide 2 acts to improve insulin signaling independently of PPARY, at least in the
models used in this study; therefore, other mechanisms need to be investigated.

Ongoing efforts seek to validate the use of insulin sensitizers, such as thiazolidinediones for
the treatment of NAFLD. However, findings are controversial, with most of the benefits seen
with pioglitazone rather than rosiglitazone [204, 205]. In rodents, rosiglitazone plays a dual role
depending on the level of hepatic PPARy expression [217]. For example, in mice with low

hepatic expression of PPARY, rosiglitazone protects against lipid accumulation while in obese
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mice with elevated PPARY, rosiglitazone exacerbates hepatic steatosis [217]. In fact, PPARy is a
key up-regulator of hepatic steatosis in HFD-induced obese mice treated with rosiglitazone
[218]. Similarly, in this study we showed that the ROSI group, although more insulin-sensitive,
exhibited higher liver weight and TG content compared to HFD, whereas PEP2 did not worsen
HFD-induced hepatic steatosis. PPARY is mainly expressed in adipose tissue, but it is also
expressed in the liver [219] and its expression is enhanced in the liver of HFD fed animals [217,
218]. Similarly to the literature, in our study HFD feeding tended to increase hepatic Pparg?2
gene expression and PPARY protein compared to the LFD group, but neither PEP2 nor ROSI
groups affected Pparg or Pparg2 mRNA. However, albeit not significant, we saw a trend to
increase hepatic PPARY protein abundance in the ROSI group compared to HFD control. Peptide
2 supplementation did not increase PPARY protein abundance above the HFD-induced effect.
Although we did not measure hepatic PPARy DNA binding activity, the results suggest that
Peptide 2 may not be directly activating hepatic PPARY, suggesting a difference in mechanism
from rosiglitazone.

In NAFLD, progression to NASH is characterized by increased LD size, hepatocyte
hypertrophy and inflammation [20, 201]. Surprisingly, the ROSI group exhibited a true
microvesicular steatosis mixed with macrovesicular steatosis, while PEP2 and HFD groups
appeared to have macrovesicular steatosis, which is considered more pathological [212-214].
However, PEP2 tended to decrease LD area compared to HFD. Therefore, PEP2 group presented
a macrovesicular steatosis with small LD vs. macrovesicular steatosis with large LD in the HFD
group. The importance of LD size is highlighted by findings showing that macrovesicular
steatosis is linked to fibrosis and microcirculation impairment in rodents [220, 221] and

fibrogenesis in humans [212]. Moreover, the extent of macrovesicular steatosis can impact liver
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transplantation and graft survival in humans [213]. Other food-derived peptides reduce LD size,
for example pepsin-generated EWH supplementation reduces the number and size of LD in rats,
accompanied by a decrease in plasma inflammatory and oxidative stress markers [181]. In
addition, supplementation with a peptide derived from sweet lupine (GPETAFLR) improves
hepatic steatosis and reduces TG content. The mechanism of action suggested was through
PPARa and uncoupling protein 1 (UCP1) activation and reduced hepatic expression of fatty-acid
synthase gene (Fasn) and inflammatory markers, but only mRNA levels were measured, not
their activity [222]. In another study, the improvement in NAFLD seen after potato-derived
peptide (DIKTNKPVIF) supplementation is accredited to 5’-adenosine monophosphate-activated
protein kinase (AMPK) activation and decreased inflammatory markers [223]. We find no
changes in gene expression of Ppara or Fasn after Peptide 2 supplementation. Therefore, the
mechanism behind the effect of PEP2 supplementation to modulate hepatic LD size is unclear.
Decrease in BW is associated with improvements in NAFLD; being an important confounding
factor when evaluating an interventional study. However, we observed modulation of LD size by
Peptide 2 independently of changes in BW. In the studies mentioned above, one of them reported
similar final BW but a lower eWAT mass [181], while the other reported decreased BW [222]
and one did not report BW measurements [223]. It is worth noting that several peptides reduce
hepatic lipid accumulation; however, whether it is a protein (amino-acid)-related or a peptide-
specific effect remains to be determined.

The observed improvement in liver morphology was independent of hepatic TG content,
which was not significantly different between PEP2 and HFD groups, but a decrease in
cholesterol content was seen between HFD and PEP2 groups. This is similar to Song et al. [224],

who report a reduction of the hepatic total cholesterol content after quinoa supplementation but
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no difference between HFD and quinoa supplemented groups in terms of hepatic TG [224]. They
attribute the improvement in NAFLD in part to changes in hepatic phospholipids, such as
increased lysophosphatidylcholine and pantothenic acid, and decreased phosphatidylcholine and
dioleoylphosphatidylcholine [224]. Indeed, impairment of cholesterol metabolism may be the
key driver to large LD formation, rather than TG metabolism [212]. Despite higher hepatic TG
content in the ROSI group, lack of change in plasma ALT indicates no further liver damage on
top of that induced by HFD. Therefore, rather than only LD size or amount, its lipid composition
also plays a key role in causing hepatic damage.

Inflammation and fibrosis are important markers to evaluate NAFLD progression to NASH.
Peptide 2 supplementation attenuated the density of hepatic inflammatory foci consistent with
the parent EWH hydrolysate decreasing plasma inflammatory markers. In the same study, an
increase in AT2R was seen in WAT and liver [197]. Moreover, the hydrolysate reduced blood
pressure in rats by modulating the RAS, including reduction of angiotensin II-type 1 receptor and
induction of AT2R abundance in the aorta of rats [186]. AT2R is not only involved in the
modulation of blood pressure by opposing angiotensin II-type 1 receptor activity, but its
stimulation is associated with reno- and cardio-protective effects, anti-inflammatory and
antifibrotic action, among others as extensively reviewed elsewhere [225]. In fact, RAS
modulation is linked to hepatic fibrosis in rodents and humans with NAFLD [226, 227]. In
addition, AT2R has antifibrotic action in the liver of mice [228] and plays a role in blood flow
regulation [229, 230]. When we evaluated the presence of collagen staining as an indication of
fibrosis, we found no presence of collagen in most of the samples. This may be because 14 wk of
45% HFD is insufficient to induce marked inflammation and fibrosis. Although Co/lal mRNA

was increased after 19 wk of 60% HFD, only at 50 wk of dietary intervention was fibrosis seen
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in histological analysis [231]. Considering that macrovesicular steatosis with large LD impairs
hepatic blood flow [220] and our finding that PEP2 had the highest hepatic AT2R and lowest
mRNA expression of type 1 collagen, we speculate that AT2R up-regulation may be a
mechanism by which PEP2 decreases inflammation and fibrosis over a longer-term of NAFLD
but further research is needed to confirm this speculation. Conversely, ROSI did not induce
AT2R or suppress collagen gene expression, differentiating its hepatic effects from PEP2.

Many pathways underlie hepatic lipid accumulation including increased delivery of NEFA to
the liver following WAT lipolysis, decreased fatty acid oxidation, increased DNL or decreased
VLDL secretion [201]. Although differences in gene expression involved in glucose and lipid
metabolism occur between hepatocytes displaying large and small LD in the liver [232],
surprisingly the mRNA expression patterns in our study are similar between ROSI and HFD
groups. This does not exclude the role of ROSI in modulating lipid metabolism pathways since
we did not measure the activity of the related enzymes. The only difference observed between
PEP2 and HFD group was higher Mogat! gene expression in the PEP2 group. Mogat! encodes
the mannosylglycoprotein N-acetyl-glucosaminyl transferase 1 (MGAT1), which catalyzes TG
synthesis via the monoacylglycerol O-acyltransferase pathway. The role of MGATT in liver
steatosis is controversial, with some studies showing that silencing of hepatic MGAT1 improves
steatosis and blood glucose levels [233, 234]. Conversely, others demonstrate that MGAT 1
knockout in liver does not improve hepatic steatosis, liver TG content, insulin sensitivity or
glucose tolerance in HFD-fed mice [235]. Moreover, hepatic overexpression of MGAT]1 does not
increase liver TG content in HFD mice but does in LFD animals [235]. In our study using fasted
animals, we found reduced LD size concomitant with higher Mogat! gene expression, but no

other direct target of PPARYy had increased expression. Intriguingly, increased hepatic Mogat!
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expression and MGAT activity occur after prolonged fasting with higher fat oxidation, and are
both dependent and independent of Ppara expression, suggesting that MGAT1 regulates the
hepatic fasting response [236]. This is consistent with the reduced LD size found in our study.
We did not see altered Ppara gene expression, and we did not measure its activity directly,
therefore, further investigation is needed to elucidate the role of Peptide 2 in hepatic lipid
metabolism and its relationship to MGAT].

Because our intended use of rosiglitazone was as a positive control for insulin sensitization
and PPARy agonism, differences in the hepatic phenotype versus PEP2 were unexpected. Our
results suggest that, in contrast to rosiglitazone, Peptide 2 does not activate PPARY in vivo, and,
in conditions of HFD-induced obesity and insulin resistance, Peptide 2 does not worsen HFD-
induced hepatic steatosis. Rather, Peptide 2 supplementation improves insulin resistance and
rescues insulin-regulated lipolysis in WAT while tending to reduce LD area, decreasing
inflammation, and possibly preventing fibrosis, crucial processes to prevent NAFLD progression
to NASH.

We note that a HFD containing 45% kcal fat is not commonly used to generate NASH animal
models, with most of the diet-induced models receiving a high-fat/high sugar diet. Thus, less
hepatic inflammation and fibrosis in our model was observed compared with the available
literature [237, 238]. The peptide was administered mixed in the animals’ diet, which does not
allow for precise specification of the dose of peptide received by each animal. On the other hand,
this dietary intervention has advantages over daily gavage for chronic studies in terms of
reducing stress in the animals, which worsens insulin resistance, our main outcome. It is
important to note that oxidative stress can also be involved in hepatic steatosis progression to

NASH and that several food-derived peptides exert antioxidant activity as recently reviewed
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[239]. In future research, it would be worth exploring the antioxidant activity of Peptide 2 as a
possible mechanism of preventing disease progression. In addition, it would be relevant to test
Peptide 2 bioavailability and absorption pathways, including ability to modulate cell tight
junction proteins. Lastly, all our data reflect the overnight fasting state which, compared to fed
state, may yield a different gene expression pattern and less pronounced effects in some of the
outcomes reported.

In conclusion, this study shows for the first time that Peptide 2 diet supplementation improves
insulin resistance in HFD-induced obese and insulin resistant mice, while at the same time
preventing further exacerbation of HFD-induced NAFLD features independently of BW. On the
other hand, rosiglitazone-treated mice, despite having improved IR, exhibited worse hepatic
steatosis if administered together with HFD. Therefore, compared to rosiglitazone, Peptide 2
promotes more beneficial effects on the combined outcomes of insulin resistance, WAT

dysfunction and hepatic steatosis.
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4. CHAPTER 4: IRW (isoleucine—arginine—tryptophan) improves glucose
tolerance in high-fat diet-fed C57BL/6 mice via activation of insulin

signaling and AMPK pathways in skeletal muscle

This section presents the outcomes from experiments done to address objective #3. It reflects
work done in collaboration with Dr. Myoungjin Son and Dr. Khushwant S. Bhullar. For this
study, I performed the experiments in WAT, analyzed all the data, and wrote the manuscript’s
first and last draft. The manuscript was edited by Dr. Catherine Chan and Dr. Jianping Wu. This
manuscript was published in the journal Biomedicines in May 2022 [207]. A PDF version of this

manuscript is provided in Appendix 2.
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Abstract

IRW (isoleucine—arginine—tryptophan) has antihypertensive and anti-inflammatory properties
in cells and animal models and prevents angiotensin-II- and tumor necrosis factor (TNF)-a-
induced insulin resistance in vitro. We investigated the effects of IRW on body composition,
glucose homeostasis and insulin sensitivity in a HFD-induced insulin resistant model. C57BL/6
mice were fed HFD for 6 weeks, after which IRW was incorporated into the diet (45 or 15 mg/kg
BW) until week 14. IRW45 (at a dose of 45 mg/kg BW) reduced BW (p = 0.0327), fat mass gain
(p = 0.0085), and preserved lean mass of HFD mice (p = 0.0065), concomitant with enhanced
glucose tolerance and reduced fasting glucose (p < 0.001). In skeletal muscle, IRW45 increased
insulin-stimulated AKT phosphorylation (p = 0.0132) and GLUT translocation (p < 0.001).
Angiotensin 2 receptor (AT2R) (p = 0.0024), phosphorylated AMPKa (p < 0.0124) and PPARY
(» <0.001) were enhanced in skeletal muscle of IRW45-treated mice, as was the expression of
genes involved in myogenesis. Plasma angiotensin converting enzyme-2 (ACE2) activity was
increased (p = 0.0016). IRW improves glucose tolerance and body composition in HFD-fed mice
and promotes glucose uptake in skeletal muscle via multiple signaling pathways, independent of

ACE inhibition.

Keywords: ACE; bioactive peptides; IRW; insulin resistance; obesity
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4.1 Introduction

The pathophysiology of metabolic syndrome is complex, involving obesity, insulin resistance,
dyslipidemia, and hypertension, but oxidative stress and inflammation also contribute to its
progression [240]. Metabolic syndrome also involves overactivation of the RAS, which is linked
to obesity and insulin resistance [241]. Besides the systemic RAS, an independent local RAS in
skeletal muscle [242] influences insulin responsiveness [229]. ACE inhibitors or AT1R blockers
reduce insulin resistance in animal models and improve insulin sensitivity in humans [243-245],
supporting the link between RAS and insulin resistance. In addition, RAS blockade reverses the
deleterious effect of exogenous angiotensin Il on skeletal muscle mitochondria and improves
glycemic control in mice [246].

Food-derived bioactive peptides exert effects beyond their nutritional value and modulate
physiological parameters in different tissues [247]. Previous research demonstrated the beneficial
effects of egg-derived peptides and hydrolysates on glucose tolerance [197], adipogenic capacity
[198], and osteoblast differentiation [248]. Some egg-derived bioactive peptides are ACE
inhibitors [249] and ameliorate insulin resistance and glucose intolerance [165]. Of particular
interest is the ovotransferrin-derived, ACE inhibitory peptide [185] tripeptide IRW (isoleucine—
arginine—tryptophan), which exhibits anti-inflammatory and antioxidant effects in endothelial
cells [188, 190], reduces blood pressure in rodents [187, 250], and improves angiotensin II- or
TNF-a-induced insulin resistance in a skeletal muscle cell line [191, 192]. However, whether
IRW has glucoregulatory properties in vivo is unknown.

In this study, we investigated the insulin sensitizing effects of IRW in vivo using a HFD-

induced obese-insulin resistant mouse model. Because of the intimate crosstalk between obesity,
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hypertension, and insulin resistance, we hypothesized that IRW supplementation improves

glucose intolerance by inhibiting RAS locally in skeletal muscle to improve insulin signaling.

4.2 Materials and Methods
4.2.1 Animals, Diet, and BW Measurements

The animal experimental protocol was approved by the Animal Care and Use Committee of
the University of Alberta (Protocol# 1472) in accordance with guidelines issued by the Canadian
Council on Animal Care and followed the ARRIVE guidelines. Thirty-two male 4-week-old
C57BL/6 mice were purchased from Charles River Canada (St. Constant, QC, Canada) and
housed 2 per cage with ad libitum access to standard food and water, a 12:12-h cycle of light:
dark with 60% humidity and 23 °C temperature. Eight mice were fed with low fat diet (LFD,
10% kcal from fat, Envigo, Indianapolis, IN, USA, TD06415) and the remainder with HFD (45%
kcal from fat, Envigo TD110675) for 6 weeks. Diet composition is shown in Table 4.1. The
initial 6 weeks of HFD were used to induce obesity, confirmed by at least a 20% increase in BW
and significantly higher fat mass and lower lean mass compared to LFD-fed animals (Table 4.2).
Animals were then divided into 4 groups: LFD control, HFD control, high dose IRW + HFD
(IRW45; at a dose of 45 mg/kg BW), low dose IRW + HFD (IRW15; at a dose of 15 mg/kg BW)
(n = 8/group). These diets continued for another 8 weeks with ad libitum access to food and
water. In total, mice consumed HFD for 14 weeks to induce obesity and glucose intolerance
[251]. Food consumption was measured once every 3 days and BW twice weekly. Body
composition was evaluated using magnetic resonance imaging (MRI, Echo MRI™, Echo

Medical Systems LLC, Houston, TX, USA) at week 6 and week 14.
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Table 4. 1. Diet composition.

LFD HFD IRWI15 IRW45
Casein (g/kg) 210.0 245.0 245.0 245.0
L-Cystine (g/kg) 3.0 3.5 3.5 3.5
Corn Starch (g/kg) 445.0 85.0 85.0 85.0
Maltodextrin (g/kg) 50.0 115.0 115.0 115.0
Sucrose (g/kg) 160.0 200.0 200.0 200.0
Lard (g/kg) 20.0 195.0 195.0 195.0
Soybean Oil (g/kg) 20.0 30.0 30.0 30.0
Cellulose (g/kg) 37.15 58.0 58.0 58.0
Mineral Mix, AIN-93G-MX (94046) (g/kg) 35.0 43.0 43.0 43.0
Calcium Phosphate, dibasic (g/kg) 2.0 3.4 3.4 34
Vitamin Mix, AIN-93-VX (94047) (g/kg) 15.0 19.0 19.0 19.0
Choline Bitartrate (g/kg) 2.75 3.0 3.0 3.0
IRW (mg/kg BW) n/a n/a 15 45
Table 4. 2. Body composition of C57BL/6 mice after 6 weeks of LFD or HFD feeding.
LFD (n=7-8) HFD (n=24)
BW gain (g) 8.37+£1.02 9.23+0.4°
Fat mass % 2225+1.5° 29.94+0.7°
Lean mass % 70.26 +1.52 63.14+0.7°

Abbreviations: BW, body weight; LFD, low fat diet; HFD, high-fat diet.
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4.2.2 IRW Dosage

The estimated doses of IRW used were 45 mg/kg BW and 15 mg/kg BW. The dosages were
selected based on previous studies done by our group in spontaneous hypertensive rats [187,
250] and cell line studies [185, 188]. The peptide was administered mixed in the animals’ diet
starting at week 7 of the 14-week trial, and the animals had ad libitum access to food and water.

IRW was synthesized by Genscript (Piscataway, NJ, USA) with >98% purity.

4.2.3 Oral Glucose Tolerance and Insulin Tolerance Tests

At weeks 12 and 13, respectively, ITT and OGTT were performed [252] with the following
modifications: For ITT, 1.5 [U/kg BW insulin was injected intraperitoneally. For OGTT, 70%
glucose solution was used, and 1 g of glucose/kg BW was given via oral gavage. In both cases,
blood glucose was measured for up to 2 h. Blood glucose was measured from the tail vein using
a Contour®Next glucometer (Mississauga, ON, Canada). OGTT was the primary outcome

assessed in this study.

4.2.4 Tissue Collection

At week 14, all animals were fasted for 16 h and injected with insulin (2 [U/kg BW)
intraperitoneally to stimulate insulin signaling 10 min prior to euthanasia. Animals were
euthanized using CO; and blood was collected via cardiac puncture. Plasma, gastrocnemius
skeletal muscle and WAT from retroperitoneal and epidydimal depots were collected, snap

frozen, and stored at —80 °C until further analysis.
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4.2.5 Protein Extraction and Western Blotting

Total protein from skeletal muscle was extracted using a lysis buffer containing phosphatase
and protease inhibitors. WAT total protein extraction was performed using a commercial kit
(Invent Biotechnologies Inc., Plymouth, MA, USA). Plasma membrane protein was extracted
using a commercial kit (Thermo Fisher Scientific, Waltham, MA, USA)[191]. Total protein
content was measured using the bicinchoninic acid assay. Western blotting was performed as
previously [197] with the following modifications: a 9% sodium dodecyl sulfate polyacrylamide
gel electrophoresis was run and protein was transferred to a nitrocellulose membrane, which was
incubated overnight with antibodies against p-AKT (Cell Signaling Technology, Beverly, MA,
USA), AKT (Santa Cruz Biotechnologies Inc., Dallas, TX, USA), GLUT4 (Abcam, Toronto,
ON, Canada), ACE, ACE2, ATIR, AT2R, Mas receptor, PPAR-y, mammalian target of
rapamycin (mTOR), p-mTOR, AMPKa, p-AMPKa (Thr172), P70 S6 kinase (S6K), p-P70 S6K
(Thr389), uncoupling protein (UCP)-1 (Sigma, St. Louis, MO, USA), B-actin (Sigma) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). After incubating with appropriate
fluorescent-conjugated secondary antibodies (Li-cor Biosciences, Lincoln, NE, USA) for 1 h at
room temperature, protein bands were quantified by densitometry using Image Studio Lite 5.2

(Li-Cor Biosciences).

4.2.6 Plasma RAS Components and Insulin

Plasma concentrations of RAS components were quantified by mouse specific commercial
ELISAs: ACE (Aviva System, San Diego, CA, USA), ACE2 (Abcam), angiotensin II (Enzo Life

Sciences, Burlington, ON, Canada), angiotensin (1-7) (Aviva System).
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4.2.7 RNA Sequencing and Quantitative RT-PCR (qPCR)

Total RNA was extracted from skeletal muscle using TRIzol reagent (Invitrogen, Life
Technologies Inc., Burlington, ON, Canada) and quantified by measuring the absorbance at 260
nm and purity assessed by the A260/280 ratio. Total RNA (500 ng, with RNA integrity number
> § for all samples) was used for the preparation of RNAseq libraries with the NEBNext Ultra 11
Directional RNA Library Prep Kit from Illumina (NEB, Mississauga, ON, Canada). Enriched
mRNA was reverse-transcribed, and second-strand cDNA synthesis was performed. Double-
stranded cDNAs were A-tailed to enable adapter ligation and, finally, libraries were indexed by
15 PCR cycles. Libraries were sequenced on a NextSeq 500 instrument (Illumina), following a
paired-end 150 cycle protocol. Deregulated transcripts were annotated using the BioMart
database from Ensembl (EMBL-EBI Hinxton, Cambridgeshire, UK).

For qPCR, cDNA was synthesized from 1 pg total RNA using the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA). mRNA expression
of target genes was determined by real-time qPCR using GAPDH as the endogenous control. All
of the qPCR experiments and analyses were conducted using the MIQE guidelines.[253] The
primers were designed based on the genomic sequence deposited in GenBank are described in

Table 4.3.
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Table 4. 3. Primers sequences used for RT-PCR assays.

Gene Forward Primer Reverse Primer

Rbm5 TTGTAATCTGAGTCCCGCCG CATGGGTGGTATGTTTTAAGGGA
Mdm2 CCACAGACTAACGACTCGACC TTTTTGAGGCCCTACTGCGA

Dig1 AGATCGCATCATATCGGTGAA TCAAAACGACTGTACTCTTCGG
Myom1 CAGATGTGTGGCCTCAACTGA TCGGATTGACTTTGCTCCT

Aspn CTCCAATGTGTGGGTAGGGG GCACCTGGATCCTAACCCTC
Pparg GGGAAAGACCAGCAACAACC GCAGTGGAAGAATCGGACCT

Plin2 GAAGGACGTGCAAACAGAAAGG CTGGGCTATCACGTGGCTCG

Lpl GGGAAAGGACTCAGCAGTGTT TAGGTGGAGGCCACTTCAAGA

Cebpa CCCTTGCTTTTTGCACCTCC TGCCCCCATTCTCCATGAAC
Gapdh TGAAATGTGCACGCACCAAG GGGAAGCAGCATTCAGGTCT

Abbreviations: RbmS5, RNA binding motif 5; Mdm2, nuclear-localized E3 ubiquitin ligase; DIg/, Discs large
homolog 1; Myom1, myomesin 1; Aspn; asporin; Pparg, eroxisome proliferator- activated receptor gamma; Plin2,
perilipin2; Lpl, lipoprotein lipase; Cebpa, CCAAT enhancer binding protein A; Gapdh, glyceraldehyde-3-phosphate
dehydrogenase.

4.2.8 Statistics and Sample Size

All data presented were expressed as mean = SEM of 5—8 mice from each treatment group as
indicated in the figure and table legends. Statistical analysis was performed using GraphPad
Prism 7.0 (San Diego, CA, USA). Outliers indicated by the statistical software were removed
prior to data evaluation. Data were evaluated by one-way ANOVA, Kruskal-Wallis’ test, or two-
way ANOVA when appropriate. HFD group was set as the control group for all the analysis

because our intention was to evaluate the impact of a HFD supplemented with peptide compared
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to HFD alone. For RNA sequencing, transcripts were considered differentially expressed when
they had a corrected p-value < 0.05. Post hoc analysis was done using Bonferroni’s or Dunn’s

test. p-value was considered significant if <0.05.

4.3 Results

4.3.1 Food Intake and Body Composition

No sustained differences in food intake were detected between the groups (Fig. 4.1). At week
14 the LFD group had lower BW than the HFD group (p < 0.001). Of the peptide treatments,
only the high dose of IRW (IRW45) reduced final BW (p = 0.0327) and both absolute (g) and
relative (%) BW gain (p < 0.001). Moreover, the IRW45 group presented lower absolute (g) (p <
0.001) and relative (%) fat mass gain (p = 0.0085), and less relative (%) lean mass loss (p =
0.0065) compared to the HFD group (Table 4.4). BW and composition changes were not seen

with IRW15.
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Figure 4. 1. Food intake measured as kcal intake per day per animal during 8 weeks of IRW treatment. Data

expressed as mean + SEM of n = 8 mice. Analysis by two-way ANOVA followed by Bonferroni's post-hoc

comparison test. ** p<0.01 between IRW45 and HFD. ## p<0.01 between IRW15 and HFD. ++++ p<0.0001

between LFD and HFD.

Table 4. 4. Body composition and metabolic profile of mice supplemented with IRW. Analysis by one-way
ANOVA followed by Bonferroni’s post hoc test (lean mass change, fasting glucose initial) or Kruskal-Wallis’s test
followed by Dunn’s post-hoc test. Data expressed as mean = SEM of n = 7-8 mice. Values in the same row
represented by different letters are statistically different (p < 0.05) compared to HFD control.

LFD HFD IRW45 IRW15
Body composition
BW week 6 (g) 28.1+0.8¢ 31.3+0.72 309+0.9- 31.7£1.02
BW week 14 (g) 35.0+0.7 2 41.6+0.8° 369+0.52 40.4 +£1.0°
BW gain (g) 7.0£022 102+0.3% 6.0+0.62 8.6x0.6"
(week 6-14)
BW gain 251+1.22 32.8+1.3P 19.9+23> 27.5+£22°b
(% of week 6)
Fat mass gain (g) 39+052 7.0+03° 3.6+042 6.1+04°
Fat mass gain 82+11¢P 95+0.8" 48+092 89£09°P
(% BW)
Lean mass change 0.8+0.32 26+0.1° 20+0.1° 23+0.20
®)
Lean mass change -7.8+1.0° -9.2+07° -5.0£09=2 -7.9+09°
(% BW)
Metabolic profile
Fasting glucose 4.5+0.06° 47+032 50+032 47+022
week 6 (mmol/L)
Fasting glucose 48+0.12 6.3+04° 44+022 57+02"b

week 14 (mmol/L)

Abbreviations: BW, body weight; LFD, low fat diet; HFD, high-fat diet.
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4.3.2 Glucose Homeostasis and Plasma Insulin

The IRW45 group had lower fasting blood glucose beginning at week 9 of treatment

compared to the HFD group (Fig. 4.2A) and two-way ANOV A analysis showed significant

interaction (p < 0.001) and diet effects (p < 0.001). At week 14, the LFD and IRW45 groups had

lower fasting blood glucose (p < 0.001) compared to the HFD (Table 4.4). Two-way ANOVA

showed a diet effect on OGTT (p = 0.001). Both doses of IRW lowered circulating glucose at 15

and 30 min compared with HFD (Fig. 4.2B). The area under the curve (AUC) was lower in the

LFD (p <0.001) and IRW45 (p = 0.0195) compared to the HFD group (Fig. 4.2C). Despite

changes in ITT when expressed as absolute glucose concentrations (Fig. 4.3), no significant

differences between the groups were observed when data were adjusted to baseline blood

glucose concentration (Fig. 4.2D).
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Figure 4. 2. Glucose homeostasis after IRW supplementation. (A) Fasting glucose over time (n = 6-8), (B) Oral
glucose tolerance test (OGTT) (n = 6-8). (C) Area under the curve (AUC) for OGTT (n = 5-8). (D) Insulin
tolerance test (ITT) as percentage of the baseline glucose values (n = 8). Data expressed as mean + SEM and
analyzed by two-way ANOVA (A,C,D) or one-way ANOVA (B) followed by Bonferroni’s post-hoc comparison
test. * p<0.05, ** p <0.01 and **** p <0.0001 between IRW45 and HFD. # p < 0.05 and #### p < 0.0001

between IRW15 and HFD. + p <0.05, ++ p <0.01, +++ p <0.001 and ++++ p <0.0001 between LFD and HFD.
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Figure 4. 3. Insulin sensitivity after IRW supplementation. (A) Insulin tolerance test (ITT) and (B) Area under
the curve (AUC) for ITT after 8 weeks of IRW supplementation (n = 8). Data expressed as mean + SEM and
analyzed by two-way ANOVA (A) or one-way ANOVA (B) followed by Bonferroni's post-hoc comparison test. *
p<0.05 and ** p<0.01 between IRW45 and HFD. + p < 0.05 between LFD and HFD.
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4.3.3 Insulin Signaling and PPARy Abundance

Insulin-stimulated phosphorylation of AKT (Ser473) in muscle was higher in LFD (p =
0.0196) and IRW45 (p = 0.0132) compared to the HFD group, whereas IRW15 was non-
significantly increased (Fig. 4.4A). Consistent with this result, GLUT 4 translocation to the
plasma membrane in skeletal muscle was ~4-fold higher in the IRW45 (p < 0.001) and 2-fold
higher in IRW15 (p = 0.04) compared to the HFD group, as shown by the ratio of membrane
GLUT4/cytosol GLUT4 (Fig. 4.4B). In addition, PPARYy abundance was 15—17-fold higher in
LFD (p =0.0013) and IRW45 (p < 0.001) compared to HFD (Fig. 4.4C). In both retroperitoneal
and epididymal WAT, no changes in AKT phosphorylation or PPARYy abundance were seen

following IRW supplementation (Fig. 4.5A—F).
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kinase B; PPARY, Peroxisome proliferator-activated receptor gamma; GLUT4, glucose transporter 4.
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appropriate. p < 0.01 versus HFD indicated over bars. AKT, protein kinase B; PPARY, Peroxisome proliferator-

activated receptor gamma.
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4.3.4 RAS Components

In skeletal muscle, there were no significant differences in ACE2, AT1R, and Mas receptor
between the groups (Fig. 4.6B,C,F). However, a lower ACE abundance in LFD (p = 0.0259),
IRW15 (p =0.0157), and IRW45 (p = 0.0113) groups was observed compared to HFD (Fig.
4.6A). In addition, AT2R abundance increased almost 3-fold in the IRW45 group compared to
HFD (p = 0.0024) (Fig. 4.6D). The plasma ACE activity was similar between groups (Fig. 4.7A).
Although ANOVA analysis identified an overall effect (p = 0.01) on plasma angiotensin II, post-
hoc analysis showed no significant differences between groups (Fig. 4.7C). Whereas ACE2
activity was highest in the IRW45 group (p = 0.0016) (Fig. 4.7B) and plasma Ang (1-7) plasma

concentration was not increased by IRW compared to the HFD (Fig. 4.7D).
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4.3.5 Skeletal Muscle Gene Expression

RNA sequencing of gastrocnemius muscle transcripts revealed that IRW4S5 elicited a
generally higher abundance of transcripts related to muscle synthesis (Fig. 4.8A). qPCR
validation identified Rbm5 (p = 0.0094), Mdm?2 (p = 0.0094), Digl (p < 0.001), and MyomI (p <
0.001) genes upregulated and Aspn (p < 0.001) downregulated by IRW45 compared to the HFD
group (Fig. 4.8B). For PPARY related genes, IRW45 significantly enhanced the expression of
Pparg (p =0.0112) and Lp! (p < 0.001) but not Plin2 or Cebpa (Fig. 4.8C). However, it should
be noted that the expression of Plin2 and Cebpa were 15 and ~50-fold higher in HFD and

IRW45 than LFD.

118



Aspn
Ccnll
Cd34-
Clen3 -
Cnbp- [
Dlgl 2
Fhi1+
Gnas
Mdm2
Myh10- ]
Myh11- 0
Myom1-
Rab12-
Rbm5

oz — ],
Log

HFD HFD+IRW

M LFD
4001 —— M HFD

M rw4s
200+ -
1 |

Fold change Gapdh

RbmS5 Dig1 Mdmz2 Myom Aspn

400+

2004

204

104

Fold change Gapdh

e

Pparg Plin2 Lpl Cebpa

Figure 4. 8. Skeletal muscle gene expression of mice fed IRW for 8 weeks. (A) Heatmap showing the abundance
of major genes involved in muscle synthesis modulated by IRW45 determined by RNA sequencing. (B) RbmS5,
Mdm2, Dlgl, Myoml, and Aspn qPCR validation of IRW in vivo using gastrocnemius skeletal muscle. Data
expressed as mean + SEM of n =5 mice. (C) Pparg, Plin2, Cebpa and Lpl qPCR validation using gastrocnemius
skeletal muscle. Data expressed as mean + SEM of n = 5 mice. Analysis by one-way ANOVA followed by
Bonferroni’s post-hoc comparison test or Kruskal-Wallis followed by Dunn’s post hoc test when appropriate. * p <

0.05, ** p <0.01, and **** p < 0.0001 versus HFD.
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4.3.6 AMPKo Abundance and mTOR Signaling.

IRW4S5 treatment elicited a ~10-fold increase in AMPKa phosphorylation (Thr172) relative to
total AMPKa in skeletal muscle compared to HFD (p < 0.0124) (Fig. 4.9A), with no change in
total AMPKa (Fig. 4.9B). ANOVA indicated an overall diet effect in p-AMPKa over GAPDH
(Fig. 4.9C), consistent with findings in Fig. 4.9A. No changes in total or phosphorylated AMPKa
abundance in retroperitoneal or epididymal WAT were observed after IRW supplementation
(Fig. 4.10 and 4.11, respectively).

Phosphorylated (Ser2448) mTOR relative to total mMTOR had an overall significant increase
(p = 0.003) in skeletal muscle, but the post-hoc analysis revealed no statistical significance
between IRW45 and HFD (p = 0.2332), while in IRW15 p-mTOR (Ser2448) was increased (p <
0.0138) (Fig. 4.9D). Total mTOR was not affected (Fig. 4.9E); however, p-mTOR was
statistically increased by IRW45 (p < 0.001) (Fig. 4.9F). The downstream p70 S6K protein
phosphorylation trended to elevated IRW45 relative to total p70 S6K (Fig. 4.9G, p = 0.2075) and
3-fold relative to GAPDH (Fig. 4.91, p = 0.15); however, total p70 S6K protein was significantly
increased (p < 0.045) in IRW45 compared to HFD (Fig. 4.9H). In WAT, no changes were seen in
total and phosphorylated mTOR or p70 S6K in both retroperitoneal and epididymal WAT (Fig.

4.10 and Fig. 4.11, respectively).
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Figure 4. 9. Skeletal muscle AMPKa, mTOR and P70 S6K protein abundance. (A) p-AMPKo/AMPKao. (B)
AMPKa/GAPDH. (C) p-AMPKo/GAPDH. (D) p-mTOR/mTOR. (E) mTOR/GAPDH. (F) p-mTOR/GAPDH. (G) p-
P70 S6K/ P70 S6K. (H) P70 S6K/GAPDH. (1) p-P70 S6K/GAPDH and (J) representative blots. Data expressed as
mean + SEM of n = 5-6 mice. Analysis by one-way ANOVA followed by Bonferroni’s post-hoc comparison test or
Kruskal-Wallis followed by Dunn’s post hoc test when appropriate. * p < 0.05 and *** p <0.001 versus HFD.
AMPK, 5 AMP-activated protein kinase; mTOR, mammalian target of rapamycin; P70 S6K, Ribosomal protein S6

kinase beta-1.
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Figure 4. 10. Retroperitoneal white adipose tissue (WAT) AMPKa, mTOR and P70 S6K protein abundance.
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AMP-activated protein kinase; mTOR, mammalian target of rapamycin; P70 S6K, ribosomal protein S6 kinase beta-
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Figure 4. 11. Epididymal white adipose tissue (WAT) AMPKa, mTOR and P70 S6K protein abundance. (A)
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versus HFD. AMPK, 5' AMP-activated protein kinase; mTOR, mammalian target of rapamycin; P70 S6K,

ribosomal protein S6 kinase beta-1. * p < 0.05 versus HFD.
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4.3.7 Adipose Tissue UCP-1 Abundance

The investigation of UCP-1 abundance in retroperitoneal and epididymal WAT is shown in
Fig. 4.12. UCP-1 was decreased by HFD compared with LFD and this was significant in
epididymal WAT (p < 0.0188) (Fig. 4.12B). IRW15 and IRW45 exhibited intermediate

abundance in epididymal WAT.
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Figure 4. 12. UCP-1 expression after IRW treatment. WAT UCP-1 protein abundance. Retroperitoneal WAT
UCP-1 (A) and representative blot (C). Epidydimal WAT UCP-1 (B) and representative blot (D). UCP-1 was
normalized to B-actin. Data expressed as mean + SEM of n = 5-6 mice. Analysis by one-way ANOVA followed by
Bonferroni’s post-hoc test or Kruskal-Wallis followed by Dunn’s post hoc test when appropriate. * p < 0.05 versus

HFD. UCP, uncoupling protein.
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4.4 Discussion

Natural health products [254] are used by a wide range of the population but their efficacy in
managing complex metabolic diseases is still debated. Despite that, food-derived bioactive
peptides exhibit positive physiological effects related to metabolic diseases and their
complications [165, 166, 255]. IRW is an ovotransferrin-derived bioactive peptide previously
shown to exert antihypertensive and anti-inflammatory effects [187, 190]. In addition, in vitro,
IRW presented antioxidant effects and improved insulin signaling [191, 192]. In this study, using
an obese, insulin resistant rodent model we demonstrated that IRW supplementation at a dose of
45 mg/kg BW: (1) prevented BW and fat mass gain during HFD treatment while protecting lean
body mass; (2) improved glucose tolerance and fasting blood glucose; and (3) enhanced insulin-
dependent and -independent signaling governing glucose uptake in skeletal muscle. IRW15 was
not as effective as IRW45, illustrating dose dependence. For this reason, the discussion is
focused on IRW45 findings. Contrary to our hypothesis, these activities of IRW did not appear to
involve the inhibition of local RAS.

As previously demonstrated [187, 250], IRW retained biological activity in vivo possibly
because we mixed IRW into the HFD, which may have protected it from degradation by
digestive enzymes [256]. However, IRW can be degraded into the dipeptide IR in simulated
gastrointestinal digestion, which decreases its ACE inhibitory activity drastically in vitro [185].
We did not calculate the concentration or characterize the bioactive form reaching the
bloodstream in the current study and we cannot exclude the possibility of the dipeptide IR being
bioactive in vivo, therefore it is only a speculation. Nevertheless, IRW at a dosage of 45 mg/kg
BW promoted enhanced glucose homeostasis. This dosage is comparable to other studies

investigating the role of small molecules, natural products or bioactive peptides in cardio-
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metabolic conditions using rodent models. For example, AdipoRon, a small-molecule agonist of
adiponectin receptor is used at 50 mg/kg BW [257], curcumin at 100 mg/kg BW [258], soy B-
conglycin at 10% of diet (w/w) [259] and the di-peptide (Trp-His) at dosages ranging between
10-100 mg/kg BW [260, 261]. Moreover, metformin is used at 200 mg/kg BW in rodent models
of diabetes [262, 263].

In this study, IRW45 improved both fasting and insulin-stimulated glucose indices. Similarly,
an egg white hydrolysate improved glucose tolerance and insulin sensitivity in HFD rats [197].
In Zucker Fatty rats, egg white hydrolysate treatment lowered fasting insulin but not glucose
concentrations, resulting in reduced HOMA-IR and HOMA-B indices [175]. Although our ITT
study shows that IRW45 treatment improved insulin sensitivity compared to the HFD group, the
significance was lost after adjustment for baseline blood glucose concentration, suggesting that
the effects observed were dependent on differences in fasting blood glucose concentration.

Glucose uptake in skeletal muscle occurs via insulin-dependent and -independent pathways.
Insulin activates the PI3K-AKT cascade leading to translocation of GLUT4 to the plasma
membrane, and thus increases glucose uptake [38], which was demonstrated in skeletal muscle
of IRW45 treated animals compared to the HFD. However, because ITT was not different
between groups, insulin-independent pathways may also play a role. AMPK activation, such as
in muscle contraction, enhances GLUT4 translocation [264] and increases glucose entry
independently of insulin [265]. Indeed, AMPKa phosphorylation in skeletal muscle of IRW45
animals was significantly increased. Both AKT and AMPK pathways could contribute to
improved glucose tolerance observed in IRW45 mice. We also acknowledge the possibility of
enhanced basal AKT phosphorylation by IRW directly. In this study, only insulin-stimulated

animals were included, which did not allow for this latter analysis.
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We initially hypothesized that IRW-mediated improvements in insulin signaling would be
associated with reduced local RAS activity, based on previous studies [185, 187, 250, 266].
Despite IRW being an ACE inhibitor in vitro [185], we found no effect of IRW on systemic ACE
activity in this insulin resistant model, similar to previous results using IRW in SHR rats [250].
However, IRW reduced ACE protein abundance in skeletal muscle, which might contribute to
lower local ACE activity. Moreover, plasma ACE2 activity was increased in our study,
consistent with previous studies showing that oral IRW supplementation enhanced circulating
ACE2 abundance and activity [250], and ACE2 protein expression in the aorta of SHR rats
[266]. ACE2 antagonizes the actions of angiotensin I, thereby reducing blood pressure, and
reducing CVD risk through angiotensin (1-7)/Mas receptor axis as reviewed [267]. Interestingly,
in this study angiotensin (1-7) was not increased by IRW treatment.

In skeletal muscle, modulation of AT1R and AT2R regulates insulin action locally, with
systemic AT2R blockade impairing insulin-stimulated AKT phosphorylation, whole body
glucose uptake, and muscular microvascular function, while systemic AT1R blockade restores
muscle insulin signaling [229]. AT2R opposes the effects of AT1R activation in blood vessels
with their interplay regulating blood flow and glucose utilization in skeletal muscle [268]. In our
study, IRW45 increased AT2R abundance in skeletal muscle. Similarly, we previously showed
that egg hydrolysate enhanced AT2R abundance in WAT and liver, and improved glucose
tolerance [197]. Possibly, increased AT2R abundance in skeletal muscle tissue permits increased
binding of angiotensin II to AT2R in the capillary endothelium, thus improving blood flow to
facilitate insulin access to muscle cells and enhancing glucose uptake. Moreover, IRW may

directly activate AT2R in muscle cells, which we speculate may improve glucose transport via
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AMPK and PPARY activation. Despite no clear direct link between AT2R and AMPK yet being
demonstrated, RAS modulation improves glucose tolerance and uptake via AMPK [269, 270].

In some tissues, such as WAT, AT2R is linked to PPARY as evidenced by PPARy mRNA and
activation being enhanced by AT2R agonists [271] and egg white hydrolysate concomitantly
increased AT2R and PPARY abundance [197]. Thiazolidinediones (TZDs) are PPARy agonists
and cause insulin sensitizing effects by enhancing skeletal muscle glucose uptake, reducing liver
glucose output, and affecting WAT physiology [272]. PPARy agonists potentiate AKT
phosphorylation in WAT and skeletal muscle [273] and specific deletion of PPARY in skeletal
muscle of mice induces insulin resistance [274]. In insulin resistant hamsters, PPARy RNA
expression in skeletal muscle is downregulated, along with other genes regulated by PPARy such
as Ppargcla, Lpl, and Adipoq (adiponectin) genes [275]. In this study, IRW45 treatment
upregulated Pparg and Lpl in skeletal muscle while increasing PPARY protein abundance,
suggesting that IRW may upregulate a cassette of PPARy-related genes as part of its metabolic
activity.

Despite similar caloric intake, IRW45 improved body composition by reducing BW and fat
mass gain, while protecting lean mass. In humans, the reduction of whole-body fat mass after an
exercise intervention was associated with increased insulin sensitivity index [276]. Recently, an
extract from rice hulls decreased fat mass by suppressing adipogenic genes in epididymal WAT
and liver while enhancing AMPKa protein, consistent with increased fatty acid oxidation [277].
However, neither AMPKa nor PPARY abundance changed in visceral WAT after IRW treatment.
We also investigated whether UCP-1 protein abundance in WAT could have been induced by
IRW, since it might explain reduced fat mass because AT2R activation was previously shown to

induce UCP-1 in epididymal WAT [278] and brown adipose tissue [279]. We found that
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compared with LFD, UCP-1 was reduced in HFD epididymal WAT, similar to other findings
[280]. IRW4S5 treatment tended to increase UCP-1 but not as strongly as expected if
thermogenesis was the main route eliciting fat mass loss. The mechanism by which IRW reduced
fat mass is still unclear and other pathways deserve investigation, including the effect of IRW in
the subcutaneous adipose tissue, which is more prone to browning than visceral depots [281,
282].

Skeletal muscle synthesis is a key indicator of metabolic health and is regulated by insulin
[283]. Upregulation of genes involved in muscle synthesis was induced by IRW. Primarily,
mTOR activation is modulated by nutrients and, once activated, is involved in protein and lipid
synthesis [284]. However, despite increased AMPK phosphorylation and expression of muscle
synthesis genes in skeletal muscle, phosphorylation of mTOR (Ser2448) by IRW was not dose-
dependent nor correlated with phosphorylation of the downstream S6K P70. Nevertheless, the
gene upregulation observed after IRW supplementation indicates a possible ability of IRW to
trigger myogenesis pathways, which may be related to our observation of protected lean body
mass. Alternatively, IRW may be acting independently of mTOR to promote these effects.

In summary, IRW reduced BW and fat mass gain while improving glucose tolerance and
insulin sensitivity in HFD mice. We identified several mechanisms of action for IRW in skeletal
muscle and, to a lesser extent, WAT (Fig. 4.13) that were independent of ACE inhibition.
Pathways influenced by IRW include the AKT-GLUT4 and AMPKa-GLUT4, which both
enhance glucose uptake in skeletal muscle, while activation of the AT2R-PPARYy pathway could
improve insulin sensitivity. Furthermore, IRW may reduce inflammation [192, 250], contributing
to insulin sensitization. Because the liver regulates fasting glucose homeostasis, IRW may also

improve liver insulin sensitivity during fasting, leading to better glucose tolerance. IRW effects
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in the liver are currently being investigated by our group. Thus, IRW has the potential to exert

beneficial effects on glucose homeostasis, making it a strong candidate to be further studied in

the context of metabolic diseases.
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Figure 4. 13. Potential mechanisms of action of IRW to improve glucose tolerance and insulin signaling. HFD

activates the classical RAS arm to increase ACE, which may be counteracted by IRW via AT2R. In blood, IRW

stimulates ACE2, which can produce Angiotensin (1-9) leading to direct activation of AT2R. This increase in AT2R

may induce AMPK phosphorylation and neutralize the increased abundance of ACE. In addition, AMPK facilitates

insulin-independent glucose uptake by skeletal muscle. AT2R may also trigger PPARY, leading to transcription of

myogenesis genes. Further, IRW-stimulated p-AKT increases glucose uptake via GLUT4. p-AKT plays a significant

physiological role in insulin-stimulated glucose uptake and activates mTOR and p70-S6K, however IRW

involvement in this pathway requires further clarification.
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S. CHAPTER 5: IRW prevents high-fat diet-induced non-alcoholic fatty liver
disease by preserving mitochondrial content and enhancing hepatic fatty

acid oxidation capacity.

This section shows the outcomes after completion of objective #4. I performed experiments,
data analysis, visualization and wrote the first draft of the manuscript. The in vivo study was
performed in collaboration with Xu Jiang. In addition, Emily Berg was involved in performing
some of the experiments. Moreover, I was fortunate to be able to supervise several undergraduate
students who helped in performing the experiments shown including Alexandra Knox, Evan

Ackroyd and Aaron Getachew. This manuscript has not been submitted for publication yet.
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Abstract

NAFLD is a disease considered as the hepatic manifestation of the metabolic syndrome. Its
recent rise as a public health concern, complex underlying pathophysiology and poorly
understood triggers for disease progression have created a situation in which NAFLD remains
without approved pharmacological treatment, with lifestyle modifications being the only therapy.
Alternative approaches, including natural health products, functional foods and food-derived
bioactive peptides can aid in the management of metabolic conditions including hypertension,
obesity and insulin resistance. IRW is a tripeptide with ACE-inhibitory properties produced from
the egg white protein ovotransferrin. Previous studies reveal that IRW supplementation elicits
antihypertensive effects, improves whole body insulin resistance and skeletal muscle insulin
signaling, and glucose tolerance, while reducing BW gain. In this study, we hypothesized that
IRW45 supplementation would prevent HFD-induced NAFLD by modulating hepatic lipid
metabolism. We find that although both IRW45 and rosiglitazone improve insulin resistance,
only IRW45 prevents HFD-induced NAFLD. IRW45 decreases hepatic TG content and LD size
compared to HFD (p = 0.015, p = 0.0012, respectively) and ROSI (both p < 0.0001). This is
accompanied by a trend to increased hepatic Ppargcla (p = 0.08) gene expression and
upregulated expression of Cd36 (p = 0.013) compared to HFD. Moreover, IRW45 increases the
hepatic mitochondrial complexes (p < 0.05), p-AMPKa (p < 0.05) and has a trend to increase p-
ACC (p = 0.06) protein abundance compared to HFD. Therefore, IRW45 prevents diet-induced
NAFLD, in part by enhancing the expression of genes involved in mitochondrial biogenesis, the
abundance of mitochondria complexes and increasing the capacity for lipid oxidation, while
possibly decreasing DNL under HFD challenge.

Key words: IRW, non-alcoholic fatty liver disease, mitochondria, bioactive peptides.
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5.1 Introduction

NAFLD currently affects 25% of the population worldwide and continues to increase in
prevalence [285]. NAFLD is a term used to refer to fatty liver (hepatic steatosis) or to NASH, in
which inflammation, cell damage and fibrosis are present. NAFLD is highly associated with co-
morbidities within the metabolic syndrome cluster, such as obesity, dyslipidemia and insulin
resistance; in fact, NAFLD is considered the hepatic manifestation of the metabolic syndrome
[20].

Many pathways lead to hepatic lipid accumulation, such as increased non-esterified fatty acid
(NEFA) availability in the blood, increased hepatic NEFA uptake, DNL, decreased fatty acid
oxidation or reduced very low density lipoprotein secretion [201]. In addition, inflammation,
oxidative stress, fibrosis and mitochondrial dysfunction are involved in the progression of liver
steatosis to NASH [286, 287]. The most accepted theory for NALFD pathogenesis is the multi-
hit hypothesis. Briefly, it states that increased caloric intake leads to obesity and WAT insulin
resistance. Insulin resistance impairs lipolysis inhibition in WAT, increasing NEFA availability
in the circulation, which can travel to and be taken up by the liver. Moreover, insulin resistance
is associated with WAT dysfunction leading to inflammation and secretion of inflammatory
cytokines from WAT. In the liver, insulin resistance induces exaggerated DNL, which combined
with the extrahepatic influx of NEFA causes lipid accumulation and lipotoxicity (damage caused
by lipid mediators). This in turn initiates mitochondrial dysfunction, reactive oxygen species
production and ER stress. In addition, according to this theory the gut microbiome, genetics and
epigenetics factors also play a role in disease initiation and progression [149]. With chronic

exposure to these detrimental effects, cellular damage and inflammation occur, leading to
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NASH. NASH can progress to fibrosis causing liver cirrhosis, and eventually hepatocellular
carcinoma and the need for liver transplantation [20, 149, 201].

Lifestyle modifications (diet and physical activity) leading to weight loss are the first line of
therapy for NAFLD [27]. Despite a global effort to find a pharmacological therapy for NAFLD,
many clinical trials failed to advance to the next phase due to null results or adverse side effects.
For instance, the peroxisome proliferator-activated receptor (PPAR) agonist, elanafibranor, failed
to improve NASH after 72 weeks of treatment [288]. Null results were also observed with a
fibroblast-growth factor analog [289] and a caspase inhibitor [290]. Although a recent meta-
analysis showed that a thiazolidinedione drug (pioglitazone) improves NAFLD in clinical trials
[30], thiazolidinedione usage comes with severe side-effects including weight gain and increased
risk for cardiovascular disease [291, 292]. There are still clinical trials focusing on NASH and
drug repurposing in progress, for example, trials using semaglutide and tirzepatide, which are
currently used for obesity and diabetes treatment, respectively [286]. Nevertheless, currently
there is no approved pharmacological treatment for NAFLD.

There is an increasing focus on the potential role of food-derived bioactive peptides to
complement the management of metabolic diseases as reviewed elsewhere [163, 293]; however,
the number of studies validating in vitro findings in animal models or in clinical trials is small.
Based on previous evidence from our group, IRW (isoleucine-arginine-tryptophan) holds
potential to ameliorate metabolic syndrome conditions in vivo. We showed that IRW, an egg
white-derived bioactive peptide with ACE inhibitory activity in vitro [185], which increased
ACE2 activity in vivo [250], improved glucose tolerance and insulin signaling in skeletal
muscle [207] and decreased blood pressure [187, 250] in rodents. Moreover, IRW modulated

skeletal muscle glucose homeostasis in an insulin-independent manner, via AMPKa activation
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[207]. In cell culture, IRW reversed TNF-a-induced insulin resistance in a skeletal muscle cell
line [192] and attenuated the inflammatory response in endothelial cells [188]. As NAFLD
patients exhibit insulin resistance and inflammation in addition to fatty liver, an ideal
pharmacological treatment would improve insulin resistance and modulate hepatic lipid
metabolism, e.g., by increasing fatty acid oxidation via AMPK activation and preserving
mitochondria function. Therefore, a possible role for IRW in NAFLD management is plausible.
In this study we hypothesized that IRW would prevent HFD-induced hepatic steatosis in mice by

modulating lipid metabolism and preventing hepatic mitochondrial dysfunction.

5.2 Methods

5.2.1 Animals and diet

This study was approved by the Animal Care and Use Committee of the University of Alberta
(Protocol #1472) in accordance with guidelines issued by the Canadian Council on Animal Care.
Male C57BL/6 mice age 5 weeks (Charles River Canada, St. Constant, QC, Canada) were fed
low-fat diet (LFD (10% kcal fat) or HFD (45% kcal fat) for 6 weeks to induce obesity and
glucose intolerance [199]. After that, animals receiving HFD were randomly assigned to
continue receiving only HFD or HFD supplemented with IRW at 45 mg/Kg BW (IRW45) in
their diet or HFD + rosiglitazone at 2.5 pmol/Kg BW in their drinking water (ROSI) for 8 weeks.
Rosiglitazone was added as a positive control for PPARYy agonism. LFD group received the same
diet throughout the entire period. Mice had ad libitum access to food and water and were housed
4 per cage with a 12:12 light cycle, 60% humidity and 23 °C temperature. After a total of 14
weeks, after overnight fasting half the animals were injected with (2 IU/kg BW) insulin or saline,

then after 10 minutes animals were euthanized using CO». IRW was synthesized by Genscript
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(Piscataway, NJ, USA) and the dosage selected was based on a previous study by our group

[207]. Rosiglitazone was purchased from Sigma-Aldrich (St. Louis, MA, USA). Diet

composition is shown in Table 5.1.

Table 5. 1. Diet composition

Casein (g/Kg)

L-Cystine (g/Kg)

Corn Starch (g/Kg)

Maltodextrin (g/Kg)

Sucrose (g/Kg)

Lard (g/Kg)

Soybean Oil (g/Kg)

Cellulose (g/Kg)

Mineral Mix, AIN-93G-MX (94046) (2/Kg)

Calcium Phosphate, dibasic (g/Kg)

Vitamin Mix, AIN-93-VX (94047) (g/Kg)

Choline Bitartrate (g/Kg)

IRW (mg/Kg BW)

Rosiglitazone (UM/Kg BW in water)

LFD HFD IRW45 ROSI
210.0 245.0 245.0 245.0
3.0 3.5 35 35
445.0 85.0 85.0 85.0
50.0 115.0 115.0 115.0
160.0 200.0 200.0 200.0
20.0 195.0 195.0 195.0
20.0 30.0 30.0 30.0
37.15 58.0 58.0 58.0
35.0 43.0 43.0 43.0
2.0 3.4 3.4 3.4
15.0 19.0 19.0 19.0
2.75 3.0 3.0 3.0
n/a n/a 45.0 n/a
n/a n/a n/a 2.5

Abbreviations: BW, body weight; n/a, not applicable
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522 BW, body composition and biological samples

Animals were weighed weekly throughout the study. At week 14, body composition was
assessed in overnight-fasted mice using ECHO magnetic resonance imaging (ECHO MRI) (Echo
Medical Systems LLC, Houston, TX, USA). Blood was collected via cardiac puncture after
euthanasia. Liver, epidydimal (¢éWAT) and retroperitoneal (rWAT) adipose tissues were
collected, snap frozen in liquid nitrogen and stored at —80 °C. In addition, a sample of each

tissue was fixed with buffered formalin and preserved in paraffin blocks for histological analysis.

523 Oral glucose tolerance test (OGTT) and fasting glucose

At week 13, all the animals underwent an OGTT as previously described [199]. Briefly, a
bolus of glucose (1g/kg BW) was orally gavaged to overnight-fasted mice and blood glucose
measured from the tail vein using a glucometer (Contour®Next, Mississauga, ON, CA) at 0-, 15-,
30-, 60-, 90-, and 120-min. Fasting blood glucose was measured after overnight fasting from the

tail vein.

5.2.4 Histological analysis

Paraffin blocks were cut in 5 um sections and the prepared slides stained for hematoxylin &
eosin as previously reported [199]. Liver characterization: 3 random photomicroscopic images
per mice were taken by one researcher (20%, Axio Vision 4.8 software) and a second researcher
blinded to group allocation used the ImagelJ software “freehand selections” tool to quantify LD
area. Cell number and inflammatory foci (clusters with >5 immune cells) were counted. Each
image was divided into 4 equal quadrants and the top left section analyzed. Adipose tissue

characterization: 10 random photomicroscopic images per animal were taken (20x objective lens
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and Axio Vision 4.8 software). Adipocyte area (mm?) was measured using the ImagelJ software
“freehand selections” tool. A total of 300 cells or 10 images per sample was measured,

whichever was reached first.

5.2.5 Hepatic lipid content

Liver lipid content was extracted as previously described [199, 211]. Briefly, 100mg of tissue
was homogenized in 1 mL of NaCl solution. Half of the homogenate (500ml) was mixed with 2
mL of Folch solution (chloroform: methanol (2:1)), centrifuged at 3000 rpm for 10 min and the
lower phase collected. Dried samples were resuspended in 1 mL of 2% TritonX-100 solution in
chloroform and dried under nitrogen one more time. The final sample was resuspended in ddH»>O
and kept at —20 °C until further analysis. Liver TG and cholesterol content were measured using

commercial kits (Infinity™, Thermo Scientific, Waltham, MA, USA).

5.2.6 Citrate synthase activity

Hepatic citrate activity was measured in liver lysate using a commercial kit specific for
rodents (MAK 193, Sigma-Aldrich, St. Louis, MA, USA). 30 mg of tissue was homogenized in
300 pl of assay buffer and 25 pl of sample was used in each well following the manufacturer’s

protocol.

5.2.7 Protein extraction and western blot

WAT protein extraction was performed using a commercial kit (AT-022, Invent
Biotechnologies, Plymouth, MN, USA), using 100 mg of tissue. Liver protein extracts were

obtained using lysis buffer (50 mmol/L Tris HCL pH:8.0, 150 mmol/L NaCl, 0.1% Triton X-
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100, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with protease and phosphatase
inhibitors (2 pg/mL aprotinin (Calbiochem), 5 mmol/L sodium fluoride, 5 mmol/L sodium
orthovanadate, and 1X protease inhibitor cocktail (FastPrep®-24, MP Biomedicals)). Protein
extracts were stored at -80°C. Thawed samples were separated using an SDS-PAGE 8% or 12%
polyacrylamide gels, transferred to nitrocellulose membranes and probed overnight at 4°C for
PPARY (CS2435), perilipin 1 (CS9349), fatty acid synthase (FAS) (CS3180), adiponectin
(CS2789), oxphos (ab110413), fatty acid binding protein 4 (FAB4) (CS2120), acetyl-CoA
carboxylase (ACC) (CS3676); p-ACC (Ser79) (CS11818), carnitine palmitoyl transferase la
(CPTla) (CS97361), AMP-activated protein kinase f (AMPKp) (CS12063), p-AMPKJ (Ser108)
(CS23021), p-AMPKa (Thr172) (C2531S), AMPKa (CS2603S) and B-actin (Sigma-Aldrich
A5441). The next day membranes were incubated with fluorescent secondary antibodies (Li-cor
Biosciences) for 1 h at room temperature. Images were captured using Li-cor scanners and
analyzed using Image Studio Lite software (Li-cor Biosciences, Lincoln, NE, USA). Bands that
were below of the quantification threshold were given a value of 0 (zero). Total proteins were
normalized to B-actin and phosphorylated proteins were normalized to their respective total

protein.

5.2.8 RNA extraction and gPCR

RNA extraction was performed using the QTAGEN RNeasy Mini Plus kit following the
manufacturer’s instructions, with the following modifications as previously described [199]: 5-
100 mg of frozen tissue was homogenized using 1 mL of TRIzol and after 5 min at RT, 0.2 mL
of chloroform per mL of TRIzol was added. Samples were incubated at room temperature for 3

min, followed by centrifugation at 12,000 x g for 10 min at 2—8 °C. The supernatant was
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collected, and the manufacturer’s instructions were followed for the remaining steps. RNA
concentration was measured using a Nanodrop (Thermo Fisher, Waltham, MA, USA) and cDNA
synthesis was performed using the high-capacity cDNA RT kit (Applied Biosystems, Waltham,
MA, USA) using 2 ug RNA per reaction. gPCR was performed using PerfeCTa SYBR Green
SuperMix ROX (Quantabio, Beverly, MA, USA) in a QuantStudio3 machine (Applied
Biosystems, Waltham, MA, USA) using cyclophilin A as the reference gene. Primer sequences

are provided in Table 5.2.

5.2.9 Statistical analysis and sample size

A sample size of n =4 (non- or insulin-injected) to 8 (all mice)/group was used in this study
as specified in the figure captions. Data are presented as means + SEM. Statistical analysis was
performed using GraphPad Prism software 7.0 (GraphPad Software Inc., San Diego, CA, USA).
LFD was compared to HFD group using a two tailed t-test to identify glucose intolerance-related
differences. HFD, HFD+IRW and HFD+ROSI groups were compared using one-way ANOVA
followed by Bonferroni’s post-hoc test to study treatment effects (IRW and rosiglitazone).
OGTT was analyzed using 2-way ANOVA followed by Bonferroni’s post-hoc test. Data were
checked for normal distribution by the Shapiro—Wilk test and any identified outliers were
removed. Data that did not follow a normal distribution was log-transformed prior to the
statistical analysis. A p-value < 0.05 was considered statistically significant and a p-value < 0.1

was considered a trend.
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Table 5. 2. Primers sequences.

Primer sequence

Mttp

Ccd36

Fasn

Ppparg

Ppparg2

Ppara

Srebplc

Cptla

Acaca

Acach

Cidea

Sodl

Opal

Vdacl

Mfnl

Mfn2

Bax

Ppargcla

F5 -3
R5 -3

F5-3
R5 -3

F5 -3
R5 -3

F5 -3
R5 -3

F5 -3
R5 -3

F5-3
R5 -3

F5 -3
R5 -3

F5 -3
R5 -3

F5 -3
R5 -3

F5 -3
R5 -3

F5 -3
R5 -3

F5 -3
R5 -3

F5-3
R5 -3

F5 -3
R5 -3

F5 -3
R5 -3

F5-3
R5 -3

F5 -3
R5 -3

F5 -3

AGAGGACAGCTTTGTCACCG
TCTTCAGCTCCAATTTCTGCTTCG

TGGCTAAATGAGACTGGGACC

ACATCACCACTCCAATCCCAAGTAAGG

CTTCCGTCACTTCCAGTTAGAGCAG

AGTTCAGTGAGGCGTAGTAGACAGTG

GAAGACATTCCATTCACAAGAGCTGACC

GCCTGTTGTAGAGCTGGGTCTT

ATGCTGTTATGGGTGAAACTCTGGGA
CACAGAGCTGATTCCGAAGTTGGTG

CGACCTGAAAGATTCGGAAACTGCAG

GCGTCTTCTCGGCCATACACAAG

GGAGCCATGGATTGCACATTTGAAGACAT

TTCCAGAGAGGAGGCCAGAGA

CCTACCATGGCTGGATGTTTGCAG
GTATCTTTGACAGCTGGGACAGGCA

CCTGAAGACCTTAAAGCCAATGC
CCAGCCCACACTGCTTGTA

TTCCCCAGCCAGCAGATAG
TGAAGAAGACCTCTCGGTCC

GCCGTGTTAAGGAATCTGCTG
TGCTCTTCTGTATCGCCCAGT

AACCAGTTGTGTTGTCAGGAC
TCCTGCACTGGTACAGCCTT

TCTCAGCCTTGCTGTGTCAGAC
TTCCGTCTCTAGGTTAAAGCGCG

CTCCCACATACGCCGATCTT
AAGCCGTAGCCCTTGGTGAAG

CCAGGTACAGATGTCACCACAGAGC
TTGGAGAGCCGCTCATTCACCT

GTGGAATACGCCAGTGAGAAGC
CAACTTGCTGGCACAGATGAGC

GGAGCTGCAGAGGATGATTGCT
AAGTAGAAGAGGGCAACCACGC

GAATCAAGCCACTACAGACACCG
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R5 -3 AGGCTTCATAGCTGTCGTACCTG

Ppia F5 -3 TGGCTATAAGGGTTCCTCCTTTCACAG
R5 -3 GCCAGGACCTGTATGCTTTAGGATG

Abbreviations: Gene symbol followed by its (name) and the encoded protein: Mttp (microsomal triglyceride transfer
protein) encodes MTP; Cd36 encodes fatty acid translocase (CD36); Fasn (fatty acid synthase) encodes FAS; Pparg
(peroxisome proliferator-activated receptor gamma) encodes PPARYy; Pparg?2 (peroxisome proliferator-activated
receptor gamma) encodes PPARY2; Ppara (peroxisome proliferator-activated receptor alpha) encodes PPARa;
Srebpc (sterol regulatory element binding transcription factor 1c) encodes SREBP-1c¢; Cptla (carnitine palmitoyl
transferase 1A) encodes CPT1a; Acaca (acetyl-CoA carboxylase alpha) encodes ACC1; Acach (acetyl-CoA
carboxylase beta) encodes ACC2; Cidea (cell death-inducing DNA fragmentation factor-like effector A) encodes
CIDEA; SodI (Superoxide dismutase 1) encodes SOD1; Opal (mitochondrial dynamin like GTPase) encodes
OPAL1; Vdacl (Voltage-Dependent Anion-Selective Channel Protein 1 ) encodes VDACI; Mfil (Mitofusin-1)
encodes MFN1; Mfn2 (Mitofusin-2) encodes MFN2; Bax (bcl-2-like protein 4) encodes BAX; Ppargcla (PPARG
coactivator 1 alpha) encodes PCGla; Ppia (Peptidylprolyl isomerase A) encodes cyclophilin A.
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5.3 Results

5.3.1 BW and composition

HFD animals gained more weight during the first 6 weeks prior to the peptide
supplementation than LFD fed animals (Fig. 5.1A). At week 6, at the start of the peptide
supplementation, no differences in BW among the HFD groups were observed (Fig. 5.1B and C).
At week 12, the final BW of LFD (p < 0.0001) and IRW45 (p = 0.0003) groups were lower than
HFD groups, while the ROSI group had similar final BW as HFD (Fig. 5.1D). This was due to
lower absolute fat mass in the LFD (p < 0.0001) and slight, but not statistically lower mass in the

IRW45 group, compared to HFD. No differences in lean mass were observed (Fig. 5.1J).
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Figure 5. 1. BW and body composition of CS7BL/6 mice throughout the treatment (week 0 to week 12). (A)
BW before peptide supplementation; (B) BW during peptide supplementation and rosiglitazone treatment; (C) initial
BW before peptide supplementation (week 6); (D) final BW after peptide supplementation (week 12); (E) BW gain
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throughout the study (week 0 to week 12); (F) BW gain during peptide supplementation (week 6 to week 12); (G)
relative fat mass; (H) absolute fat mass; (I) relative lean mass and (J) absolute lean mass. Data expressed as mean +
SEM of n = 8 mice/group and analyzed by 2-way ANOVA (A and B), two-tailed t-test (LFD x HFD) or one-way
ANOVA (HFD groups). Different letters indicate p < 0.05.

5.3.2 Glucose tolerance

After 7 weeks of IRW treatment, glucose tolerance in the HFD group was impaired compared
with LFD (p = 0.007) (Fig. 5.2A and C, left). ROSI (p = 0.05) and IRW45 (p = 0.02) groups
presented improved glucose tolerance compared with HFD as shown in Fig. 5.2B and by the area
under the curve (AUC) (Fig. 5.2C, right). No changes were seen in the incremental AUC (1AUC)
among groups (Fig. 5.2D). Differences in AUC but not iAUC are consistent with fasting blood
glucose concentration being lower in the LFD (p = 0.007), ROSI (p = 0.03) and IRW45 (p =

0.002) groups compared to HFD (Fig. 5.2E).
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Figure 5. 2. Oral glucose tolerance test (OGTT) of C57BL/6 mice at week 13 (7 weeks of treatment). (A) LFD
vs HFD OGTT curve; (B) HFD groups OGTT curve; (C) area under the curve (AUC) for OGTT; (D) incremental

AUC for OGTT; (E) fasting blood glucose. Data expressed as mean + SEM of n=8 mice/group and analyzed by 2-
way ANOVA (A and B), two-tailed t-test (LFD vs HFD) or one-way ANOVA (HFD groups). Different letters
indicate p < 0.05 in panels C-E. * and # indicate p < 0.05 and **** indicates p <0.0001 in panels A and B.
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5.33 Liver lipid content and NAFLD characteristics

Liver weight was not different between LFD and HFD (Fig. 5.3A, left). The ROSI group
exhibited ~50% increased liver weight compared to HFD and IRW45 (p < 0.0001) (Fig. 5.3A,
right). Liver TG was decreased in LFD (p = 0.0031) and IRW45 (p = 0.015) groups compared to
HFD, while ROSI had increased liver TG content versus HFD (p = 0.016) and IRW45 (p <
0.0001) groups (Fig. 5.3B). In addition, there was a trend for IRW45 to decrease liver cholesterol
content compared to HFD and ROSI (p = 0.06, Fig. 5.3C, right) but no differences were
observed among the other groups. Quantitative analysis of the LD number in liver histological
samples showed a trend (p = 0.08) in HFD to have more LD than LFD (Fig. 5.3D, left). IRW45
presented a similar LD number as HFD, but ROSI had ~50% more LD than HFD (p = 0.006) and
IRW45 groups (p = 0.001) (Fig. 5.3D, right). LFD (p = 0.005) and IRW45 (p =0.0012) had a
smaller LD area than HFD, while ROSI had a similar LD area to HFD (Fig. 5.3E). Overall, both
LFD (p = 0.002) and IRW45 (p = 0.014) groups had less area of the total image covered by LD
compared to HFD (Fig. 5.3F), while ROSI had more area covered by LD than IRW45 and HFD
groups (p < 0.0001) (Fig. 5.3F, right). These data are supported by the qualitative assessment of
the histological samples (Fig. 5.31). No treatment changes were observed in terms of cell size
(Fig. 5.3G) and inflammatory foci (Fig. 5.3H). The distribution of LD by number and size is
shown in Fig. 5.3J, supporting that HFD exhibited a right shift in LD area that was even more

exaggerated in ROSI.

149



Q

D ROSI IRW45

HF|

-
=

HFD

0.0821

LF

150+

(aa]

(v
o
[ul

-

= o 1
s )

004

T T
=] =3
- =] =1
(=] I

{anssn B /Hw)
JUBUOD §] I1BAI

1200
900+

BaJe piepue)ls Jaqunu g

IRW45

ROSI
0.05%0

0.0621

HFD

LFD HFD
a
li |

-

0.06+

1004

T
2
]

o

T
2 3§ 8]
(eale piepuejs Jo o)

o

@ u
T 1
-] -]

palanoo eale g7 |eI0L

T T 1
3 S 8 w 9 o oo @ 9
= = P= N & - ~ © o
(Ma/B)

yBlem Jaanr {enss) B /Bw)

JUDJUOD [01B1SBIOLD JBAIT

L

IRW45
IRWA45

©
©

ROSI
ROSI

HFD

HFD

HFD
HFD

LFD
LFD

[u]
@
(]
T T 1
< o e

o o
abew Jad
T 100} Alojewiwejul jo Joquunn

©
L]
o
o
©
T T T 1
o [~] = =]
& @ ]

eale | |29 JO JaquinN

T T
@ =
o o

0

ROSI IRW45

HFD

o
w
I

LFD

120+

- LFD
- HFD
-~ ROSI

LFD

IRW45

——

6-10 11-20 21-50 51-100 >101

400 =

300+

2004

Jagwnu g

1004

un
<
=
x

Area (um?)

150



Figure 5. 3. Liver morphological characterization. (A) liver weight; (B) liver triglyceride content; (C) liver
cholesterol content; (D) lipid droplet average number; (E) lipid droplet average area; (F) percentage area of the
image covered by lipid droplets; (G) number of cells per area analyzed; (H) number of inflammatory foci per image
analyzed; (I) histological representative images and (J) distribution of lipid droplets by size and number. Data
expressed as mean + SEM of n=8 mice (A) or n =6 (B-H, J) and analyzed by two-tailed t-test (LFD vs HFD) or
one-way ANOVA (HFD groups). Different letters indicate p < 0.05.

5.3.4 Liver lipid metabolism and mitochondrial related genes

Measurement of hepatic expression of genes involved in lipid metabolism revealed that Cd36
and Cidea expression was upregulated 2-fold and more than 15-fold in the IRW45 (p = 0.013
and 0.0027, respectively) and ROSI (p = 0.071 and 0.001, respectively) groups compared to
HFD, respectively. On the other hand, Cptla, Mttp and Acaca gene expression was
downregulated in the IRW45 (p = 0.017, 0.0135 and 0.029, respectively) group compared to
HFD (Fig. 5.4A). Despite a 50% reduction in Pparg2 expression, it did not reach statistical
significance when IRW45 was compared to HFD but had a strong trend to be lower than the
ROSI group (p = 0.06) (Fig. 5.4A). Western blot was conducted to determine if changes in gene
expression were confirmed at the protein level. While FAS protein abundance showed a trend (p
=0.099) to be higher in the IRW45 group, western blot of other key proteins involved in lipid
metabolism (CPT1a, PPARY and total ACC) were not different among the HFD groups (Fig.
5.4B-D, right and 5.4F). This suggests that some of the differences observed in mRNA
expression did not correspond to the protein being translated in the IRW45 group or that post-
transcriptional regulation may limit protein abundance in this group. p-ACC protein abundance
was enhanced in the IRW45 group compared to ROSI (p = 0.006) and had a strong trend to be
increased when compared to HFD (p = 0.06) (Fig.5.4E). AMPK subunits were probed to
examine a potential insulin-independent regulation of lipid metabolism. p-AMPKJ and total

AMPKS protein abundance did not change between LFD and HFD, nor among the HFD
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treatment groups (Fig. 5.5A-C). p-AMPKo/AMPKa was similar between IRW45 and HFD
groups but was increased in IRW45 compared to ROSI (p < 0.01) (Fig. 5.5D); similarly, p-
AMPKo/B-actin was significantly higher in IRW45 compared to the other groups (p < 0.05) (Fig.
5.5F). PPARYy protein abundance and both Pparg and Pparg2 were decreased in the LFD
compared to HFD (p <0.05) (Fig. 5.4D and Fig. 5.7A). In addition, FAS was enhanced in LFD
compared to HFD (Fig. 5.4A, left), while the other proteins and the expression of other genes
were not different between LFD and HFD groups (Fig. 5.4C,E-G and Fig. 5.7A).
Mitochondrial-related genes Vdacl (p = 0.01) and Mfnl (p = 0.06) were downregulated in
IRW45 compared to HFD (Fig. 5.6A), while Opal showed a trend (p = 0.098) to be reduced in
IRW45 in comparison to HFD. ROSI had reduced Vdacl compared to HFD (p = 0.036). Both
Bax and Ppargcla gene expression was upregulated in the ROSI compared to HFD (p = 0.025
and 0.048, respectively), while IRW45 showed a trend (p = 0.087) to increased Ppargcla gene
expression compared to HFD. The protein abundance of mitochondrial complexes V, IV, III and
IT were increased in the IRW45 group compared to HFD (p < 0.05) (Fig. 5.6B-E, right) and
Complex I showed a consistent, similar trend to be increased in the IRW45 (p = 0.07) (Fig. 5.6F,
right). Expression of mitochondrial genes in the LFD group compared with HFD is shown in Fig.

5.7B with no differences observed.
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Figure 5. 4. Liver lipid metabolism. (A) Liver mRNA expression of genes involved in lipid metabolism (n = 4);
Protein abundance (n = 8) of (B) FAS; (C) CPT1a; (D) PPARY; (E) p-ACC/ACC (n = 4 non-insulin-injected); (F)
ACC and (G) p-ACC and (H) western blot representative images. Total proteins were normalized to B-actin and
phosphorylated proteins were normalized to their total protein. Data analyzed by two-tailed t-test (LFD vs HFD) or
one-way ANOVA (HFD groups). Different letters indicate p < 0.05.
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Figure 5. 5. Liver AMPK protein abundance. (A) p- AMPK/ AMPKS; (B) AMPKS; (C) P-AMPKS; (D) p-
AMPKo/ AMPKa; (E) AMPKa and (F) p-AMPKa. proteins were normalized to B-actin. Data expressed as mean +
SEM of n = 4 non-insulin-injected mice. Data analyzed by one-way ANOVA. Different letters indicate p < 0.05.
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Figure 5. 6. Liver mitochondrial related genes. (A) Liver mRNA expression of genes involved in mitochondrial
function; (B) mitochondrial complex V protein abundance; (C) mitochondrial complex IV protein abundance; (D)
mitochondrial complex III protein abundance; (E) mitochondrial complex II protein abundance; (F) mitochondrial
complex I protein abundance and (G) western blot representative image. Proteins were normalized to B-actin. Data
expressed as mean + SEM of n =4 (A) and n=8 (B-G). Data analyzed by two-tailed t-test (LFD x HFD) or one-way
ANOVA (HFD groups). Different letters indicate p < 0.05.
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Figure 5. 7. Liver mRNA expression between LFD and HFD groups. (A) Liver mRNA expression of genes
involved in lipid metabolism; (B) liver mRNA expression of mitochondrial genes. Data expressed as mean + SEM

of n =4 and analyzed by two-tailed t-test. Different letters indicate p < 0.05.
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5.35 Citrate Synthase activity

Citrate synthase activity was similar between LFD and HFD groups (Fig. 5.8, left) whereas
IRW45 had higher citrate synthase activity than HFD (p = 0.0037) and a trend to higher (p =

0.06) compared to ROSI (Fig. 5.8, right).
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Figure 5. 8. Liver citrate synthase activity. Data expressed as mean + SEM of n = 7 and analyzed by two-tailed t-

test (LFD vs HFD) or one-way ANOVA (HFD groups). Different letters indicate p < 0.05.

5.3.6 VAT adipocyte size and adipogenesis markers

LFD had lower eWAT mass than HFD (p = 0.0014) (Fig. 5.9A, left), while ROSI and IRW45
groups had increased eWAT mass compared with HFD (p <0.001) (Fig. 5.9A, right). LFD had
lower adipocyte size than HFD (p = 0.01) (Fig. 5.9B, left), while ROSI and IRW45 had similar
adipocyte size as HFD (Fig. 5.9B, right). Protein abundance of perilipin 1, FAB4 and
adiponectin were not statistically different between LFD and HFD groups, despite 4-fold higher

adiponectin in the LFD group (p = 0.1) (Fig. 5.9C-G). PPARY protein abundance was increased
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in the eWAT of LFD animals compared to HDF animals (p = 0.007) (Fig. 5.9E, left). Among the
HFD treatment groups no changes in perilipin 1, FAB4, PPARy or adiponectin were observed
(Fig. 5.9C-Q), but a trend to increased PPARY protein abundance was seen in ROSI groups vs
HFD (p = 0.09) (Fig. 5.9E, left). Representative images of the western blots and adipocyte size in
eWAT are shown in Fig. 5.9G and H, respectively.

In terms of rIWAT, LFD animals, as expected, had a lower fat mass, which was below the
detection limit of the scale. Among the HFD groups no changes were seen in rWAT mass (Fig.
5109A). Adipocyte size and adipogenesis markers were not different between LFD and HFD
(Fig. 5.10C-E, left), nor among HFD groups (Fig. 5.10C-E, right). Adiponectin showed a trend to
be higher in the LFD group compared to HFD (p = 0.09) and was increased in the IRW45 group
compared to HFD (p = 0.032) (Fig. 5.10F). Representative images of the western blots and

adipocyte size in tWAT are shown in Fig. 5.10G and H, respectively.
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Figure 5. 9. Epidydimal white adipose tissue (eWAT) characterization. (A) eWAT weight; (B) eWAT lipid
droplet average area; (C) perilipin 1 protein abundance; (D) FAB4 protein abundance; (E) PPARy protein
abundance; (F) adiponectin protein abundance; (G) western blot representative images and (H) histological analysis
representative images. Total proteins were normalized to B-actin. Data expressed as mean + SEM of n =8 (A) orn =
6 (B) or n = 4 non-insulin-injected mice (C-F). Data analyzed by two-tailed t-test (LFD vs HFD) or one-way
ANOVA (HFD groups). Different letters indicate p < 0.05. FAB4, fatty acid binding protein 4; PPARY, peroxisome

proliferator-activated receptor gamma.

160



HFD

HFD

0.020-
a a a 0.008
0.015- a
g 0.006-
: s @
$a 0.010- 9 £ 0.004
2 E £
0.005- 2 o002
0.000 0.000-
HFD ROSI  IRW45 Lo
500 a 200+
£ 2
=
5 4001 a
7 £ 180
fe 300 % a
-5 = 100
£ = 200 s
s° a a E =
S 1004 a g e
o
0 0
LFD HFD HFD ROSI IRW45 LFD
3001 a 400, 00978
=
£
c a Q a
£ T 3004
A 200 =
2 a cf
e a a g I 2
& = 00 g
g 5
o g 0o
T
0= < 0-
LFD HFD HFD ROSI IRW45 LFD
LFD HFD ROSI IRW
' I I I
age w ‘)—-L
Perilipin 1 e G S e —d E— -
FAB4 T — — — — N — — »
Adiponectin p— PR ——
&
- — =
[3-actin —— — — — — — — il re
LS

a a a
HFD ROSI IRW45
a
a
a
HFD ROSI IRW45
b

ROSI

/ V v

IRW45

161



Figure 5. 10. Retroperitoneal white adipose tissue (rWAT) characterization. (A) rWAT weight; (B) rWAT lipid
droplet average area; (C) perilipin 1 protein abundance; (D) FAB4 protein abundance; (E) PPARy protein
abundance; (F) adiponectin protein abundance; (G) western blot representative images and (H) histological analysis
representative images. Total proteins were normalized to B-actin. Data expressed as mean + SEM of n =8 (A) orn =
6 (B) or n=4 non-insulin-injected mice (C-F). Data analyzed by two-tailed t-test (LFD vs HFD) or one-way ANOVA
(HFD groups). Different letters indicate p < 0.05. FAB4, fatty acid binding protein 4; PPARYy, peroxisome

proliferator-activated receptor y.

162



5.4 Discussion

The complex pathophysiology of NAFLD and the lack of understanding about the triggers
leading to the onset of NASH complicates the development of therapeutic targets to treat this
condition. Thus, NAFLD currently remains without approved pharmacological treatment. While
diet and exercise are recommended to decrease BW and improve hepatic steatosis [27], there is
keen interest to find novel approaches to complement NAFLD management. The underlying
pathogenesis of NAFLD involves multiple detrimental “hits” in an organ crosstalk manner,
including insulin resistance in WAT, increased influx of lipids in the liver and DNL, decreased
lipid oxidation and export of VLDL. These ultimately cause inflammation, impairment in
mitochondria dynamics, ER stress and apoptosis, which culminates in hepatic steatosis,
inflammation and NASH [20, 149]. We show in this study that a small peptide derived from the
egg ovotransferrin protein, namely IRW (isoleucine-arginine-tryptophan), prevented HFD-
induced hepatic steatosis, in part by increasing the capacity for fatty acid oxidation via increased
abundance of mitochondrial complexes, enzymes involved in fatty acid oxidation and citrate
synthase activity. We previously showed that IRW45 improved skeletal muscle insulin signaling
and glucose tolerance in HFD-induced obese mice [207], therefore, IRW could be a novel
therapy to manage metabolic conditions and prevent one of the first (insulin resistance) and later
hits (mitochondrial dysfunction) involved in NAFLD progression.

IRW45 improved histological and biochemical features in the liver of obese, glucose
intolerant mice. IRW45-treated mice had parallel decreases in hepatic TG content, hepatic LD
size and LD-covered area compared to HFD, supporting an improvement in hepatic steatosis. On
the other hand, rosiglitazone-treated animals had worsened hepatic TG accumulation and LD-

covered area. Therefore, even though both IRW45 and rosiglitazone improved glucose
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homeostasis and insulin resistance in our previous experiments [199, 207], only IRW45
prevented HFD-induced liver steatosis. Differently from its effects in humans, rosiglitazone
treatment in mice induces hepatic lipid accumulation via PPARY activation in the liver [217,
218], which is consistent with our findings. Because we previously saw an increase in skeletal
muscle PPARY protein abundance in IRW45-treated animals [207], we wanted to further
investigate the mechanism by which IRW45 prevents hepatic steatosis and differentiate it from
the effects promoted by rosiglitazone.

Initially we thought that IRW45 might reduce lipid uptake by the liver, thereby preventing
hepatic lipid accumulation, while increasing lipid accumulation in the WAT, as a safer storage
depot to prevent metabolic complications [294, 295]. However, despite an increase in eWAT in
the IRW45 and ROSI groups compared to HFD, absolute fat mass was not different between the
IRW45 group compared to HFD at the end of the study. In fact, BW was marginally reduced in
the IRW45 group. In addition, the ROSI group had no differences compared to HFD in terms of
BW and fat mass. Moreover, individual adipocyte size did not change among the HFD-treated
groups, nor did the adipogenesis markers. This suggests that lipid accumulation in WAT is
similar among the groups and that IRW4S5 is probably not inducing adipogenesis to prevent
hepatic lipid accumulation. It is worth noting that in the rWAT, adiponectin protein abundance
was higher in the IRW45 group compared to HFD, which may contribute to IRW45’s beneficial
effects, since adiponectin agonists are shown to improve NASH in rodents [296], and plasma
adiponectin is inversely correlated hepatic lipid accumulation in humans [297].

We hypothesized that IRW would modulate hepatic lipid metabolism and mitochondrial
function to prevent NAFLD. Although IRW modulated lipid metabolism it seems that, contrary

to our initial hypothesis, it was not due to decreased fatty acid uptake because both IRW45 and
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ROSI groups had upregulated hepatic expression of genes involved in lipid uptake (Cd36) and
downregulated expression of genes involved in VLDL assembly (Mt#p) and in the transport of
fatty acids into the mitochondria (Cpt/a). In addition, gene expression of targets involved in
DNL were downregulated or unchanged in the IRW45 group compared to HFD (Acaca and
Fasn, respectively). However, total protein content of CPT1a and ACC (encoded by Acaca) was
similar among the groups, while FAS protein abundance showed a trend to be increased in the
IRW45 group. Moreover, ACC phosphorylation (Ser79) was increased by IRW45. ACC is a
rate-limiting enzyme in DNL and its inhibition by AMPKa-mediated phosphorylation of Ser79 is
essential to decrease lipogenesis by reducing malonyl-CoA synthesis, thus decreasing hepatic
lipid accumulation [298]. Therefore, enhanced p-ACC in the IRW45 group suggests decreased
lipogenesis in this group, which could contribute, in part, to the lower hepatic TG content and
smaller LD. Despite a suggested increase in hepatic lipid uptake by the qPCR results, image
analysis and protein results support the hypothesis of less lipid accumulation in the IRW45
group.

We then investigated other pathways that could be working to decrease hepatic lipid
accumulation, despite increased uptake, such as fatty acid oxidation. AMPKa is a known lipid
metabolism regulator and its activation, besides leading to inhibition of lipogenesis, also induces
fatty acid uptake. Via AMPKa-catalyzed phosphorylation of ACC, malonyl-CoA availability is
decreased, which relieves inhibition of the rate-limiting enzyme shuttling fatty acid into the
mitochondria, CPT1a. Therefore, more fatty acids can enter cells and be directed for -oxidation
as reviewed elsewhere [299]. Here we showed that liver Cd36 expression was increased in
IRW45 group, suggesting increased fatty acid uptake. Moreover, we previously found that in

skeletal muscle of HFD-fed animals, IRW45 supplementation increased p-AMPKa, an effect not
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seen in WAT [207]. In this study, hepatic p-AMPKo /AMPKa ratio did not change between
IRW45 and HFD group, but it was increased compared to ROSI group. Interestingly, p-
AMPKo/B-actin (p < 0.05) and AMPKa/B-actin (not statistically significant) were more than
50% higher in the IRW45 group compared to HFD, suggesting a greater initial capacity for
AMPKa activation (for example, Vimax), which in turn increases the capacity for activating
AMPKo-related targets. In fact, in another study, compared to HFD alone, IRW45 increased
hepatic silent mating-type information regulation 2 homolog 1 (SIRT1) protein abundance, a
protein known to interact with AMPKa [193]. This effect was accompanied by increased
NAMPT and forkhead box O3 (FOXO3) protein content in the liver and increased nicotinamide
adenine dinucleotide (NAD") concentration in the liver and in plasma [193], consistent with
improved metabolic regulation and possibly enhanced mitochondrial oxidative phosphorylation
in the IRW45-supplemented mice. This is supported by our findings that citrate synthase activity
was increased in the IRW45 group, which may indicate enhanced hepatic oxidative metabolism.
The role of NAMPT and SIRT1 in NAFLD is already shown, for example, SIRT1 is decreased in
models of HFD-induced NAFLD [195], while overexpression of SIRT1 prevents hepatic TG
accumulation and inflammation [194, 300]. On the other hand, pharmacological inhibition of
NAMPT worsens hepatic TG accumulation via SIRT1/AMPKa in a HFD-induced hepatic
steatosis model [301]. In addition, NAD" deficiency induces hepatic steatosis, inflammation,
fibrosis and apoptosis in HFD-fed mice, therefore contributing to the progression to NASH
[302]. All of this provide evidence that IRW45 may prevent HFD-induced hepatic steatosis by
improving the function of the NAMPT/SIRT1/AMPKa pathway.

SIRT1 also interacts with AMPKa and induces PGCla activation, which is a key factor in

mitochondrial biogenesis [303]. Mitochondrial dysfunction is implicated in NAFLD
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development and progression [304]. Moreover, HFD decreases mitochondrial complexes
(oxphos) and therefore, reduces capacity for fatty acid oxidation and increases lipid
accumulation, processes involved in the progression of NAFLD [305, 306]. In addition,
Ppargcla overexpression in vitro and in vivo increases fatty acid oxidation, decreases hepatic
TG accumulation and circulating TG concentration [307]. Our observation of decreased Mttp
gene expression, together with a trend for increased hepatic Ppargcla mRNA and increased
content of mitochondrial complexes in the IRW45 compared to HFD, is consistent with the
literature. This indicates increased mitochondrial content in the IRW45 group and a higher
capacity for fatty acid oxidation leading to reduced hepatic lipid accumulation, as observed.

Mitochondrial dynamics is another factor under debate in relation to NAFLD [308].
Mitochondrial fission and fusion are essential mechanisms to prevent mitochondrial dysfunction
and a balance between these processes maintains healthy mitochondrial function. The process of
mitochondrial fusion is regulated mainly by mitofusin-1 and OPA1 and occurs when
mitochondria function is impaired, acting as a protective mechanism to prevent further damage
and maintain mitochondrial homeostasis [309]. Increased fusion leads to enlarged mitochondria,
a characteristic seen in the liver of individuals with NAFLD [310, 311] and liver-specific
deletion of OPA1 prevents methionine-choline-deficient diet-induced hepatic damage and
mitochondrial enlargement [312]. Conversely, others found that HFD decreases mitofusin-1
[313]. Moreover, mitofusin-2 plays a key role in transferring lipid between the endoplasmic
reticulum and mitochondria, and a role for decreased mitofusin-2 in NAFLD progression is
suggested [314]. We found decreased Mfnl and a trend for decreased Opal gene expression in
the liver of IRW45-treated animals compared to HFD, and no changes in terms of mfn2

expression. These results are consistent with a compensatory effect occurring in the HFD group,
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whereby mitochondrial fusion is used as a mechanism to stem the increased lipid influx into the
liver and prevent further HFD-mediated mitochondrial damage. Conversely, IRW45 treatment
enhanced mitochondria content and function, as indicated by higher oxphos enzymes and citrate
synthase activity, which accommodated the extra lipid influx and relieved the stress imposed by
the HFD, feeding back to lower expression of Mfnl and Opal. This is also consistent with the
increased lipid accumulation in the ROSI group, which could reflect more lipid storage via
PPARYy activation as a protective mechanism against fat deposition in skeletal muscle. Fat
accumulation without induction of mitochondria activity would not result in mitochondrial
damage but would increase hepatic lipid deposition, as observed. Moreover, Vdacl mRNA was
upregulated in the HFD group. VDACI regulates many cellular processes including calcium
transport, energy metabolism, apoptosis and inflammation (inducing cytokine release) [315].
Therefore, enhanced expression of Vdacl in the HFD group may indicate impaired
mitochondrial homeostasis, including impaired mitophagy and inflammatory processes.
However, future functional assays must be done to investigate mitochondrial membrane
potential, permeability, biogenesis, morphological aspects and stability to fully elucidate the role
of IRW in this context.

Interestingly, Cidea gene expression was drastically increased in the IRW45 and ROSI groups
compared to HFD. Cell death-inducing DNA fragmentation factor-a-like effectors A (Cidea) is a
lipid droplet-associated protein. Its expression is regulated by PGCla [316] and its hepatic
expression is elevated during NAFLD [317]. PPARa agonists increase Cidea expression in the
liver [318, 319] and in WAT [320]. Moreover, PPARYy-dependent hepatic steatosis increases
Cidea expression independently of PPARa, whereas choline deficiency-induced steatosis (which

is independent of PPARY activation) does not [318]. This suggests that both PPARa and PPARy
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can directly enhance Cidea transcription and is consistent with the Cidea overexpression in the
ROSI group because rosiglitazone is a potent PPARY agonist. In the liver, Pparg2 gene
expression had a strong trend (p = 0.06) to be lower in the IRW group compared to ROSI group,
and our histological analysis is consistent with IRW45 not activating hepatic PPARy. However,
Cidea expression was more than 15-fold higher in the IRW45 group as well. Because PPARa
enhances Cidea transcription, it is possible that IRW45 is enhancing fatty acid oxidation via
PPARa activation. This would explain, in part, the differences between IRW45 and ROSI
groups. However, Ppara expression did not change among the groups and PPAR transcriptional
activation was not investigated in this study. Although Cidea and Cidec/F'SP27 are induced
during liver steatosis, it was recently reported that Cidea expression is reduced during the
progression from hepatic steatosis to NASH [317]. Thus, it raises the possibility of HFD animals
being in a more advanced stage of progression to NASH compared to IRW45 and ROSI.

We cannot ignore the effect of IRW45 in decreasing BW gain, which may indirectly improve
NAFLD. As mentioned before, lifestyle changes improve NAFLD mainly through decreased
BW [27]. In this study, IRW45 decreased BW and fat mass (both by approximately 9%) of HFD-
induced obese, glucose intolerant mice independently of changes in food intake, consistent with
previous results using IRW45 [207]. Moreover, we consistently observed improvements in
OGTT and fasting blood glucose concentration ([207] and this study), demonstrating that
IRW45-supplemented animals exhibit a healthier metabolic phenotype compared to HFD
animals. In contrast, although rosiglitazone improved OGTT and fasting glucose, it promoted no
changes in BW in this study, which is partially consistent with the well-known side-effect of
thiazolidinedione to induce weight gain in humans [321-323], and consistent with the

controversial effect of rosiglitazone on BW in studies using rodent models [218, 324, 325].
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Our findings are, in part, consistent with a recent study published by Liu et al. [180]. In their
study, IRW supplementation for 3 weeks decreased blood glucose concentration, improved
glucose tolerance and insulin resistance, without changes in plasma TG concentration [180].
Moreover, IRW decreased the expression of inflammatory genes in the liver, together with
downregulation of Dgatl and Dgat2 gene expression, supporting the reduced liver TG seen in
our study. However, the decrease in liver TG in their study was not statistically significant.
Despite no changes in BW, relative eWAT and iWAT mass was reduced by IRW. The authors
attributed many of the effects of IRW to changes in the gut microbiota [180]. The differences
seen between our studies may be due to the supplementation period, 8 weeks versus 3 weeks.
Moreover, we used a dosage of approximately 45mg/Kg BW based on weekly food intake and
BW, while they used a fixed dosage of 0.03 g/L. of water. In addition, the authors did not specify
the dosage based on BW and water intake nor provide the diet macronutrient content, making it
difficult to compare the trials. Nevertheless, in both trials IRW reduces the metabolic
complications of HFD, and together suggest that a longer period of supplementation may be
required for IRW to promote significant changes in BW and liver TG accumulation.

This is the first study showing that IRW, a small peptide that improves skeletal muscle insulin
signaling, is also protective against HFD-induced NAFLD. Although research is still needed to
fully elucidate the complete mechanism of action of IRW in this respect, we present evidence
that IRW supplementation improves NAFLD via both a enhancement in insulin signaling in
skeletal muscle as previously reported [207], and a possible effect in the liver leading to
increased capacity for fatty acid uptake and oxidation by preserving mitochondrial content and
function. Together, these mechanisms would reduce the substrates for DNL and increase fatty

acid oxidation to ameliorate HFD-induced NAFLD. It is worth mentioning that the effects
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observed after IRW supplementation are, in part, similar to the effects observed with thyroid
receptor B-agonists, which have been used in clinical trials to treat NAFLD and promote
increased hepatic fatty acid uptake and oxidation, enhanced mitochondrial biogenesis and energy
expenditure, and modulation of cholesterol and bile acid metabolism, as reviewed [31]. In
addition, a recent study using another tripeptide named DT-109 (Gly-Gly-Leu) shows that daily
gavage of DT-109 for 12 weeks (mice) and 5 months (nonhuman primates) improves NAFLD
by inducing fatty acid oxidation, increasing antioxidant capacity through glutathione
biosynthesis and modulating bile acid metabolism [326]. The most effective dosage of DT-109
was 450 mg/Kg/day in mice [326], which is 10-fold higher than the IRW dosage used in our
study.

Our study has some limitations, for example the transcriptional activation of PPARs was not
investigated and we did not directly measure fatty acid flux or oxidation. In addition, our dietary
model, although efficient in promoting hepatic steatosis, is not an established model of NASH
and the interpretation of the results should be taken with care if translated in the context of
NASH.

In conclusion, while both IRW45 and rosiglitazone improved glucose tolerance and insulin
resistance in previous studies [199, 207], our data indicate that IRW45 uniquely acts in the liver
to protect against NAFLD by preserving mitochondrial content. This in turn enhances
mitochondria oxidative capacity potentially leading to increased fatty acid oxidation, while
decreasing lipogenesis and VLDL assembly, all of which prevent HFD-induced NAFLD (Fig.
5.11). On the other hand, the evidence for rosiglitazone is consistent with activation of hepatic
PPARYy, which induces lipogenic pathways and lipid accumulation as a mechanism to protect

against lipid-induced insulin resistance in skeletal muscle and improve systemic insulin
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sensitivity. Therefore, while both IRW45 and ROSI improve whole body insulin sensitivity,
IRW45 has a protective effect against hepatic steatosis while rosiglitazone worsens the HFD-
induced lipid accumulation in the liver. The proposed mechanisms of the direct action of IRW in

the liver to promote the observed effects are shown in Fig. 5.11.
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6. CHAPTER 6: General discussion and conclusion

In this thesis I provide evidence that two egg-derived bioactive peptides, IRW and Peptide 2
improve metabolic dysfunction in HFD-induced obese, glucose intolerant mice. Several
pathways and tissues involved in the complex pathophysiology of insulin resistance and NAFLD
were identified. The data generated in this thesis expands our knowledge of the beneficial effects
of egg-derived bioactive peptide supplementation in metabolic conditions and supports further
investigations to clarify their mechanisms of action and guide future clinical trials.

The RAS was not the focus of this thesis, but it may be related to the mechanisms of action of
the peptides as discussed further below. In addition to the RAS being the major system
regulating the water-salt balance in the body [33, 327], it is also related to insulin resistance
[328]. Briefly, the system is initiated by renin, which converts angiotensinogen into angiotensin
I. The activity of ACE converts angiotensin I into angiotensin II. Angiotensin II promotes its
activity through ATIR and AT2R. These receptors have opposing effects with ATIR causing
vasoconstriction and increasing blood pressure [327, 329] and AT2R decreasing fibrosis,
inflammation and causing vasodilation [329, 330]. Angiotensin II can be further converted into
angiotensin 1-7 by ACE2. In addition, angiotensin I can be converted in angiotensin 1-9 by
ACE2. Angiotensin 1-7 acts via MasR and ACE2/angiotensin 1-7/MasR is considered the
protective arm of the RAS pathway (Fig. 6.1) [331]. Angiotensin II has other functions to
regulate blood pressure, such as to stimulate aldosterone and vasopressin release [33]. Despite its
main function to regulate blood pressure, RAS is also linked to insulin resistance. For example,
exposure of tissues to elevated concentrations of angiotensin II induces insulin resistance [332].
ATIR receptor blockers, such as losartan, improve insulin resistance and prevent NAFLD [333,

334] and ACE inhibitors improve insulin resistance [335, 336], while AT2R activation increases
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adipogenesis and improves insulin resistance [337]. The beneficial effect of RAS blockade in
improving insulin resistance is also seen in humans [328].

In chapter 3, I presented the first study in vivo using Peptide 2. In that study we show that diet
supplementation with Peptide 2 improves systemic insulin resistance in obese glucose intolerant
mice. This is accompanied by enhanced insulin signaling and restored hormonal regulation of
lipolysis in WAT, decreased hepatic LD size, cholesterol content and inflammatory infiltrate. As
previously discussed, impaired lipolysis is intrinsically related to insulin resistance and NAFLD
[20, 149]. We initially thought that Peptide 2 would exert its effects similarly to rosiglitazone,
via PPARYy activation in WAT. However, although our initial hypothesis was supported by
evidence in vitro [198], beneficial effects of Peptide 2 in vivo were observed without changes in
BW, PPARY activation or adipogenesis markers in WAT, suggesting another mechanism of
action. We demonstrated that AT2R protein abundance is enhanced in the liver of the Peptide 2-
supplemented animals and, given the beneficial effects of AT2R activation in fibrosis and insulin
resistance [225, 228], we speculate that Peptide 2 may be exerting its effects through AT2R
activation in the liver, differently from rosiglitazone (chapter 3). However, despite a beneficial
systemic and local effects in metabolic dysfunction, the full mechanism of action of Peptide 2
remains to be elucidated (Fig. 6.1).

A larger body of research has accumulated with IRW and several beneficial effects of IRW in
vitro and in spontaneous hypertensive rats are known (section 1.8) [338]. However, the studies
presented here are the first to describe the effect of IRW supplementation in vivo to modulate
glucose homeostasis by improving insulin signaling and insulin-independent glucose uptake in
skeletal muscle (chapter 4) and to show a protective effect of IRW against HFD-induced NAFLD

(chapter 5).
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In these studies, we provide evidence that IRW supplementation reduces blood fasting
glucose concentration and improves glucose tolerance. In skeletal muscle (chapter 4), IRW
supplementation ameliorates insulin resistance by improving insulin signaling and increasing p-
AMPKa, resulting in increased GLUT4 abundance in the plasma membrane, suggesting
enhanced insulin-dependent and -independent glucose uptake. This alone could be sufficient to
correct HFD-induced hyperglycemia in this model, as observed. We did not investigate oxidative
pathways in skeletal muscle, but enhanced p-AMPKa together with enhanced PPARY could also
be activating fatty acid uptake, lipogenesis and oxidation in skeletal muscle, which would reduce
fat mass, improve insulin sensitivity (chapter 4) and decrease hepatic lipid accumulation (chapter
5). However, this line of inquiry remains to be investigated (Fig. 6.1).

Interestingly, we also show increase mRNA expression of genes related to cell growth and
muscle synthesis, which is consistent with preserved lean mass in IRW-supplemented animals.
However, no changes in the classical muscle synthesis pathways mediated by mTOR are seen,
suggesting that other mechanisms might be in place to preserve lean mass in these mice. It is
worth noting that all these effects in skeletal muscle occurred independently of local RAS
inhibition. Nevertheless, increase in AT2R abundance in muscle and plasma ACE2 activity led
us to hypothesise that IRW may be acting through AT2R in skeletal muscle to induce beneficial
effects (chapter 4). IRW activation of AT2R still requires further investigation.

In chapter 5, we show evidence that IRW prevents HFD-induced NAFLD. The prevention of
NAFLD may be due to improved p-AMPKa signaling and enhanced for fatty acid oxidation,
while at the same time preserving mitochondria dynamics and content, or enhanced biogenesis
(which remains to be investigated). In general, IRW decreases hepatic TG content, increases

mRNA of markers for fatty acid uptake in the liver, enhances capacity for fatty acid oxidation by
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increasing oxphos content, increases citrate synthase activity and decreases mRNA of a gene
involved in VLDL secretion. Therefore, we conclude that IRW is improving insulin resistance
and preventing NAFLD by increasing the capacity to oxidize fatty acids (possibly in both the
liver and skeletal muscle), thereby preventing lipotoxicity and decreasing hyperlipidemia (not
investigated). IRW effects on WAT, in terms of adipogenesis were minimal, and the evidence
does not support that IRW is directly affecting WAT expansion, rather, the effects seen in WAT,
such as increased adiponectin, may be an indirect consequence of overall improved metabolic
function.

The exact mechanisms by which IRW prevents NAFLD are still not clarified. We have
evidence from these and other studies that IRW improves signaling through the p-
AMPKo/SIRT1/PGCla pathway in the liver (this thesis and reference [193]), however, we do
not know how IRW is acting upstream of these pathways or if indirectly affecting them.
Nonetheless, we have some speculations about possible upstream pathways leading to the
beneficial effects of IRW. For example, IRW is known to increase ACE2 activity. IRW increases
ACE2 mRNA expression and decreases AT1R mRNA expression in the aorta of HFD-fed mice.
Moreover, IRW increases p-AMPKa and SIRT1 protein abundance in the aorta [339]. Although
ACE2 protein abundance is not enhanced in skeletal muscle, plasma ACE2 activity is increased
(chapter 5). In addition, IRW increases the plasma concentration of angiotensin 1-7 and MasR
protein abundance in the aorta of spontaneous hypertensive rats [250]. In this thesis, the RAS
components were not investigated in the liver of HFD-fed mice, however, it is possible that IRW
may be acting through MasR activation to improve NAFLD. In fact, MasR activation was
attributed to a beneficial effect of liraglutide in NAFLD. Liraglutide activates the

ACE2/Angiotensin 1-7/MasR via PI3K/AKT pathway leading to NAFLD improvement [340]. In
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addition, MasR activation stimulates lipophagy and fatty acid oxidation [341]and angiotensin 1-7
improves NAFLD via MasR by upregulating mitochondrial function, while MasR deletion
increases TG accumulation, gluconeogenesis markers and reduced oxphos abundance in the liver
of mice. On the other hand, MasR overexpression and treatment with angiotensin 1-7 in
hepatocytes decreases lipid accumulation, increases p-AKT and p-AMPK protein abundance
[342]. The relationship between RAS and AMPK is already reported in the literature, with
AMPK activation balancing the RAS towards a beneficial arm via ACE2/angiotensin 1-7/MasR
pathway, as reviewed [343]. All of this supports a proposed mechanism of action of IRW in the
liver to improve HFD-induced NAFLD via MasR (Fig 6.1). Measurement of MasR and RAS
components mRNA expression in the liver of IRW-supplemented animals is already under
investigation by our group.

Another mechanism by which IRW could be reducing hepatic lipid accumulation could be
mediated by glucagon. Arginine (R) is a potent glucagon secretagogue [344] and a constituent
amino acid of IRW. In individuals with NAFLD, glucagon inhibition of VLDL secretion is
impaired [345]. Moreover, glucagon is involved in AMPKa signaling and fatty acid oxidation
[346]. The importance of arginine in the IRW activity is shown in vitro, where IRW, IRA and IR
prevent insulin resistance in L6 cells, but not arginine alone, AW or ARW. In fact, it suggests
that IR may be the biologically active sequence of the peptide [347]. Therefore, it is plausible
that IRW may be promoting improvements in the liver indirectly, by stimulating glucagon
secretion (Fig. 6.1).

An interesting finding in these studies is that Peptide 2 and IRW both improve insulin
sensitivity similarly to rosiglitazone. However, rosiglitazone treatment together with HFD

feeding worsens diet-induced NAFLD in both studies, while the peptides protect against
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NAFLD. This suggests that the mechanism of action of the peptides differ from that of
rosiglitazone. For example, rosiglitazone acts via PPARy activation in WAT, preventing ectopic
lipid accumulation (except during HFD feeding in rodents [217]), adipokine secretion and
improving systemic insulin resistance [348]. On the other hand, Peptide 2 and IRW are not
exerting their effects by activating PPARy in WAT. For instance, Peptide 2 improves WAT
insulin signaling and response to insulin without changing PPARY activation. In the liver Peptide
2 reduces lipid accumulation, an effect that may be a consequence of improved WAT insulin
response but also an action via AT2R, which is increased in the liver of supplemented animals.
On the other hand, IRW seems to have little effect on WAT but influences the physiology of the
skeletal muscle and liver. In the skeletal muscle, AT2R and PPARY abundance is increased,
which could contribute to the insulin-sensitizing effects of IRW, but also through an effect via
AMPKao. In the liver, IRW may be acting via AT2R or via MasR to activate
AMPKo/SIRT1/PGCla to increase capacity for fatty acid oxidation and mitochondrial
biogenesis.

The difference between IRW vs Peptide 2 in WAT insulin sensitization could be related to the
amino acid sequence and length of the peptides because these properties influence bioactivity
and bioavailability [349]. For example, ACE inhibitory peptides are usually short and the
presence of certain amino acids, including tryptophan, isoleucine and arginine increases the
chance of them binding to ACE [350]. Moreover, our group showed before that IRW amino acid
sequence IR may be essential for its biological activity related to insulin-stimulated glucose
uptake (further discussed in chapter 7). Therefore, the differences in amino acid sequence and
length between Peptide 2 and IRW may contribute to their different effects in WAT. This is an

important finding because of the preponderance of research investigating ACE-related
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bioactivity of peptides and justifies new lines of investigation of ACE-independent bioactivities.
There is a chance that peptides are improving vascular function via RAS to improve insulin
signaling. Many factors related to vascular function associate with insulin action as reviewed
elsewhere, suggesting that vascular dysfunction can be both a inducer and a consequence of
insulin resistance [351]. For example, the ability of insulin to cross the endothelial barrier affects
its action in peripheral tissues as shown by delayed action of insulin to stimulate glucose uptake
in obesity and type 2 diabetes [352, 353]. On the other hand, hyperinsulinemia impairs
vasodilation [354]. The link between vascular function and insulin resistance appears to be
partially related to changes in nitric oxide action [351].

In conclusion, this work provides evidence that dietary supplementation with egg-derived
peptides improves diet-induced insulin resistance and NAFLD in a rodent model of obesity and
glucose intolerance. Further studies are needed to completely understand how the peptides are
exerting these beneficial effects, nonetheless, improved metabolic dysfunction is observed with

both peptides.
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7. CHAPTER 7: Future perspectives

Although the experiments performed in this thesis answer many questions about how Peptide
2 and IRW improve insulin resistance and NAFLD, the underlying mechanisms of action by
which they act remain only partially elucidated. The following paragraphs, in no particular order,
highlight some of the future investigations proposed to clarify their mechanism of action related
to insulin resistance and NAFLD (Fig. 71).

First, it is important to study the bioavailability of the peptides to investigate if they are
absorbed intact and if they are reaching the target tissues via the bloodstream. So far, based on in
vitro studies, we know that IRW transits Caco-2 cells intact (paracellularly and via peptide
transporter 1) and that IRW is also digested into dipeptides [185, 355]; however, no in vivo
studies have yet been conducted to assess plasma concentration of these peptides. No
bioavailability studies, in vivo or in vitro using Peptide 2 have been performed yet.

As discussed in chapter 6 (Fig. 6.1), we believe that the peptides may be acting through
multiple receptors to exert beneficial effects. One priority is to investigate MasR and RAS
components (AT2R) expression and activity in the liver of peptide-supplemented animals.
Preliminary data shows that AT2R protein abundance is increased in the liver of IRW45
supplemented animals (Fig. 7.1 D). Establishing the dependence of the peptides on these
receptors could be accomplished in vitro by knocking out MasR or AT2R in HepG2 or L6 cells
and measuring changes in key proteins involved in fatty acid oxidation and insulin signaling.
Moreover, it could be assessed dynamically, by stimulating lipid accumulation and glucose
uptake in those cells in the presence or absence of the peptide. The use of receptor antagonists,
for example AT2R antagonists (PD123319 or EMA401) [356, 357] or MasR antagonists (A779)

[358] could also be used in vitro and in vivo together with peptide administration to answer
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questions regarding the dependence of the peptides on those receptors’ activation. AT2R [359]
and MasR [360] knockout mice are viable and could also be used to elucidate this question in
vivo. Using a liver -or skeletal muscle-specific knockout of these receptors would give more
accurate insight about tissue-specific actions of the peptides, rather than a global knockout
model. Moreover, given the fact that IRW modulates ACE2 activity in SHR rats [250] , it is
possible that the beneficial effects on insulin signaling might be a consequence of vascular
function. Therefore, investigating markers of vascular function in plasma, e.g., vascular cell
adhesion protein 1 (VCAM1), intercellular adhesion molecule 1 (ICAMI) or nitric oxide or
using doppler ultrasound in vivo to blood flow could be employed. In terms of the discussed
potential effect of IRW on glucagon secretion, it could be evaluated in vitro using islets and
measuring glucagon in the media, but also in vivo by measuring plasma concentration of
glucagon after acute IRW feeding and during fasting, since chronic administration of the peptide
could be inducing long-term changes (gene transcription) and modulating fasting responses.

I propose that it is important to differentiate the effects observed with peptide
supplementation from a protein (amino acid) effect in vivo. On that note, IRW and its derivatives
IRA and IR prevent TNFa-induced insulin resistance in L6 cells, an effect that is not seen with
individual amino acids that are part of the peptide, nor with other derivatives of IRW [347]. The
peptides prevents the TNFa-induced increase in p-IRS (Ser) and decrease in p-IRS (Tyr) and p-
AKT phosphorylation [347]. Moreover, IQW, another egg-derived peptide does not improve
angiotensin II-induced insulin resistance in vitro, while IRW does [191]. This suggests that the
sequence IR may be responsible for the biological activity of the peptide [347] and highlights the
importance of amino acid sequence in the peptide’s bioactivity. In vivo, IRW and both

derivatives (IRA and IR) improve glucose tolerance and insulin signaling in skeletal muscle,
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while only IRW and IRA enhance p-AMPKa and AT2R protein abundance in muscle [361]. No
parallel studies comparing Peptide 2 were performed (and would be more complicated because
of its 11-amino acid structure). Thus, previous work with IRW suggests that the metabolic
improvement observed is not an amino acid effect [361]. I propose comparing the in vivo dietary
effect of the peptides with their derivatives and single amino acids and investigating the
postprandial blood concentration of the amino acids and their effect in the liver. This would
strengthen the findings presented in this thesis.

Although not statistically significant, Peptide 2 decreased plasma TG during fasting and other
food bioactive peptides decrease fat absorption. For example, EWH supplementation reduces
ectopic lipid accumulation in association with increased lipid content in the feces of rats
compared to casein [182, 183]. Similarly, soy hydrolysate [362] and both soy and potato peptides
[363] increase fecal lipid content in rodents compared to casein. It would be interesting to
measure plasma lipid profile combined with measurements of fecal lipid content to provide a
complete overview of the peptide’s effects on lipid absorption and plasma lipid concentration to
support the results presented here. In addition, measuring fatty acid flux using labeled palmitate,
for example, or investigating fatty acid oxidation by measuring mitochondria oxygen
consumption using oxygraphy would strength the findings of this project related to lipid
metabolism.

Based on preliminary results, we saw enhanced glucose-regulated protein 94 (GRP94) protein
abundance in the liver but not WAT of IRW-supplemented animals (Fig. 7.1 A-C). GRP94 is a
ER chaperone that prevents the accumulation of misfolded proteins, thereby preventing an
exacerbated unfolded protein response and regulating cell homeostasis [364]. GRP94 is

decreased in NASH compared to controls [365] and ER stress is involved in the multi-hit
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hypothesis for NAFLD pathogenesis (section 1.7). Therefore, it would be interesting to study ER
chaperones and ER stress in the liver of IRW-supplemented animals to test the hypothesis that
IRW prevents ER stress by upregulating destruction of misfolded proteins. Conversely, it is
possible that this is an indication of increased ER stress. An initial assessment of ER chaperone
protein abundance in the liver of IRW-supplemented animals is already underway in our
laboratory.

Lastly, moving forward towards future clinical application of the peptides in metabolic
disease management, evaluation of their effect in humans is essential. Many food-derived
bioactive peptides have been used in clinical trials [366] and based on our group’s cell and
rodent studies (section 1.8, chapter 3, 4 and 5), we anticipate that the peptides can be safely
ingested. However, as reviewed by our group, many challenges exist regarding the translation of
food-derived bioactive peptides from basic science to clinical trials, such as country-specific
regulations, low bioavailability, lack of randomized clinical trials, high cost of bioactive peptide
production and palatability [366]. Therefore, the first step in this journey, following
establishment of their safety, would be to design a randomized clinical trial to investigate the
effect of these peptides in humans while continuing to elucidate their mechanism of action. This
would validate their role in metabolic disease management and increase their chances of being

implemented in the functional food / natural health product market (Fig. 7.2).
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Figure 7. 1. GRP94 and AT2R protein abundance in CS7BL/6 mice. (A) eWAT GRP94 protein abundance;

(B) rWAT GRP9Y4 protein abundance, (C) liver GRP94 protein abundance and (D) AT2R protein abundance. Total

proteins were normalized to B-actin. Data expressed as mean + SEM of n = 4 (non-injected mice for A and B) and n

= 8 (C). Data analyzed by two-tailed t-test (LFD vs HFD) or one-way ANOVA (HFD groups). Different letters

indicate p < 0.05.
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Abstract: Non-alcoholic fatty liver disease (NAFLD), the hepatic manifestation of the metabolic syn-
drome, is a global health problem. Currently, no pharmacological treatment is approved for
NAFLD. Natural health products, including bioactive peptides, are potential candidates to aid in
the management of metabolic syndrome-related conditions, including insulin resistance and obe-
sity. In this study, we hypothesized that an egg-white-derived bioactive peptide QAMPFRVTEQE
(Peptide 2) would improve systemic and local white adipose tissue insulin sensitivity, thereby pre-
venting high-fat diet-induced exacerbation of pathological features associated with NAFLD, such
as lipid droplet size and number, inflammation, and hepatocyte hypertrophy in high-fat diet-fed
mice. Similar to rosiglitazone, Peptide 2 supplementation improved systemic insulin resistance dur-
ing the hyperinsulinemic-euglycemic clamp and enhanced insulin signalling in white adipose tis-
sue, modulating ex vivo lipolysis. In the liver, compared with high-fat diet fed animals, Peptide 2
supplemented animals presented decreased hepatic cholesterol accumulation (p < 0.05) and area of
individual hepatic lipid droplet by around 50% (p = 0.09) and reduced hepatic inflammatory infil-
tration (p < 0.05) whereas rosiglitazone exacerbated steatosis. In conclusion, Peptide 2 supplemen-
tation improved insulin sensitivity and decreased hepatic steatosis, unlike the insulin-sensitizing
drug rosiglitazone.

Keywords: Bioactive peptides; egg; metabolic syndrome; non-alcoholic fatty liver disease; type 2
diabetes

1. Introduction

Metabolic syndrome pathophysiology exemplifies a clear crosstalk between major
metabolic organs, including the liver and white adipose tissue (WAT). Non-alcoholic fatty
liver disease (NAFLD) affects 25% of the global population and is strongly associated with
obesity, type 2 diabetes (T2D)/insulin resistance (IR), and dyslipidemia. All of these con-
ditions are a public health concern and beget socioeconomic problems [1]. Hepatic steato-
sis in NAFLD results from an imbalance between substrate availability (fatty acids and
carbohydrates) and the hepatic capacity to dispose of fats properly. In humans, the two
main sources of non-esterified fatty acids (NEFA) in the liver are WAT lipolysis and de
novo lipogenesis (DNL) [2]. DNL produces fatty acids from non-lipid precursors such as
glucose or fructose and is increased in IR states [3], and plays an important role in NAFLD
[4]. NAFLD may progress to non-alcoholic steatohepatitis (NASH) in which
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inflammation, fibrosis and cellular damage are present, then to cirrhosis and further to
hepatic cancer, increasing the need for liver transplantation [2] and seriously impacting
quality of life.

Lifestyle interventions (diet and physical activity) improve NAFLD, but currently no
pharmacological treatment is approved for NAFLD. Several drugs, including thiazoli-
dinediones (peroxisome proliferator-activated receptor gamma (PPARY) agonists that are
insulin sensitizers) are being investigated as therapies to reduce hepatic steatosis, inflam-
mation, and fibrosis [5,6]. However, findings are controversial [7,8]. Natural health prod-
ucts and functional foods include potential candidates to aid in the management of meta-
bolic conditions. Food-derived bioactive peptides have effects beyond their nutritive
value and can modulate physiological processes promoting health benefits [9]. There are
many food sources of bioactive peptides, including the egg, a universally available and
consumed source of protein.

Previously, our group showed that an egg white hydrolysate (EWH) alleviates hy-
pertension [10] and IR in rat models [11], and mimics insulin action in preadipocytes [12].
In addition, IRW, a specific peptide found in the EWH improves hypertension [13] and IR
in rodents [14]. Another peptide identified in the EWH is QAMPFRVTEQE (aka Peptide
2), which mimics insulin actions to enhance PPARY protein abundance and other markers
of adipogenesis in preadipocyte cell culture [15] but its in vivo efficacy is not established.
Considering the need of new therapies for NAFLD and the crosstalk between insulin sig-
naling, WAT and the liver, we aimed to identify specific effects of Peptide 2 diet supple-
mentation on manifestations of the metabolic syndrome including systemic IR, WAT re-
sponse to insulin and NAFLD markers, compared with the thiazolidinedione rosiglita-
zone. We hypothesized that Peptide 2 supplementation improves systemic and local in-
sulin sensitivity, which in turn alleviates pathological cellular features associated with
NAFLD, therefore modulating both glucose and lipid metabolism.

2. Materials and Methods
2.1. Animals and Diet

Protocol 1: This protocol and some results of a previous intervention trial were pre-
viously published by our group [11]. Briefly, male Sprague Dawley (SD) rats (n =48) were
fed with high fat diet (HFD) for 6 wks. Then, half of the animals received HFD+4% EWH
with the remainder serving as HFD controls for another 6 wks. At the end of week 12, half
of the animals received an intraperitoneal injection of insulin (2 IU/kg of body weight
(BW)) to stimulate insulin signaling prior to euthanization using COz. Diet composition
was published elsewhere [11] and was matched for macronutrient and energy content.
Herein, we report lipolysis pathway data from WAT tissues; a full description of the rat
phenotype after EWH treatment is published elsewhere [11].

Protocol 2: Male C57BL/6 mice (5 wks old) purchased from Charles River Canada
were housed 4/cage with ad libitum access to food and water, exposed to 12:12 h light:dark
in a humidity- and temperature-controlled environment (60% humidity, 23 °C). Mice re-
ceived a low fat diet (LFD, 10% kcal fat) or a high fat diet (HFD, 45% kcal fat) for 6 wks.
After that, the HFD animals were divided into 3 groups: HFD only, HFD + Peptide 2
(PEP2) and HFD + rosiglitazone (ROSI) and continued receiving their respective diets for
another 8 wks. LFD animals continued receiving LFD for another 8 wks. After a total of
14 wks, mice either received an intraperitoneal injection of insulin (1.5 IU/kg BW) prior to
euthanasia or were directly euthanized using CO2, while some mice underwent hyperin-
sulinemic-euglycemic clamp prior to euthanasia by ketamine. Diet composition is shown
in Table S1. Peptide 2 was administered at 45 mg/Kg BW/day daily mixed in the diet. The
characteristics of Peptide 2 are reported in Table 1 [15]; it was synthesized by Genscript
(Piscataway, NJ, USA) with 97.9% compound purity and no terminus modifications. Pep-
tide 2 is soluble in water, dimethyl sulfoxide and phosphate buffered saline at a concen-
tration <10 mg/mL. High performance liquid chromatography chromatogram and the
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mass spectra of the peptide provided by Genscript are shown in Figure S1. Rosiglitazone
(Sigma-Aldrich, ST. Louis, MA, USA) was administered at 2.5 pmol/kg BW/day in the
drinking water.

Table 1. Peptide 2 specifications.

Peptide 2
Amino acid sequence QAMPFRVTEQE
Number of amino acids 11
Theoretical molecular weight (g/mol) * 1335.50
Observed molecular weight (g/mol) 1335.8
Theoretical isoelectric point * 4.53
Grand average of hydropathicity (GRAVY) * -0.918
Hydrophobicity * 22
Terminus modifications None
Net charge at pH 7.0 * -1

* Parameters calculated using online tools: ProtParam (Expasy); Bachem peptide calculator and
Thermofischer Peptide analyzing tool. Observed molecular weight provided by Genscript.

2.2. Body Weight, Body Composition and Sample Collection

Mice were weighed weekly. Body composition was measured at week 14 in fasted
conditions using an ECHO magnetic resonance imaging (ECHO MRI) as per manufac-
turer’s instructions. Blood was collected by cardiac puncture into EDTA tubes and plasma
was stored at —80 °C until further analysis. Liver and WAT (retroperitoneal (tWAT), epi-
dydimal (eWAT) and inguinal (iWAT)) were collected, weighed and snap frozen in liquid
nitrogen. A sample of each tissue was fixed in formalin, dehydrated and preserved in
paraffin blocks for histological analysis.

2.3. Adipose Tissue Organ Culture

During tissue collection, a piece of approx. 100 mg each and of each fat pad (iWAT,
eWAT and rWAT) were collected and washed with cold phosphate-buffered saline + 1%
penicillin/streptomycin (Gibco, Waltham, MA, USA) and kept in M199 media (Sigma-Al-
drich, St. Louis, MA, USA) supplemented with 50 pU insulin (Sigma-Aldrich, St. Louis,
MA, USA), 2.5 nM dexamethasone (Sigma-Aldrich, St. Louis, MA, USA) and 1% penicil-
lin/streptomycin in a cell incubator at 37 °C for 24 h. After that, the media was replaced
with fresh M199 supplemented only with 2.5% fatty acid-free bovine serum albumin (MP
Biomedicals, St Ana, CA, USA). Each piece received one of the following treatments: ster-
ile H20 or norepinephrine (1 uM, Sigma-Aldrich, St. Louis, MA, USA) or norepinephrine
(1 uM) +insulin (1 IU/mL) for 2 h. An aliquot of the media was collected after 2 h and kept
at -80 °C for future glycerol analysis.

2.4. Preadipocyte Cell Culture

Preadipocytes derived from mouse inguinal WAT (9 W) and from brown adipose
tissue (9 B) were cultured and differentiated as previously described [16]. Briefly, cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% of fetal
bovine serum and 1% penicillin/streptomycin until confluence was reached. After that,
cells were differentiated in DMEM containing 20 nM insulin, 1 nM triiodothyronine, 0.5
mM isobutyl methylxanthine, 1 uM dexamethasone, 0.125 mM indomethacin, and 2.8 uM
of rosiglitazone. Because we wanted to compared the effect of Peptide 2 with rosiglitazone
during preadipocyte differentiation, we modified the above differentiation cocktail as fol-
lows: the control (C) received the cocktail described above, the C+PEP2 was treated with
the above cocktail supplemented with 100 uM of Peptide 2, the negative control (Rosi neg)
received the above cocktail without rosiglitazone and the Rosi neg+PEP2 received the
above cocktail without rosiglitazone but supplemented with Peptide 2 (100 uM).
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2.5. Hyperinsulinemic-Euglycemic Clamp

The euglycemic clamp was performed as previously described [17,18] with the fol-
lowing modifications: briefly, mice were anaesthetized using ketamine (90 mg/kg BW)
and xylazine (10 mg/kg BW) and underwent aseptic right jugular vein catheterization for
intravenous infusions. Post-surgical body weight and food intake were monitored daily.
After 3—4 days (to re-establish a minimum of 90% of pre-surgical BW), the mice were
fasted for 5 h and underwent a hyperinsulinemic-euglycemic clamp, in which a primed,
continuous infusion of tritiated glucose (1 pCi bolus + 0.1 puCi infusion; Perkin Elmer,
Waltham, MA, USA) was maintained for the duration of the experiment to assess glucose
kinetics. After a basal period, the hyperinsulinemic-euglycemic clamp was initiated with
a primed, continuous infusion of insulin (3.0 mU/kg/min) for 120 min, and plasma glucose
levels were maintained at a similar euglycemic level to the basal period using a variable
infusion of 10% glucose solution. Plasma samples were obtained every 10 min for the
measurement of glucose concentration (Analox Glucose Analyzer, Huntington beach, CA,
USA) and [3-3H]-glucose specific activity. At conclusion of the clamp period, mice were
euthanized using an infusion of 0.02 mL ketamine via the jugular vein, followed by de-
capitation.

2.6. Oral Glucose Tolerance Test (OGTT)

OGTT were performed at week 13. Briefly, after overnight fasting a bolus of glucose
(1 g/kg BW) was orally gavaged to mice and blood glucose was measured after 0, 15, 30,
60, 90, and 120 min from the tail vein using a glucometer (Contour®Next, Mississauga,
ON, CA). OGTT were performed at week 14. After 4 hr fasting, mice received an intraper-
itoneal injection with insulin (0.75 U/Kg BW) and glucose was measured after 0, 15, 30, 60,
90, and 120 min as cited above.

2.7. Liver Triglyceride and Cholesterol Content

Liver triglyceride (TG) and cholesterol were extracted using approximately 100 mg
of tissue and as previously described [19]. Briefly, tissue was homogenized in 1 mL of
NaCl solution. A total of 500 uL of the extract was mixed with 2 mL of Folch solution
(chloroform:methanol (2:1)), centrifuged at 3000x g rpm for 10 min and the lower phase
collected. Samples were dried under nitrogen and resuspended with 1 mL of 2% TritonX-
100 solution in chloroform and dried under nitrogen. The dried sample was then resus-
pended in ddH20 and kept at —20 °C until further use. Triglyceride and cholesterol content
was measured using a commercial kit (Infinity™, Thermo Scientific, Waltham, MA, USA).

2.8. PPARy DNA Binding Activity

Nuclear protein extraction was performed using a commercial kit (Active Motif Inc.,
Carlsbad, CA, USA) following the manufacturer’s instructions for frozen tissue and using
100 mg of tissue for each extraction. PPAR-y DNA binding activity was assessed by a
TransAM™ PPAR-vy kit (Active Motif Inc., Carlsbad, CA, USA) using 10 ug/10uL of nu-
clear protein extract following the manufacturer’s instructions.

2.9. Plasma Biochemical Analysis

All biochemical parameters were assessed after overnight fasting (14-16 h) and using
the following commercial kits or reagents as per manufacturer’s instructions: mouse in-
sulin ELISA (ALPCO, Salem, NH, USA); NEFA and liver L-type triglyceride M colorimet-
ric assay (Wako Pure Chemical Industries Ltd., Richmond, VA, USA); adiponectin and
resistin (Mesoscale Discovery); non-esterified fatty acids using glycerol free reagent as
standard (Sigma-Aldrich, St. Louis, MA, USA); alanine transaminase (ALT) (Abcam,
Cambridge, UK). Homeostatic model assessment of insulin resistance (HOMA-IR) was
calculated using the formula: [fasting glucose (mmol/L)] x [fasting insulin (uU/L)]/22.5].
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2.10. Protein Extraction and Western Blot

All reagents were purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MA,
USA) unless otherwise specified. Liver tissue was homogenized using a tissue homoge-
nizer in RIPA buffer (50 mM Tris HCL pH:8.0, 150 mM NaCl, 0.1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS) supplemented with 2 pg/mL aprotinin (Calbiochem), 5
mM sodium fluoride, 5 mM sodium orthovanadate, and protease inhibitor cocktail
(FastPrep®-24, MP Biomedicals). Adipose tissue protein was extracted using an extraction
kit (AT-022, Invent biotechnologies, Plymouth, MN, USA). Lysates were stored at -80 °C
for future analysis. Protein extracts were separated by SDS-PAGE 12% polyacrylamide
gels as previously reported [11] and probed for p-AKT (Cell Signaling Technology (CS-
4060S), AKT (CS-9272), PPARY (Santa Cruz Biotechnology-7196), AT2R (abcam92445), p-
HSL (CS-41265), HSL (abcam45422), p-PKA (CS-5661S or PKA (CS-58425) overnight be-
fore incubation with fluorescent secondary antibodies (Li-cor Biosciences) for 1 h at RT.
Images were analyzed using Image Studio Lite software (Li-cor Biosciences, Lincoln, NE,
USA). All the phosphorylated proteins bands were normalized to their corresponding to-
tal protein. Total proteins were normalized to B-actin (Sigma-Aldrich A5441).

2.11. Histology

Paraffin blocks of liver or WAT were cut into 5 um sections and affixed to glass slides.
Hematoxylin and eosin (H&E) staining was performed as previously reported [11]. Fibro-
sis was assessed using Masson’s trichrome staining kit (Sigma-Aldrich, St. Louis, MA,
USA). Adipocyte size: 10 random photomicroscopic images of each slide (1 slide per ani-
mal) were captured using the microscope 20x objective lens and Axion Vision 4.8 software.
Image] software “freehand selections” tool was used to measure adipocyte area (mm?) of
300 cells or 10 images per sample, whichever was reached first. Liver morphological char-
acterization: Random photomicroscopic images (20, Axio Vision 4.8 software, n = 3 per
mouse) were taken and a researcher blinded to group assignment used Image] software
“freehand selections” tool to quantify lipid droplet (LD) area, cell number and inflamma-
tory foci (a cluster with >5 immune cells). Each image was divided into four equal areas
and the top left quadrant (standard area: 88,884.66 um?) was analyzed as a representation
of the total image. In terms of LD size, there is not a defined numerical threshold for small
or large LD categories. However, based on the literature, hepatic lipid accumulation was
divided into three categories, macrovesicular with one large LD displacing the nucleus to
the side, macrovesicular with one single small LD not displacing the nucleus and true
microvesicular steatosis where several small LD occupy a hepatocyte, giving it a foamy
appearance [20-22].

2.12. Quantitative PCR (gPCR)

Primer sequences are provided in Table S2. Liver RNA was extracted using the QI-
AGEN RNeasy min plus kit following the manufacturer’s instructions and as previously
described [23] with the following modifications: frozen tissue (50-100 mg) was lysed and
homogenized using 1 mL of TRIzol. After 5 min at RT, 0.2 mL of chloroform per mL of
TRIzol was added. Samples were shaken vigorously and incubated at RT for 3 min, fol-
lowed by centrifugation at 12,000x g for 10 min at 2-8 °C. The supernatant was collected,
and the manufacturer’s instructions were followed for the remaining steps until RNA was
obtained. RNA concentration and purity were measured using a Nanodrop (Thermo
Fisher, Waltham, MA, USA) and cDNA synthesis was performed using the high-capacity
cDNA RT kit (Applied Biosystems, Waltham, MA, USA) using 2 pg RNA per reaction in
a ProFlex PCR system thermo cycler (Applied Biosystems, Waltham, MA, USA). qPCR
was performed using PerfeCTa SYBR Green SuperMix ROX (Quantabio, Beverly, MA,
USA) in a QuantStudie3 machine (Applied Biosystems, Waltham, MA, USA) using beta
actin as the reference gene.
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2.13. Statistical Analysis

All data presented are expressed as means = SEM of ‘n” mice as indicated in each
figure description. Statistical analysis was performed using GraphPad Prism software 7.0
(GraphPad Software Inc., San Diego, CA, USA). Data were checked for normal distribu-
tion by the Shapiro-Wilk test and any identified outliers were removed. T-test was used
to compare LFD to HFD (to establish IR-related differences), while one-way ANOVA was
used to compare HFD groups (i.e., HFD, PEP2 and ROSI) to identify treatment effects.
Two-way ANOVA was used to compare insulin regulation of AKT, PKA and HSL. Bon-
ferroni’s or Dunn’s post-hoc tests were performed to assess differences between groups
when a significant main effect was observed. A p-value < 0.05 was considered statistically
significant.

3. Results
3.1. EHW Effects on WAT Lipolytic Pathway from Obese, Insulin Resistant Rats

Previously we showed that 4% EWH improved glucose tolerance and insulin sensi-
tivity, reduced adipocyte size and enhanced PPARYy abundance in WAT in rats [11]; thus,
its effects on lipolytic enzymes in WAT was investigated here. PPARy DNA binding ac-
tivity was reduced by 4% EWH in eWAT (p < 0.01), but significantly increased in rtWAT
(p < 0.01) (Figure 1A,B). The investigation of key enzymes involved in lipolysis by two-
way ANOVA showed a significant overall diet effect (p <0.05) in iIWAT p-PKA/PKA ratio
and an overall insulin effect (p < 0.05) in p-HSL/HSL. The post-hoc analysis revealed that
4% EHW treated animals had reduced p-HSL in rtWAT after intraperitoneal injection of
insulin (p < 0.05) despite no change in phosphorylation on PKA (Figure 1C,D). No changes
in total PKA or HSL protein abundance were seen in tWAT (Figure S2). In eWAT, two-
way ANOVA revealed a significant overall diet effect (p < 0.05) on p-PKA/PKA, while no
overall effect was seen in p-HSL/HSL. No changes in p-HSL or p-PKA (Figure 1E,F) or
total HSL (Figure S2) were seen. However, total PKA abundance was reduced by 4% EWH
treatment (Figure S2). Plasma and WAT adiponectin and resistin concentrations were not
different between groups (Table 2).
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Figure 1. EWH effects in WAT of Sprague Dawley rats fed EWH for 6 weeks (Protocol 1). PPARy
DNA binding activity in rWAT (A) and eWAT (B). Data expressed as mean + SEM and analyzed by
two-tailed t-test (n = 6-7). PKA, p-PKA, HSL and p-HSL protein abundance in rtWAT (C,D) and
eWAT (E F). Data expressed as mean + SEM and analyzed by two-way ANOVA (n =3-4). Bars with
different letters indicate p < 0.05. EWH, egg white hydrolysate; PKA, protein kinase A; PPARY, Pe-
roxisome proliferator-activated receptor gamma; HSL, hormone sensitive lipase; WAT, white adi-
pose tissue; IWAT, retroperitoneal WAT; eWAT, epididymal WAT.

Based on these indications that 4% EWH had the potential to improve insulin-medi-
ated suppression of lipolysis and activate PPARY, a trial of 4 EWH-derived, purified pep-
tides (Peptides 1-4) that elicited increased PPARY in vitro [15] was initiated. From pre-
liminary data (n = 12 mice/group), insulin tolerance was improved by Peptide 2 (p < 0.05)
together with lower iWAT and rWAT weights compared to HFD (Figure S3), whereas
Peptides 1, 3 and 4 did not affect any WAT depot weight. Notably, Peptide 2 had the
lowest and ROSI the highest liver weight. Therefore, additional experiments were per-
formed, focusing on the effects of Peptide 2 on the IR phenotype and iWAT/rWAT lipid
metabolism.

Table 2. Resistin and adiponectin concentration in plasma, epididymal and retroperitoneal adipose
tissue in Sprague Dawley rats treated with HFD+4% EWH for 6 weeks (Protocol 1). Data expressed
as mean + SEM and analyzed by two tailed t-test (n = 6-7).

HFD HFD+4% EWH
Plasma (fasting)
Resistin (pg/mL) 1047 + 84.55 1011 + 82.99
Adiponectin (ng/mL) 55,853 + 2832 60,270 + 7367

eWAT

Resistin (pg/mL) 175.1 +15.67 166.5+11.14
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Adiponectin (ng/mL) 1002 + 28.44 1044 +19.54
rWAT

Resistin (pg/mL) 172.3 +20.14 175.1 +15.67

Adiponectin (ng/mL) 1033 + 25 1026 +28.73

Abbreviations: HFD, high fat diet; EWH, egg white hydrolysate; eWAT, epididymal adipose tissue;
rWAT, retroperitoneal adipose tissue.

3.2. Peptide 2 and Rosiglitazone Effects in HFD Induced Obese and Insulin Resistant Mice
3.2.1. Food Intake, Body Composition and Tissue Weight

Food and water intake were not different between any of the groups compared to
HFD animals (Figure S4A-D). As expected, after 6 wks of HFD feeding, the HFD group
presented higher BW than LFD animals (Table 3) and were glucose intolerant (Figure S5).
At the end of the trial, HFD group maintained higher BW and BW gain than LFD. Initial
BW was not different between all the HFD groups; however, the ROSI group had reduced
rate of BW gain than HFD group after 3 weeks of treatment leading to a reduced final BW.
Peptide 2 supplementation did not influence final BW or BW gain in comparison to HFD.
Body composition analysis revealed that only the LFD animals had a lower fat mass %
and higher lean mass % than HFD (Table 3).

Table 3. Body weight, body composition and plasma profile of C57BL/6 mice at the end of the Pep-
tide 2 feeding trial (Protocol 2). Data expressed as mean + SEM and analyzed by two-tailed t-test
(LFD x HFD) and by one-way ANOVA or Kruskal-Wallis (HFD groups). Different letters on the
same row indicates p < 0.05 for HFD groups. # Indicates p <0.05 and * indicates p <0.1 compared to
HFD.

LFD HFD HFD+PEP2 HFD+ROSI
Body composition (not
fasted)
Initial BW (g) (week 6) 291+06" 33.9+0.72 329+0.62 335+0.72
Final BW (g) 33.4+07° 425+0.72 41.4+0.52 39.4+0.8P
BW gain (%) (week 6-13) 154+1.07 250+1.32 262+122 17.7+15°%
Final fat mass (% BW) 256+13* 385+1.1¢2 38.6£0.6% 36.1+1.12
Final lean mass(% BW) 659+1.2% 542+1.0% 543+0.62 56.5+1.0%
Tissue weight (g/BW)
eWAT 0.039+0.0029#  0.059 +0.00292  0.061 +0.00142 0.057 +0.0025 =
rWAT 0.017 £ 0.00079 #  0.028 +0.00084 = 0.025 +0.000962* 0.022 +0.0014 ®
iWAT 0.046 +0.0070#  0.073+0.00492  0.065+0.0027 > 0.062 +0.0040 =
Liver 0.036 £0.0019  0.033+0.00152  0.032 £0.0007 = 0.044 +0.0015°®
Plasma (fasting)
Glucose (mmo/L) 45+037 59+032 53+032 5.6+022
Insulin (ng/mL) 05017 1.0+0.12 09+0.12 0.6+0.12
HOMA-IR 0.8+0.2% 24+0.62 1.8+0.32 1.9+032
NEFA (mEq/L) 0.4+0.02 0.4+0.022 0.5+0.032 0.5+0.042
TG (mg/dL) 394+5.6 526+5.8% 432+4.22 419+46°
Plasma ALT (mU/mL) 8.4+40° 28.4+27.12 249+15.12 209+13.52
Liver content (mg/g tis-
sue)
TG 46.8+23 " 71.5+11.02 57.6+6.72 132.7 £12.1"
Cholesterol 24+0.2 2.1+0.22 1.3+0.1° 1.8+0.12

Abbreviations: ALT, alanine aminotransferase; BW, body weight; eWAT, epidydimal white adipose
tissue (WAT); HFD, high fat diet; HOMA-IR, homeostatic model assessment of insulin resistance;
iWAT, inguinal WAT; LFD, low fat diet; NEFA, non-esterified fatty acids; tWAT, retroperitoneal
WAT; TG, triglycerides.

Compared to HFD, LFD animals had decreased mass of all three fat pads. ROSI
group presented lower rWAT mass compared to HFD, while PEP2 animals had an
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intermediate FIWAT mass, between ROSI and HFD groups. eWAT and iWAT did not
change between all the HFD groups. Liver weight of LFD and HFD groups was not dif-
ferent. ROSI animals had a heavier liver than all the other HFD groups (Table 3).

3.2.2. Plasma Biochemical Parameters

Fasted LFD animals had lower blood glucose concentration than HFD, while no sta-
tistical difference was seen between the HFD groups. No statistical difference was seen in
fasting plasma insulin concentration between any of the groups, despite a considerable
reduction in LFD (p < 0.1) and ROSI groups compared to HFD. This was accompanied by
a lower HOMA-IR in LFD animals compared to HFD but no differences between HFD
groups. No changes were seen regarding plasma lipid profile (NEFA and TG) between
any of the groups (Table 3).

3.2.3. Glucose Homeostasis and Systemic Insulin Sensitivity

In vivo tests confirmed that at week 14 HFD animals were glucose intolerant com-
pared to LFD animals (Figure 2A,C), and that the ROSI group had improved glucose tol-
erance compared to HFD group (Figure 2B,C, right). Two-way ANOVA analysis show a
significant treatment x time interaction (p < 0.0001) and a significant effect of diet (p =
0.0437) among the HFD groups. However, despite changes in the OGTT curve and AUC,
the incremental AUC was not different between groups (Figure 2D). This is likely because
fasting glucose concentration in the OGTT was significantly lower in the LFD group com-
pared to HFD (Figure 2E, left). During the hyperinsulinemic-euglycemic clamp LFD, ROSI
and PEP2 groups had improved insulin sensitivity compared to HFD (Figure 2F-I and
Figure S6). Plasma glucose during the hyperinsulinemic-euglycemic clamp was not dif-
ferent among the groups (Figure 2F). Similarly, there was no difference in plasma insulin
during the clamp procedure (Figure 2G), both validating the clamp technique. IR of the
HFD group was indicated by the lower glucose infusion rate (GIR) (Figure 2H, left) and
higher glucose production during the clamp than LFD (Figure 21, left). Moreover, GIR was
higher in PEP2 and ROSI compared to HFD (Figure 2H, right). In addition, glucose pro-
duction was reduced in the PEP2 group compared to HFD, while ROSI showed an inter-
mediate effect (Figure 2I, right). When comparing basal vs. clamp glucose production
within group, glucose production was only suppressed in the PEP2 group, with a similar
pattern in the LFD group (Figure S6A). Insulin-stimulated glucose disposal was higher in
the LFD and ROSI groups compared to HFD and although it was also numerically higher
in the PEP2 group, no significance was seen (Figure S6B). Improvement in insulin sensi-
tivity after PEP2 and ROSI treatment was confirmed during the insulin tolerance test (Fig-
ure S6C-I).
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Figure 2. Glucose tolerance test and hyperinsulinemic-euglycemic clamp in mice treated with Pep-
tide 2 (Protocol 2). (A,B) Glucose tolerance test (OGTT), (C) OGTT area under the curve (AUC), (D)
OGTT incremental AUC, (E) overnight fasting glucose on OGTT day (n = 11-12). Data expressed as
mean + SEM and analyzed by two-tailed t-test (LFD vs. HFD) and by one-way ANOVA or Kruskal-
Wallis (HFD groups) or two-way ANOVA. In the hyperinsulinemic-euglycemic clamp: (F) plasma
glucose concentration; (G) plasma insulin; (H) glucose infusion rate and (I) glucose production.
Data expressed as mean + SEM of n = 4-7 and analyzed by two-tailed t-test (LFD vs. HFD) or by
one-way ANOVA (HFD groups). Bars with different letters indicate p < 0.05. * and # indicate p <
0.05; ** indicates p < 0.01; *** indicates p < 0.0001.

3.2.4. WAT Regulation by Insulin: Lipolysis and AKT

Tissue collected from fasted HFD animals had impaired norepinephrine-stimulated
lipolysis ex vivo in eWAT and iWAT (Figure 3A,B), while in rWAT lipolysis stimulation
occurred in all the groups, despite HFD having a lower magnitude of stimulation (Figure
3C). Two-way ANOVA diet overall effect was significant in tWAT and iWAT (p < 0.05),
but not in eWAT. The overall stimulatory effect was significant in all three fat pads (p <
0.05). Interestingly, none of the groups showed suppression of lipolysis by insulin in the
eWAT (Figure 3A), but the lack of suppression of lipolysis by insulin in HFD was rescued
by Peptide 2 in both iWAT (Figure 3B) and rtWAT (Figure 3C). ROSI normalized lipolysis
suppression in iWAT (Figure 3B) but not in rWAT (Figure 3C). Because only rWAT and
iWAT demonstrated rescued suppression of lipolysis we investigated insulin regulation
of the lipolytic pathway only in these two fat pads. -IWAT and iWAT exhibited enhanced
AKT phosphorylation after insulin stimulation in LFD, PEP2 and ROSI but not in HFD
groups, with an overall effect of insulin in both fat pads, but a dietary overall effect only
in iWAT (Figures 3D,E and S7).
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Figure 3. White adipose tissue (WAT) ex vivo lipolysis and protein kinase B (AKT) activation in
tissues harvested from mice treated with Peptide 2 (Protocol 2). Lipolysis ex-vivo in (A) eWAT (n =
5-6), (B) iWAT (n = 5-6) and (C) rtWAT (n = 4-6). (D) tWAT p-AKT/AKT (n = 6) and (E) iWAT p-
AKT/AKT (n = 6). Data expressed as mean + SEM and analyzed by two-way ANOVA (D,E). Bars
with different letters and * indicate p < 0.05; ** p <0.01 and **** p <0.0001. HFD, high fat diet; FIWAT,
retroperitoneal WAT; eWAT, epididymal WAT, iWAT inguinal WAT; LFD, low fat diet; ROSI,
rosiglitazone.

3.2.5. PPARy Activation, Adipocyte Size and Adipogenesis Markers

Despite being increased 40-50% in PEP2 and ROSI groups, PPARY protein abun-
dance in rWAT did not reach statistical significance (Figure 4A). However, PPARy acti-
vation was increased in LFD and ROSI groups compared to HFD, but not in PEP2 (Figure
4B). Image analysis revealed no differences in average adipocyte size or distribution in
the -WAT (Figures 4C and S8, respectively) in any diet group. In iWAT, total PPARY pro-
tein abundance was similar between groups (Figure 4E) and PPARY activation was not
different between groups (Figure 4F). Average adipocyte size in LFD group was smaller
than HFD (Figure 4, left). However, no changes were seen among the HFD groups (Figure
4G, right). The distribution curve showed reduced percentage of larger adipocytes (>0.017
mm?) in the LFD compared to HFD (Figure S8). Protein abundance of adipogenesis mark-
ers of adipogenesis, including adiponectin, perilipin-1, fatty-acid binding protein 4 and
fatty acid synthase were similar between HFD groups in both tWAT and iWAT (Figure
S8). In addition, we tested the effect of Peptide 2 during the differentiation of pre-adipo-
cytes derived from both subcutaneous (9 W) and brown (9 B) adipose tissue pads from
mice. However, no major effects were observed in terms of adipogenesis, lipolysis, lipo-
genesis and WAT browning (Figures S9 and 510).
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Figure 4. Retroperitoneal white adipose tissue (rWAT) and inguinal white adipose tissue (iWAT)
adipogenesis markers in tissues harvested from mice treated with Peptide 2 (Protocol 2). (A) PPARYy
protein abundance in rtWAT; (B) PPARy DNA binding activity in tWAT (n = 5-6); (C) adipocytes
mean area in IWAT(n = 4); (D) representative image in tWAT; (E) PPARy protein abundance in
iWAT; (F) PPARy DNA binding activity in iWAT (n = 5-6); (G) adipocytes mean area in iWAT (n =
4); (H) representative image in iWAT. Data expressed as mean + SEM and analyzed by two tailed t-
test (LFD vs. HFD) and by one-way ANOVA or Kruskal-Wallis (HFD groups). Bars with different
letters indicates p < 0.05. HFD, high fat diet; LFD, low fat diet; rWAT, retroperitoneal WAT; eWAT,
epididymal WAT; iWAT, inguinal WAT, PPARy, peroxisome proliferator activated receptor
gamma; ROS], rosiglitazone.

3.2.6. Liver Characterization

Morphological characterization of LD showed no differences between LFD and HFD
groups in terms of total LD number (Figure 5A, left) and total LD area (Figure 5C, left),
but LFD had 30-40% smaller individual LD area (p = 0.09) (Figure 5B, left). Among HFD
groups, despite a similar number of LD in all the groups (Figure 5A, right), ROSI had a
similar individual LD area to HFD and an increased total LD area (Figure 5B,C, right,
respectively). PEP2 had smaller individual LD area compared to ROSI, and around 50%
smaller area compared to HFD (p = 0.09) (Figure 5B, right). In addition, PEP2 had 40-50%
smaller total LD area compared to HFD, but while the ANOVA showed a p =0.0001 sug-
gesting an overall treatment effect, no statistical difference was observed between these
groups (Figure 5C, right, p=0.2). Albeit not statistically significant, the qualitative analysis
of the images reveals that the majority of the animals had visibly less liver fat (first, second
and fourth panel on Figure 5G) while the minority did not (third panel Figure 5G). These
differences are also reflected by the distribution curve (Figure 5D), which emphasizes the
right-shift in LD area as well as more abundant LD > 50 um? in area in the ROSI livers.
Regarding hepatocyte size, no difference between LFD and HFD was observed, but PEP2
had a higher number of cells per area than ROSI, indicative of less hypertrophy (Figure
5E, right). Moreover, PEP2 and LFD exhibited fewer inflammatory foci compared to HFD,
while ROSI had an intermediate effect (Figure 5F, right). The differences seen in hepatic
TG content (Table 3) and LD characterization are supported by the representative images,
where we observed smaller LD, less area covered in LD and reduced inflammatory foci
presence in LFD and PEP2 groups, while ROSI exhibited most of the image covered in LD
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(Figure 5G). Hepatic cholesterol content was lower in the PEP2 group compared to HFD
and ROSI groups, but not different between LFD and HFD (Table 3). Plasma ALT was not
different among the HFD groups, but LFD had lower plasma ALT concentration than
HFD animals (Table 3). Collagen staining to identify fibrosis revealed no presence of col-
lagen within the hepatic parenchyma in almost all of the samples. However, all the sam-
ples from ROSI group had at least 1 image out of 19 with presence of weak collagen stain-
ing. One sample in the LFD group exhibited marked collagen staining, which was at-
tributed to a random finding of fibrosis (Table S3).
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Figure 5. Liver characterization in tissues harvested from mice treated with Peptide 2 (Protocol 2).
(A) total LD number (n = 6); (B) average individual LD area (n = 6); (C) average area covered by LD
(n = 6); (D) LD distribution by size (n = 6); (E) number of cells per liver area analyzed (n = 6); (F)
average inflammatory foci per image (n = 5-6); (G) liver representative images. Data expressed as
mean = SEM and analyzed by two tailed t-test (LFD vs. HFD) and by one-way ANOVA or Kruskal—-
Wallis (HFD groups). Arrows indicate inflammatory foci. Bars/lines with different letters indicates
p <0.05. LD, lipid droplet; HFD, high fat diet; LFD, low fat diet; ROS], rosiglitazone.
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3.2.7. Liver PPARy and AT2R and Insulin Signaling

Hepatic PPARy abundance was similar between all groups (Figure 6A). Interest-
ingly, angiotensin II-type 2 receptor (AT2R) protein abundance was enhanced 2-fold (p <
0.05) in the PEP2 group compared to HFD (Figure 6B, right).
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Figure 6. Liver protein abundance in tissues harvested from mice treated with Peptide 2 (Protocol
2). (A) PPARY protein abundance and (B) AT2R. Data expressed as mean + SEM of n = 5-6 mice.
Data analyzed by two-tailed t-test (LFD vs. HFD) and by one-way ANOVA or Kruskal-Wallis (HFD
groups). Bars with different letters indicates p < 0.05. PPARY, peroxisome proliferator-activated re-
ceptor gamma; AT2R, angiotensin II type 2 receptor.

3.2.8. Lipid Metabolism, Inflammation, and Fibrosis Genes

mRNA expression of PPPAR alpha (Ppara), gamma (Pparg) and gamma?2 (Pparg2)
was not different among the HFD groups (Figure 7A). Although pro-inflammatory gene
Tnfa was not different among the HFD groups, a trend of reduced Col1al (p = 0.055), a
marker of fibrosis, was observed in PEP2 compared with ROSI (Figure 7B). Among the
several genes involved in lipid metabolism analyzed, only Mogat1 showed a significant
difference, with a 3-fold increase in the PEP2 group compared to HFD, and an approxi-
mately 1.5-fold increase compared to ROSI (Figure 7C). No changes were seen in selected
genes that encode LD-associated proteins or that are involved in lipolysis (Figure 7D). No
difference in any of the analyzed genes was observed between LFD and HFD (Figure S11).
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Figure 7. Liver gene expression in tissues harvested from mice treated with Peptide 2 (Protocol 2).
(A) Peroxisome proliferator-activated receptors; (B) inflammation and fibrosis related genes; (C)
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lipid metabolism related genes and (D) LD associated proteins and lipolysis related genes. Data
expressed as mean + SEM of fold change of HFD control (n=7-8) and analyzed by one-way ANOVA
or Kruskal-Wallis test. Data normalized to B-actin gene expression. Bars with different letters indi-
cates p <0.05. LD, lipid droplet.

4. Discussion

The prevalences of NAFLD, obesity and T2D are increasing in parallel. In fact, be-
cause of the relationship between hepatic steatosis and metabolic diseases, there is a
movement to change the parameters used for diagnosis of NAFLD and a name change to
metabolic-associated fatty liver disease (MAFLD) is also proposed [24]; however, we have
used NAFLD as the chosen abbreviation. Bioactive peptides have potential to aid in the
management of metabolic diseases because they can modulate physiological processes [9]
either in conjunction with pharmacological treatments or as novel, stand-alone ap-
proaches for conditions without approved pharmacotherapy, such as NAFLD. In this
study, we hypothesized that diet supplementation with Peptide 2 would improve sys-
temic and local IR and as a consequence, modulate features of NAFLD in HFD-induced
obese-IR mice. We found that Peptide 2 supplementation: (1) improved systemic IR dur-
ing the hyperinsulinemic-euglycemic clamp; (2) rescued insulin-regulated lipolysis in
rWAT and iWAT, despite no change in adipocyte size or BW; (3) reduced hepatic lipid
accumulation while increasing monoacylglycerol O-acyltransferase 1 (Mogat1) gene ex-
pression in the liver; and (4) reduced hepatic inflammatory infiltration.

EWH is a mixture of bioactive peptides shown before to improve IR and reduce adi-
pocyte size in rodents [11]. Herein, we showed that PPARY activation is enhanced in
rWAT of EWH supplemented animals, which was accompanied by a better response to
insulin in terms of suppression of enzymes involved in lipolysis in rWAT as well as in-
creased p-AKT [11]. Another possibility is that HFD reduced baseline p-HSL/HSL ratio,
which was restored by EWH leading to the insulin suppression of p-HSL observed. Nev-
ertheless, these findings led us to hypothesize that the metabolic improvements seen in
vivo were due to modulation of PPARY in WAT, similar to the action of thiazolidinedi-
ones, which would induce adipogenesis and promote the appearance of more insulin sen-
sitive adipocytes [25] improving systemic insulin sensitivity. We then asked if there were
specific peptides from the EWH mixture that could modulate PPARYy abundance and an
in vitro screening revealed that a few peptides were able to mimic insulin effect of enhanc-
ing PPARYy in preadipocytes [15], which led us to investigate their effects in vivo. The
peptide with greater potential based on our screening (Figure S3) was Peptide 2 and we
further evaluated its effects in obese and IR mice focusing on WAT and the liver.

IR is a key feature of T2D, and it plays a significant, multi-factorial role in the devel-
opment of NAFLD [26]. IR in WAT leads to impaired suppression of lipolysis, which in-
creases NEFA delivered to the liver whereas hepatic IR impairs the suppression of gluco-
neogenesis [26]. Egg-derived peptides and hydrolysates were shown before to improve
insulin sensitivity in rodents [11,14,27] but relative contributions of hepatic versus non-
hepatic tissues were not evaluated. Therefore, we first investigated the potential of Pep-
tide 2 supplementation to reduce IR using a hyperinsulinemic-euglycemic clamp, the gold
standard technique for this outcome measurement. We observed that LFD, PEP2 and
ROSI groups had lower IR compared to HFD group. Although rosiglitazone, a known
insulin sensitizer, was expected to reduce IR, this is the first study showing that dietary
supplementation with Peptide 2 improves IR, despite no changes in glucose tolerance or
BW. Moreover, suppression of endogenous glucose production during clamp was
stronger in the PEP2 and LFD groups compared to HFD, consistent with better hepatic
insulin sensitivity. This improvement in IR is supported by a reduced HOMA-IR in the
LFD group, but despite a decrease in PEP2 group HOMA-IR, it was not statistically sig-
nificant. Not only was systemic insulin sensitivity was improved by Peptide 2 supplemen-
tation but WAT insulin signaling was also rescued. The normalized regulation of lipolysis
by insulin would be predicted to reduce NEFA delivery to the liver. Taken together, these
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results suggests that the improvement in systemic insulin sensitivity in the PEP2 group
could be in part because of a decreased spillover of lipids from WAT to non-adipose tis-
sues due to a better hormonal regulation of lipolysis.

We then asked if the improvement in WAT insulin signaling was associated with
PPARY activation. PPARY regulates adipogenesis and has an important role in glucose
and lipid metabolism. We previously showed that Peptide 2 increased PPARY protein in
adipocyte cell culture [15]. However, we did not see higher PPARY activation in any of
the fat pads tested. This is accompanied by no overall changes in WAT adipocyte size or
adipogenesis markers among HFD group, substantiated by no effect in adipogenesis
markers during preadipocyte differentiation of mouse-derived cells in culture. On the
other hand, we observed increased activation of PPARy in rWAT of ROSI animals. There-
fore, the effects of Peptide 2 are different from rosiglitazone, supporting a PPARY inde-
pendent mechanism of action. We conclude at this point that Peptide 2 acting to improve
insulin signaling independently of PPARY, at least in the models used in this study; there-
fore, other mechanisms need to be investigated.

Ongoing efforts seek to validate the use of insulin sensitizers, such as thiazolidinedi-
ones for the treatment of NAFLD. However, findings are controversial, with most of the
benefits seen with pioglitazone rather than rosiglitazone [7,8]. In rodents, rosiglitazone
plays a dual role depending on the level of hepatic PPARy expression [28]. For example,
in mice with low hepatic expression of PPARY, rosiglitazone protects against lipid accu-
mulation while in obese mice with elevated PPARY, rosiglitazone exacerbates hepatic ste-
atosis [28]. In fact, PPARY is a key up-regulator of hepatic steatosis in HFD-induced obese
mice treated with rosiglitazone [29]. Similarly, in this study we show that the ROSI group,
although more insulin-sensitive, exhibits higher liver weight and TG content compared to
HFD, whereas PEP2 does not worsen HFD-induced hepatic steatosis. PPARY is mainly
expressed in adipose tissue, but it is also expressed in the liver [30] and its expression is
enhanced in the liver of HFD fed animals [28,29]. Similarly to the literature, in our study
HFD feeding tended to increase hepatic Pparg2 gene expression and protein compared to
the LFD group, but neither PEP2 nor ROSI groups affected Pparg or Pparg2 mRNA. How-
ever, albeit not significant, we saw a trend to increased hepatic PPARYy protein abundance
in the ROSI group compared to HFD control. Peptide 2 supplementation did not increase
PPARYy protein abundance above the HFD-induced effect. Although we did not measure
hepatic PPARy DNA binding activity, the results suggest that Peptide 2 may not be di-
rectly activating hepatic PPARY, suggesting a difference in mechanism from rosiglitazone.

In NAFLD, progression to NASH is characterized by increased LD size, hepatocyte
hypertrophy and inflammation [2,5]. Surprisingly, the ROSI group exhibited a true mi-
crovesicular steatosis mixed with macrovesicular steatosis, while PEP2 and HFD groups
appeared to have macrovesicular steatosis, which is considered more pathological [20-
22]. However, PEP2 tended to decrease LD area compared to HFD. Therefore, PEP2 group
presented a macrovesicular steatosis with small LD vs. macrovesicular steatosis with large
LD in the HFD group. The importance of LD size is highlighted by findings showing that
macrovesicular steatosis is linked to fibrosis and microcirculation impairment in rodents
[31,32] and fibrogenesis in humans [20]. Moreover, the extent of macrovesicular steatosis
can impact liver transplantation and graft survival in humans [21]. Other food-derived
peptides reduce LD size, for example pepsin-generated EWH supplementation reduces
the number and size of LD in rats, accompanied by a decrease in plasma inflammatory
and oxidative stress markers [33]. In addition, supplementation with a peptide derived
from sweet lupine (GPETAFLR) improves hepatic steatosis and reduces TG content. The
mechanism of action suggested was through PPARa and uncoupling protein 1 (UCP1)
activation and reduced hepatic expression of fatty-acid synthase gene (Fasn) and inflam-
matory markers, but only mRNA levels were measured, not their activity [34]. In another
study, the improvement in NAFLD seen after potato-derived peptide (DIKTNKPVIF)
supplementation is accredited to adenosine monophosphate-activated protein kinase
(AMPK) activation and decreased inflammatory markers [35]. We find no changes in gene
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expression of Ppara or Fasn after Peptide 2 supplementation. Therefore, the mechanism
behind the effect of PEP2 supplementation to modulate hepatic LD size is unclear. De-
crease in BW is associated with improvements in NAFLD; being an important confound-
ing factor when evaluating an interventional study. Howewer, we observed modulation
of LD size by Peptide 2 independently of changes in BW. In the studies mentioned above
one of them reported similar final BW but a lower eWAT mass [33], while the other re-
ported decreased BW [34] and one did not report BW measurements [35]. It is worth not-
ing that several peptides reduce hepatic lipid accumulation; however, whether it is a pro-
tein (amino-acid)-related or a peptide-specific effect still remains to be determined.

The observed improvement in liver morphology was independent of hepatic TG con-
tent, which was not significantly different between PEP2 and HFD groups, but a decrease
in cholesterol content was seen between HFD and PEP2 groups, similar to Song et al. [36],
who reports a reduction of the hepatic total cholesterol content after quinoa supplemen-
tation but no difference between HFD and quinoa supplemented groups in terms of he-
patic TG [36] and attributes the improvement in NAFLD in part to changes in hepatic
phospholipids, such as increased lysophosphatidylcholine and pantothenic acid, and de-
creased phosphatidylcholine and dioleoylphosphatidylcholine [36]. Indeed, impairment
of cholesterol metabolism may be the key driver to large LD formation, rather than TG
metabolism [20]. Despite higher hepatic TG content in the ROSI group, lack of change in
plasma ALT indicates no further liver damage on top of that induced by HFD. Therefore,
rather than only LD size or amount, its lipid composition also plays a key role in causing
hepatic damage.

Inflammation and fibrosis are important markers to evaluate NAFLD progression to
NASH. Peptide 2 supplementation attenuated the density of hepatic inflammatory foci
consistent with the parent EWH hydrolysate decreasing plasma inflammatory markers.
In the same study, an increase in AT2R was seen in WAT and liver [11]. Moreover, the
hydrolysate reduced blood pressure in rats by modulating the renin-angiotensin system
(RAS), including reduction of angiotensin II-type 1 receptor and induction of AT2R abun-
dance in the aorta of rats [10]. AT2R is not only involved in the modulation of blood pres-
sure by opposing angiotensin II-type 1 receptor activity, but its stimulation is associated
with reno- and cardio-protective effects, anti-inflammatory and antifibrotic action, among
others as extensively reviewed elsewhere [37]. In fact, RAS modulation is linked to hepatic
fibrosis in rodents and humans with NAFLD [38,39]. In addition, AT2R has antifibrotic
action in the liver of mice [40] and plays a role in blood flow regulation [41,42]. When we
evaluated the presence of collagen staining as an indication of fibrosis, we found no pres-
ence of collagen in most of the samples. This may be because 14 wk of 45% HEFD is insuf-
ficient to induce marked inflammation and fibrosis. Although Collal mRNA was in-
creased after 19 wk of 60% HFD, only at 50 wk of dietary intervention was fibrosis seen in
histological analysis [43]. Considering that macrovesicular steatosis with large LD impairs
hepatic blood flow [31] and our finding that PEP2 had the highest hepatic AT2R and low-
est mRNA expression of type 1 collagen, we speculate that AT2R up-regulation may be a
mechanism by which PEP2 decreases inflammation and fibrosis over a longer-term of
NAFLD but further research is needed to confirm this speculation. Conversely, ROSI did
not induce AT2R or suppress collagen gene expression, differentiating its hepatic effects
from PEP2.

Many pathways underlie hepatic lipid accumulation including increased delivery of
NEFA to the liver following WAT lipolysis, decreased fatty acid oxidation, increased DNL
or decreased VLDL secretion [2]. Although differences in gene expression involved in glu-
cose and lipid metabolism occur between hepatocytes displaying large and small LD in
the liver [44], surprisingly the mRNA expression patterns are similar between ROSI and
HEFD groups. This does not exclude the role of ROSI in modulating lipid metabolism path-
ways since we did not measure the activity of the related enzymes. The only difference
observed between PEP2 and HFD group was higher Mogat1 gene expression in the PEP2
group. Mogatl encodes the mannosylglycoprotein N-acetyl-glucosaminyl transferase 1
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(MGAT1), which catalyzes TG synthesis via the monoacylglycerol O-acyltransferase path-
way. The role of MGAT1 in liver steatosis is controversial, with some studies showing that
silencing of hepatic MGAT1 improves steatosis and blood glucose levels [45,46]. Con-
versely, others demonstrate that MGAT1 knockout in liver does not improve hepatic ste-
atosis, liver TG content, insulin sensitivity or glucose tolerance in HFD-fed mice [47].
Moreover, hepatic overexpression of MGAT1 does not increase liver TG content in HFD
mice, but does in LFD animals [47]. In our study using fasted animals, we found reduced
LD size concomitant with higher Mogatl gene expression, but no other direct target of
PPARy had increased expression. Intriguingly, increased hepatic Mogat1 expression and
MGAT activity occur after prolonged fasting with higher fat oxidation, and are both de-
pendent and independent of Ppara expression, suggesting that MGAT1 regulates the he-
patic fasting response [48]. This is consistent with the reduced LD size found in our study.
We did not see altered Ppara gene expression, and we did not measure its activity directly,
therefore, further investigation is needed to elucidate the role of Peptide 2 in hepatic lipid
metabolism and its relationship to MGATT.

Because our intended use of rosiglitazone was as a positive control for insulin sensi-
tization and PPARY agonism, differences in the hepatic phenotype versus PEP2 were un-
expected. Our results suggest that, in contrast to rosiglitazone, Peptide 2 does not activate
PPARYy and, in conditions of HFD-induced obesity and IR, Peptide 2 does not worsen
HFD-induced hepatic steatosis. Rather, Peptide 2 supplementation improves IR and res-
cues insulin-regulated lipolysis in WAT while tending to reduce LD area, decreasing in-
flammation, and possibly preventing fibrosis, crucial processes to prevent NAFLD pro-
gression to NASH.

We note that an HFD containing 45% kcal fat is not commonly used to generate
NASH animal models, with most of the diet-induced models receiving a high fat/high
sugar diet. Thus, less hepatic inflammation and fibrosis in our model was observed com-
pared with the available literature [49,50]. The peptide was administered mixed in the
animals’ diet, which does not allow for precise specification of the dose of peptide re-
ceived by each animal. On the other hand, this dietary intervention has advantages over
daily gavage for chronic studies in terms of reducing stress in the animals, which worsens
IR, our main outcome. It is important to note that oxidative stress can also be involved in
hepatic steatosis progression to NASH and that several food-derived peptides exert anti-
oxidant activity as recently reviewed [51]. In future research, it would be worth exploring
the antioxidant activity of Peptide 2 as a possible mechanism of preventing disease pro-
gression. In addition, it would be relevant to test Peptide 2 bioavailability and absorption
pathways, including ability to modulate cell junction proteins. Lastly, all of our data re-
flect the overnight fasting state which, compared to fed state, may yield a different gene
expression pattern and less pronounced effects in some of the outcomes reported.

In conclusion, this study shows for the first time that Peptide 2 diet supplementation
improves IR in HFD-induced obese and IR mice, while at the same time preventing further
exacerbation of HFD-induced NAFLD features independently of BW. On the other hand,
rosiglitazone-treated mice, despite having improved IR, exhibited worse hepatic steatosis
if administered together with HFD. Therefore, compared to rosiglitazone, Peptide 2 pro-
motes more beneficial effects on the combined outcomes of insulin resistance, WAT dys-
function and hepatic steatosis.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/metabo13020174/s1, Table S1: diet composition; Table S2:
primers sequence; Table S3: fibrosis assessment; Figure S1: high performance liquid chromatog-
raphy and mass spectrometry of Peptide 2; Figure 52: EWH effects in WAT of Sprague Dawley;
Figure S3: ITT and tissues weight for the in vivo peptide screening; Figure S4: Food and water in-
take; Figure S5: OGTT before peptide treatment; Figure S6: hyperinsulinemic-euglycemic clamp and
ITT; Figure S7: adipose tissue total AKT and p-AKT; Figure S8: adipogenesis markers; Figure S9:
Effect of PEP2 on 9 W pre-adipocyte differentiation; Figure S10: Effect of PEP2 on 9 B pre-adipocyte
differentiation; Figure S11: lipid metabolism gene expression in LFD and HFD groups.
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Abstract: IRW (Isoleucine-Arginine-Tryptophan), has antihypertensive and anti-inflammatory prop-
erties in cells and animal models and prevents angiotensin-II- and tumor necrosis factor (TNF)-oc-
induced insulin resistance (IR) in vitro. We investigated the effects of IRW on body composition,
glucose homeostasis and insulin sensitivity in a high-fat diet (HFD) induced insulin resistant (IR)
model. C57BL/6 mice were fed HFD for 6 weeks, after which IRW was incorporated into the diet
(45 or 15 mg/kg body weight (BW)) until week 14. IRW45 (at a dose of 45 mg/kg BW) reduced BW
(p = 0.0327), fat mass gain (p = 0.0085), and preserved lean mass of HFD mice (p = 0.0065), concomi-
tant with enhanced glucose tolerance and reduced fasting glucose (p < 0.001). In skeletal muscle,
IRW45 increased insulin-stimulated protein kinase B (AKT) phosphorylation (p = 0.0132) and glucose
transporter 4 (GLUT4) translocation (p < 0.001). Angiotensin 2 receptor (AT2R) (p = 0.0024), phospho-
rylated 5'-AMP-activated protein kinase (AMPK«) (p < 0.0124) and peroxisome proliferator-activated
receptor gamma (PPARYy) (p < 0.001) were enhanced in skeletal muscle of IRW45-treated mice, as was
the expression of genes involved in myogenesis. Plasma angiotensin converting enzyme-2 (ACE2)
activity was increased (p = 0.0016). Uncoupling protein-1 in white adipose tissue (WAT) was partially
restored after IRW supplementation. IRW improves glucose tolerance and body composition in
HFD-fed mice and promotes glucose uptake in skeletal muscle via multiple signaling pathways,
independent of angiotensin converting enzyme (ACE) inhibition.

Keywords: ACE; bioactive peptides; IRW; insulin resistance; obesity

1. Introduction

The pathophysiology of Metabolic syndrome (MetS) is complex involving obesity, IR,
dyslipidemia, and hypertension, but oxidative stress and inflammation also contribute to
its progression [1]. MetS also involves overactivation of the renin angiotensin system (RAS),
which is linked to obesity and IR [2]. Besides the systemic RAS, an independent local RAS
in skeletal muscle [3] influences insulin responsiveness [4]. ACE inhibitors or angiotensin
II type 1 receptor (AT1R) blockers reduce IR in animal models and also improve insulin
sensitivity in humans [5-7], supporting the link between RAS and IR. Also, RAS blockade
reverses the deleterious effect of exogenous angiotensin II on skeletal muscle mitochondria
and improves glycemic control in mice [8].

Food-derived bioactive peptides exert effects beyond their nutritional value and mod-
ulate physiological parameters in different tissues [9]. Previous research demonstrated
the beneficial effects of egg-derived peptides and hydrolysates on glucose tolerance [10],
adipogenic capacity [11], and osteoblast differentiation [12]. Some egg-derived bioactive
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peptides are ACE inhibitors [13] and ameliorate IR and glucose intolerance [14]. Of par-
ticular interest is the ovotransferrin-derived, ACE inhibitory peptide [15] tripeptide IRW
(Isoleucine—-Arginine-Tryptophan), which exhibits anti-inflammatory and antioxidant ef-
fects in endothelial cells [16,17], reduces blood pressure in rodents [18,19], and improves
angiotensin II- or TNF-a-induced IR in a skeletal muscle cell line [20,21]. However, whether
IRW has glucoregulatory properties in vivo is unknown.

In this study, we investigated the insulin sensitizing effects of IRW in vivo using a high
fat diet (HFD)-induced obese-IR mouse model. Because of the intimate crosstalk between
obesity, hypertension, and IR, we hypothesized that IRW supplementation improves glu-
cose intolerance by inhibiting RAS locally in skeletal muscle to improve insulin signaling.

2. Materials and Methods
2.1. Animals, Diet, and Body Weight (BW) Measurements

The animal experimental protocol was approved by the Animal Care and Use Com-
mittee of the University of Alberta (Protocol# 1402) in accordance with guidelines issued
by the Canadian Council on Animal Care and followed the ARRIVE guidelines. Thirty-two
male 4-week-old C57BL/6 mice were purchased from Charles River Canada (St. Constant,
QC, Canada) and housed 2 per cage with ad libitum access to standard food and water, a
12:12-h cycle of light:dark with 60% humidity and 23 °C temperature. Eight mice were
fed with low fat diet (LFD, 10% kcal from fat, Envigo, Indianapolis, IN, USA, TD06415)
and the remainder with HFD (45% kcal from fat, Envigo TD110675) for 6 weeks. Diet
composition is shown in Table 1. The initial 6 weeks of HFD were used to induce obesity,
confirmed by at least a 20% increase in BW and significantly higher fat mass and lower
lean mass compared to low fat diet (LFD) fed animals (Supplementary Table S1). Animals
were then divided into 4 groups: LFD control, HFD control, high dose IRW + HFD (IRW45;
at a dose of 45 mg/kg BW), low dose IRW + HFD (IRW15; at a dose of 15 mg/kg BW)
(n = 8/group). These diets continued for another 8 weeks with ad libitum access to food
and water. In total, mice consumed HFD for 14 weeks to induce obesity and glucose
intolerance [22]. Food consumption was measured once every 3 days and BW twice weekly.
Body composition was evaluated using magnetic resonance imaging (MRI), Echo MRI™
(Echo Medical Systems LLC, Houston, TX, USA) at week 6 and week 14.

Table 1. Diet composition.

LFD HFD IRW15 IRW45

Casein (g/kg) 210.0 245.0 245.0 245.0
L-Cystine (g/kg) 3.0 3.5 3.5 3.5

Corn Starch (g/kg) 445.0 85.0 85.0 85.0

Maltodextrin (g/kg) 50.0 115.0 115.0 115.0

Sucrose (g/kg) 160.0 200.0 200.0 200.0

Lard (g/kg) 20.0 195.0 195.0 195.0

Soybean QOil (g/kg) 20.0 30.0 30.0 30.0

Cellulose (g/kg) 37.15 58.0 58.0 58.0

Mineral Mix, AIN-93G-MX (94046) (g/kg) 35.0 43.0 43.0 43.0
Calcium Phosphate, dibasic (g/kg) 2.0 3.4 34 3.4

Vitamin Mix, AIN-93-VX (94047) (g/kg) 15.0 19.0 19.0 19.0
Choline Bitartrate (g/kg) 2.75 3.0 3.0 3.0
IRW (mg/kg BW) n/a n/a 15 45

2.2. IRW Dosage

The estimated doses of IRW used were 45 mg/kg BW and 15 mg/kg BW. The dosages
were selected based on previous studies done by our group in spontaneous hypertensive
rats [18,19] and cell line studies [15,16]. The peptide was administered mixed in the animal’s
diet starting at week 7 of the 14-week trial, and the animals had ad libitum access to food
and water. IRW was synthesized by Genscript (Piscataway, NJ, USA) with >98% purity.
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2.3. Oral Glucose Tolerance and Insulin Tolerance Tests

At weeks 12 and 13, respectively, ITT and OGTT were performed [23] with the follow-
ing modifications: For ITT, 1.5 IU/kg BW insulin was injected intraperitoneally. For OGTT,
70% glucose solution was used, and 1 g of glucose/kg BW was given via oral gavage.
In both cases, blood glucose was measured for up to 2 h. Blood glucose was measured
from the tail vein using a Contour®Next glucometer (Mississauga, ON, Canada). Fasting
glucose and fasting insulin were used to calculate homeostatic model assessment insulin
resistance (HOMA-IR) using the formula: (fasting glucose (mmol/L)) x (fasting insulin
(1U/mL))/22.5). OGTT was the primary outcome assessed in this study.

2.4. Tissue Collection

At week 14, all animals were fasted for 16 h and injected with insulin (2 IU/kg BW)
intraperitoneally to stimulate insulin signaling 10 min prior to euthanasia. Animals were
euthanized using CO, and blood was collected via cardiac puncture. Plasma, gastrocnemius
skeletal muscle and WAT from retroperitoneal and epidydimal depots were collected, snap
frozen, and stored at —80 °C until further analysis.

2.5. Protein Extraction and Western Blotting

Total protein from skeletal muscle was extracted using a lysis buffer containing phos-
phatase and protease inhibitors. WAT total protein extraction was performed using a
commercial kit (Invent Biotechnologies Inc., Plymouth, MA, USA). Plasma membrane
protein was extracted using a commercial kit (Thermo Fisher Scientific, Waltham, MA,
USA) [20]. Total protein content was measured using the bicinchoninic acid assay. Western
blotting was performed as previously [10] with the following modifications: a 9% sodium
dodecyl sulfate polyacrylamide gel electrophoresis was run and protein was transferred to
a nitrocellulose membrane, which was incubated overnight with antibodies against p-AKT
(Cell Signaling Technology, Beverly, MA, USA), AKT (Santa Cruz Biotechnologies Inc.,
Dallas, TX, USA), GLUT4 (Abcam, Toronto, ON, Canada), ACE, ACE2, AT1R, AT2R, Mas
receptor, PPAR-y, mammalian target of rapamycin (mnTOR), p-mTOR, AMPK«, p-AMPKo
(Thr172), P70 S6 kinase (S6K), p-P70 S6K (Thr389), uncoupling protein (UCP)-1 (Sigma,
St. Louis, MO, USA), B-actin (Sigma) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). After incubating with appropriate fluorescent-conjugated secondary antibodies
(Li-cor Biosciences, Lincoln, NE, USA) for 1 h at room temperature, protein bands were
quantified by densitometry using Image Studio Lite 5.2 (Li-Cor Biosciences).

2.6. Plasma RAS Components and Insulin

Plasma concentrations of RAS components were quantified by mouse specific com-
mercial ELISAs: ACE (Aviva System, San Diego, CA, USA), ACE2 (Abcam), angiotensin II
(Enzo Life Sciences, Burlington, ON, Canada), angiotensin (1-7) (Aviva System). Insulin
was measured using an ELISA from (Abcam, Toronto, ON, Canada).

2.7. RNA Sequencing and Quantitative RT-PCR (qPCR)

Total RNA was extracted from skeletal muscle using TRIzol reagent (Invitrogen, Life
Technologies Inc., Burlington, ON, Canada) and quantified by measuring the absorbance at
260 nm and purity assessed by the A260/280 ratio. Total RNA (500 ng, with RNA integrity
number > 8 for all samples) was used for the preparation of RNAseq libraries with the
NEBNext Ultra II Directional RNA Library Prep Kit from Illumina (NEB, Mississauga, ON,
Canada). Enriched mRNA was reverse-transcribed and second-strand cDNA synthesis
was performed. Double-stranded cDNAs were A-tailed to enable adapter ligation and,
finally, libraries were indexed by 15 PCR cycles. Libraries were sequenced on a NextSeq
500 instrument (Illumina), following a paired-end 150 cycle protocol. Deregulated tran-
scripts were annotated using the BioMart database from Ensembl (EMBL-EBI Hinxton,
Cambridgeshire, UK).
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For qPCR, cDNA was synthesized from 1 ug total RNA using the High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA). mRNA
expression of target genes was determined by real-time qPCR using GAPDH as the endoge-
nous control. All of the gPCR experiments and analyses were conducted using the MIQE
guidelines [24]. The primers were designed based on the genomic sequence deposited in
GenBank are described in Table S2.

2.8. Statistics and Sample Size

All data presented were expressed as mean + SEM of 5-8 mice from each treatment
group as indicated in the figure and table legends. Statistical analysis was performed
using GraphPad Prism 7.0 (San Diego, CA, USA). Outliers indicated by the statistical
software were removed prior to data evaluation. Data were evaluated by one-way ANOVA,
Kruskal-Wallis’ test, or two-way ANOVA when appropriate. HFD group was set as the
control group for all the analysis because our intention was to evaluate the impact of a HFD
supplemented with peptide compared to HFD alone. For RNA sequencing, transcripts
were considered differentially expressed when they had a corrected p-value < 0.05. Post hoc
analysis was done using Bonferroni’s or Dunn’s test. p-value was considered significant
if <0.05.

3. Results
3.1. Food Intake and Body Composition

No sustained differences in food intake were detected between the groups (Supplemen-
tary Figure S1). At week 14 the LFD group had lower BW than the HFD group (p < 0.001).
Of the peptide treatments, only the high dose of IRW (IRW45) reduced final BW (p = 0.0327)
and both absolute (g) and relative (%) BW gain (p < 0.001). Moreover, the IRW45 group
presented lower absolute (g) (p < 0.001) and relative (%) fat mass gain (p = 0.0085), and
less relative (%) lean mass loss (p = 0.0065) compared to the HFD group (Table 2). BW and
composition changes were not seen with IRW15.

Table 2. Body composition and metabolic profile of mice supplemented with IRW. Analysis by
one-way ANOVA followed by Bonferroni’s post hoc test (lean mass change, fasting glucose initial and
HOMA-IR) or Kruskal-Wallis’s test followed by Dunn’s post-hoc test. Data expressed as mean + SEM
of n = 7-8 mice. Values in the same row represented by different letters are statistically different
(p < 0.05) compared to HFD control.

LFD HFD IRW45 IRW15
Body composition
BW week 6 (g) 28.1+082 313+£072 3094092 31.7+1.02
BW week 14 (g) 350072 41.6 £0.8P 369 +0.52 4044+1.0P
BW gain (g) (week 6-14) 70+£022 102 +0.3P 6.0+£0.62 86+06P
BW gain (% of week 6) 251+12¢2 328 +13P 19.9 4232 275422b
Fat mass gain (g) 39+05? 70+03P 3.6+042 6.1+04"b
Fat mass gain (% BW) 82+ 1.1P 95+0.8b 48+092 894+ 09P
Lean mass change (g) 08+£03% 26+01P 204+01P 234+02°
Lean mass change (% BW) ~784+1.0P -92407b ~5.0+£092 ~79409°
Metabolic profile
Fasting glucose week 6 (mmol/L) 45+0.062 474+032 50+032 47+0242
Fasting glucose week 14 (mmol /L) 484012 63+04P 444022 57+02b
Fasting insulin week 14 (uU/mL) 192.4 +37.32 780.0 + 56.4 P 383.1+ 7252 623.7 +112.7P
HOMA-IR 574082 320+32P 11.0+202 2304 4.7

3.2. Glucose Homeostasis and Plasma Insulin

The IRW45 group had lower fasting blood glucose beginning at week 9 of treatment
compared to the HFD group (Figure 1A) and two-way ANOVA analysis showed significant
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interaction (p < 0.001) and diet effects (p < 0.001). At week 14, the LFD and IRW45 groups
had lower fasting plasma insulin concentration (p < 0.001) and fasting blood glucose
(p <0.001) compared to the HFD (Table 2). HOMA-IR was lower in LFD (p < 0.0001) and
IRW45 (p < 0.001) groups compared to HFD. However, HOMA-IR from the IRW15 did not
differ from the HFD group (Table 2). Two-way ANOVA showed a diet effect on OGTT
(p = 0.001). Both doses of IRW lowered circulating glucose at 15 and 30 min compared with
HFD (Figure 1B). The area under the curve (AUC) was lower in the LFD (p < 0.001) and
IRW45 (p = 0.0195) compared to the HFD group (Figure 1C). Despite changes in ITT when
expressed as absolute glucose concentrations (Supplementary Figure S2), no significant
differences between the groups were observed when data were adjusted to baseline blood
glucose concentration (Figure 1D).
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Figure 1. Glucose homeostasis after IRW supplementation. (A) Fasting glucose over time (n = 6-8),
(B) Oral glucose tolerance test (OGTT) (n = 6-8). (C) Area under the curve (AUC) for OGTT (n = 5-8).
(D) Insulin tolerance test (ITT) as percentage of the baseline glucose values (n = 8). Data expressed
as mean £+ SEM and analyzed by two-way ANOVA (A,C,D) or one-way ANOVA (B) followed by
Bonferroni’s post-hoc comparison test. * p < 0.05, ** p < 0.01 and **** p < 0.0001 between IRW45 and
HEFD. # p < 0.05 and #### p < 0.0001 between IRW15 and HFD. + p < 0.05, ++ p < 0.01, +++ p < 0.001
and ++++ p < 0.0001 between LFD and HFD.

3.3. Insulin Signaling and PPARy Abundance

Insulin-stimulated phosphorylation of AKT (Ser473) in muscle was higher in LFD
(p = 0.0196) and IRW45 (p = 0.0132) compared to the HFD group, whereas IRW15 was
non-significantly increased (Figure 2A). Consistent with this result, GLUT 4 translocation
to the plasma membrane in skeletal muscle was ~4-fold higher in the IRW45 (p < 0.001)
and 2-fold higher in IRW15 (p = 0.04) compared to the HFD group, as shown by the ratio
of membrane GLUT4/cytosol GLUT4 (Figure 2B). In addition, PPARy abundance was
15-17-fold higher in LFD (p = 0.0013) and IRW45 (p < 0.001) compared to HFD (Figure 2C).
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Figure 2. Skeletal muscle insulin signaling and PPARy abundance. (A) p-AKT, (B) GLUT4 mem-
brane/cytosol, (C) PPARy, and (D) representative blots. p-AKT was normalized to total AKT. GLUT4
is expressed as a ratio of membrane to cytosolic GLUT4. PPARy was normalized to GAPDH. Data
expressed as mean + SEM of n = 6. Analysis by one-way ANOVA followed by Bonferroni’s post-hoc
test or Kruskal-Wallis followed by Dunn’s post-hoc test. * p < 0.05, ** p < 0.01 *** p < 0.001 and
##* p < 0.0001 versus HFD. AKT, Protein kinase B; PPARY, Peroxisome proliferator-activated receptor
gamma; GLUT4, glucose transporter 4.

In both retroperitoneal and epididymal WAT, no changes in AKT phosphorylation or
PPARy abundance were seen following IRW supplementation (Supplementary Figure S3A-F).

3.4. RAS Components

In skeletal muscle, there were no significant differences in ACE2, AT1R, and Mas
receptor between the groups (Figure 3B,C,F). However, a lower ACE abundance in LFD
(p = 0.0259), IRW15 (p = 0.0157), and IRW45 (p = 0.0113) groups was observed compared to
HFD (Figure 3A). In addition, AT2R abundance increased almost 3-fold in the IRW45 group
compared to HFD (p = 0.0024) (Figure 3D). The plasma ACE activity was similar between
groups (Figure 4A). Although ANOVA analysis identified an overall effect (p = 0.01) on
plasma angiotensin II, post-hoc analysis showed no significant differences between groups
(Figure 4C). Whereas ACE2 activity was highest in the IRW45 group (p = 0.0016) (Figure 4B),
while plasma Ang (1-7) plasma concentration was not increased by IRW compared to the
HEFD (Figure 4D).
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Figure 3. Skeletal muscle renin angiotensin system components. (A) ACE, (B) ACE2, (C) AT1R,
(D) AT2R, (E) AT2R/AT1R ratio, (F) Mas receptor, and (G) representative blot. ACE, ACE2, AT1R,
AT2R, and Mas were normalized to GAPDH. Data expressed as mean £+ SEM of n = 5-6 mice.
Analysis by one-way ANOVA followed by Bonferroni’s post-hoc test. * p < 0.05 and ** p < 0.01
versus HFD. ACE, angiotensin converting enzyme; ACE2, angiotensin converting enzyme 2; ATIR,
angiotensin receptor type 1; AT2R, angiotensin receptor type 2.
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Figure 4. Plasma renin angiotensin system components. (A) Plasma angiotensin converting en-
zyme (ACE), (B) Plasma angiotensin converting enzyme 2 (ACE2), (C) Plasma angiotensin II, and
(D) Plasma angiotensin (1-7). Data expressed as mean + SEM of n = 4-7 mice. Analysis by one-way
ANOVA followed by Bonferroni’s post-hoc comparison test or Kruskal-Wallis followed by Dunn’s
post hoc test when appropriate. ** p < 0.01 versus HFD.

3.5. Skeletal Muscle Gene Expression

RNA sequencing of gastrocnemius muscle transcripts revealed that IRW45 elicited a
generally higher abundance of transcripts related to muscle synthesis (Figure 5A). qPCR
validation identified Rbm5 (p = 0.0094), Mdm?2 (p = 0.0094), DIg1 (p < 0.001), and Myom1
(p < 0.001) genes upregulated and Aspn (p < 0.001) downregulated by IRW45 compared
to the HFD group (Figure 5B). For PPARY related genes, IRW45 significantly enhanced
the expression of Pparg (p = 0.0112) and Lpl (p < 0.001) but not Plin2 or Cebpa (Figure 5C).
However, it should be noted that the expression of Plin2 and Cebpa were 15 and ~50-fold
higher in HFD and IRW45 than LFD.
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Figure 5. Skeletal muscle gene expression of mice fed IRW for 8 weeks. (A) Heatmap showing
the abundance of major genes involved in muscle synthesis modulated by IRW45 determined by
RNA sequencing. (B) Rbm5, Mdm?2, DIg1, Myom1, and Aspn qPCR validation of IRW in vivo using
gastrocnemius skeletal muscle. Data expressed as mean £ SEM of n = 5 mice (C) Pparg, Plin2, Cebpa
and Lpl gPCR validation using gastrocnemius skeletal muscle. Data expressed as mean + SEM
of n = 5 mice. Analysis by one-way ANOVA followed by Bonferroni’s post-hoc comparison test
or Kruskal-Wallis followed by Dunn’s post hoc test when appropriate. * p < 0.05, ** p < 0.01, and
***% p <0.0001 versus HFD.

3.6. AMPKx Abundance and mTOR Signaling

IRW45 treatment elicited a ~10-fold increase in AMPK« phosphorylation (Thr172)
relative to total AMPK« in skeletal muscle compared to HFD (p < 0.0124) (Figure 6A), with
no change in total AMPK« (Figure 6B). ANOVA indicated an overall diet effect in p-AMPK«x
over GAPDH (Figure 6C), consistent with findings in Figure 6A. No changes in total or
phosphorylated AMPK o abundance in retroperitoneal or epididymal WAT were observed
after IRW supplementation (Supplementary Figure 54 and Figure S5, respectively).
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Figure 6. Skeletal muscle AMPKa, mTOR and P70 S6K protein abundance. (A) p-AMPKo/AMPKoa.
(B) AMPKa/GAPDH. (C) p-AMPKa/GAPDH. (D) p-mTOR/mTOR. (E) mTOR/GAPDH.
(F) p-mTOR/GAPDH. (G) p-P70 S6K/P70 S6K. (H) P70 S6K/GAPDH. (I) p-P70 S6K/GAPDH and
(J) representative blots. Data expressed as mean + SEM of n = 5-6 mice. Analysis by one-way
ANOVA followed by Bonferroni’s post-hoc comparison test or Kruskal-Wallis followed by Dunn’s
post hoc test when appropriate. * p < 0.05 and *** p < 0.001 versus HFD. AMPK, 5 AMP-activated
protein kinase; mTOR, mammalian target of rapamycin; P70 S6K, Ribosomal protein S6 kinase beta-1.

Phosphorylated (Ser2448) mTOR relative to total mTOR had an overall significant
increase (p = 0.003) in skeletal muscle, but the post-hoc analysis revealed no statistical
significance between IRW45 and HFD (p = 0.2332), while in IRW15 p-mTOR (Ser2448) was
increased (p < 0.0138) (Figure 6D). Total mTOR was not affected (Figure 6E); however, p-
mTOR was statistically increased by IRW45 (p < 0.001) (Figure 6F). The downstream p70 S6K
protein phosphorylation trended to elevated IRW45 relative to total p70 S6K (Figure 6G,
p = 0.2075) and 3-fold relative to GAPDH (Figure 6l, p = 0.15); however, total p70 S6K
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protein was significantly increased (p < 0.045) in IRW45 compared to HFD (Figure 6H). In
adipose tissue, no changes were seen in total and phosphorylated mTOR or p70 S6K in both
retroperitoneal and epididymal WAT (Supplementary Figures S4 and S5, respectively).

3.7. Adipose Tissue UCP-1 Abundance

The investigation of UCP-1 abundance in retroperitoneal and epididymal WAT is
shown in Figure 7. UCP-1 was decreased by HFD compared with LFD and this was
significant in epididymal WAT (p < 0.0188) (Figure 7B). IRW15 and IRW45 exhibited
intermediate abundance in epididymal WAT.

B ANOVA
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200

150

100+

UCP-1/ B-actin
(% change from HFD control)

50+

HFD IRWA45 IRW15 LFD HFD IRW45 IRW15

D

Retroperitoneal WAT Epididymal WAT

BB vt - - ——

PN S et et b m BraCtin e ot et b B b A . s

HFD

: IRW15 ! : IRW45 : : LFD : HFD : } IRW15 b IRW45 !

Figure 7. White adipose tissue UCP-1 protein abundance. Retroperitoneal WAT UCP-1 (A) and repre-
sentative blot (C). Epidydimal WAT UCP-1 (B) and representative blot (D). UCP-1 was normalized to
-actin. Data expressed as mean + SEM of n = 5-6 mice. Analysis by one-way ANOVA followed
by Bonferroni’s post-hoc test or Kruskal-Wallis followed by Dunn’s post hoc test when appropriate.
* p < 0.05 versus HFD. UCP, uncoupling protein.

4. Discussion

Natural health products [25] are used by a wide range of the population but their
efficacy in managing complex metabolic diseases is still debated. Despite that, food-derived
bioactive peptides exhibit positive physiological effects related to metabolic diseases and
their complications [14,26,27]. IRW is an ovotransferrin-derived bioactive peptide previ-
ously shown to exert antihypertensive and anti-inflammatory effects [17,19]. In addition,
in vitro, IRW presented antioxidant effects and improved insulin signaling [20,21]. In this
study, using an obese, IR rodent model we demonstrated that IRW supplementation at a
dose of 45 mg/kg BW: (1) prevented BW and fat mass gain during HFD treatment while
protecting lean body mass; (2) improved glucose tolerance and fasting blood glucose and
insulin concentrations; and (3) enhanced insulin-dependent and -independent signaling
governing glucose uptake in skeletal muscle. IRW15 was not as effective as IRW45, illus-
trating dose dependence. For this reason, the discussion is focused on IRW45 findings.
Contrary to our hypothesis, these activities of IRW did not appear to involve the inhibition
of local RAS.

As previously demonstrated [18,19], IRW retained biological activity in vivo possibly
because we mixed IRW into the HFD, which may have protected from degradation by
digestive enzymes [28]. However, IRW can be degraded into the dipeptide IR in simu-
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lated gastrointestinal digestion, which decreases its ACE inhibitory activity drastically
in vitro [15]. We did not calculate the concentration or characterize the bioactive form
reaching the bloodstream in the current study and we cannot exclude the possibility of
the dipeptide IR being bioactive in vivo, therefore it is only a speculation. Nevertheless,
IRW at a dosage of 45 mg/kg BW promoted enhanced glucose homeostasis. This dosage
is comparable to other studies investigating the role of small-molecules, natural products
or bioactive peptides in cardio-metabolic conditions using rodent models. For example,
AdipoRon, a small-molecule agonist of adiponectin receptor is used at 50 mg/kg BW [29],
curcumin at 100 mg/kg BW [30], soy B-Conglycin at 10% of diet (w/w) [31] and the
di-peptide (Trp-His) at dosages ranging between 10-100 mg/kg BW [32,33]. Moreover,
metformin is used at 200 mg/kg BW in rodent models of diabetes [34,35].

In this study, IRW45 improved both fasting and insulin-stimulated glucose indices
and decreased fasting insulin in HFD-fed, glucose-intolerant mice, consistent with reduced
HOMA-IR. Similarly, an egg white hydrolysate improved glucose tolerance and insulin
sensitivity in HFD rats [10]. In Zucker Fatty rats, egg white hydrolysate treatment lowered
fasting insulin but not glucose concentrations, resulting in reduced HOMA-IR and HOMA-
f indices [36]. Although our ITT study shows that IRW45 treatment improved insulin
sensitivity compared to the HFD group, the significance was lost after adjustment for
baseline blood glucose concentration, suggesting that the effects observed were dependent
on differences in fasting blood glucose concentration.

Glucose uptake in skeletal muscle occurs via insulin-dependent and -independent
pathways. Insulin activates the PI3K-AKT cascade leading to translocation of GLUT4 to
the plasma membrane, and thus increases glucose uptake [37], which was demonstrated
in skeletal muscle of IRW45 treated animals compared to the HFD. However, because ITT
was not different between groups, insulin-independent pathways may also play a role.
AMPK activation, such as in muscle contraction, enhances GLUT4 translocation [38] and
increases glucose entry independently of insulin [39]. Indeed, AMPK« phosphorylation
in skeletal muscle of IRW45 animals was significantly increased. Both AKT and AMPK
pathways could contribute to improved glucose tolerance observed in IRW45 mice. We
also acknowledge the possibility of enhanced basal AKT phosphorylation by IRW directly.
In this study, only insulin-stimulated animals were included, which did not allow for this
latter analysis.

We initially hypothesized that IRW-mediated improvements in insulin signaling would
be associated with reduced local RAS activity, based on previous studies [15,18,19,40]. De-
spite IRW being an ACE inhibitor in vitro [15], we found no effect of IRW on systemic ACE
activity in this IR model, similar to previous results using IRW in SHR rats [18]. However,
IRW reduced ACE protein abundance in skeletal muscle, which might contribute to lower
local ACE activity. Moreover, plasma ACE2 activity was increased in our study, consistent
with previous studies showing that oral IRW supplementation enhanced circulating ACE2
abundance and activity [18], and ACE2 protein expression in the aorta of SHR rats [40].
ACE2 antagonizes the actions of angiotensin II, thereby reducing blood pressure, and reduc-
ing CVD risk through angiotensin (1-7)/Mas receptor axis as reviewed [41]. Interestingly,
in this study angiotensin (1-7) was not increased by IRW treatment.

In skeletal muscle, modulation of AT1R and AT2R regulates insulin action locally,
with systemic AT2R blockade impairing insulin-stimulated AKT phosphorylation, whole
body glucose uptake, and muscular microvascular function, while systemic AT1R blockade
restored muscle insulin signaling [4]. AT2R opposes the effects of AT1R activation in blood
vessels with their interplay regulating blood flow and glucose utilization in skeletal mus-
cle [42]. In our study, IRW45 increased AT2R abundance in skeletal muscle. Similarly, we
previously showed that egg hydrolysate enhanced AT2R abundance in WAT and liver, and
improved glucose tolerance [10]. Possibly, increased AT2R abundance in skeletal muscle
tissue permits increased binding of angiotensin II to AT2R in the capillary endothelium,
thus improving blood flow to facilitate insulin access to muscle cells and enhancing glucose
uptake. Moreover, IRW may directly activate AT2R in muscle cells, which we speculate
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may improve glucose transport via AMPK and PPARYy activation. Despite no clear direct
link between AT2R and AMPK yet being demonstrated, RAS modulation improves glucose
tolerance and insulin sensitivity via AMPK activation [43,44].

In some tissues, such as WAT, AT2R is linked to PPARy as evidenced by PPARy
mRNA and activation being enhanced by AT2R agonists [45] and egg white hydrolysate
concomitantly increased AT2R and PPARy abundance [10]. Thiazolidinediones (TZDs)
are PPARYy agonists and cause insulin sensitizing effects by enhancing skeletal muscle
glucose uptake, reducing liver glucose output, and affecting WAT physiology [46]. PPARy
agonists potentiate AKT phosphorylation in WAT and skeletal muscle [47] and specific
deletion of PPARY in skeletal muscle of mice induces IR [48]. In IR hamsters, PPARy
RNA expression in skeletal muscle is downregulated, along with other genes regulated by
PPARYy such as Ppargcla, Lpl, and Adipog (adiponectin) genes [49]. In this study, IRW45
treatment upregulated Pparg and Lp! in skeletal muscle while increasing PPARYy protein
abundance, suggesting that IRW may upregulate a cassette of PPARy-related genes as part
of its metabolic activity.

Despite similar caloric intake, IRW45 improved body composition by reducing BW and
fat mass gain, while protecting lean mass. In humans, the reduction of whole-body fat mass
after an exercise intervention was associated with increased insulin sensitivity index [50].
Recently, an extract from rice hulls decreased fat mass by suppressing adipogenic genes
in epididymal WAT and liver while enhancing AMPK« protein, consistent with increased
fatty acid oxidation [51]. However, neither AMPK« nor PPARy abundance changed in
visceral WAT after IRW treatment. We also investigated whether enhanced thermogenesis
in WAT induced by IRW might explain reduced fat mass because AT2R activation was
previously shown to induce UCP-1 in epididymal WAT [52] and brown adipose tissue [53].
We found that compared with LFD, UCP-1 was reduced in HFD epididymal WAT, similar
to other findings [54]. IRW45 treatment tended to increase UCP-1 but not as strongly as
expected if thermogenesis was the main route eliciting fat mass loss. The mechanism by
which IRW reduced fat mass is still unclear and other pathways deserve investigation.

Skeletal muscle synthesis is a key indicator of metabolic health and is regulated by
insulin [55]. Upregulation of genes involved in muscle synthesis was induced by IRW.
Primarily, mTOR activation is modulated by nutrients and, once activated, is involved
in protein and lipid synthesis [56]. However, despite increased AMPK phosphorylation
and expression of muscle synthesis genes in skeletal muscle, phosphorylation of mTOR
(Ser2448) by IRW was not dose-dependent nor correlated with phosphorylation of the
downstream S6K P70. Nevertheless, the gene upregulation observed after IRW supplemen-
tation indicates a possible ability of IRW to trigger myogenesis pathways, which may be
related to our observation of protected lean body mass. Alternatively, IRW may be acting
independently of mTOR to promote these effects.

In summary, IRW reduced BW and fat mass gain while improving glucose tolerance
and insulin sensitivity in HFD mice. We identified several mechanisms of action for IRW
in skeletal muscle and, to a lesser extent, WAT that were independent of ACE inhibition.
Pathways influenced by IRW include the AKT/GLUT4 and AMPKa/GLUT4, which both
enhance glucose uptake in skeletal muscle, while activation of the AT2R/PPARy pathway
could improve insulin sensitivity. Furthermore, IRW may reduce inflammation [18,21],
contributing to insulin sensitization. Because the liver regulates fasting glucose homeostasis,
IRW may also improve liver insulin sensitivity during fasting, leading to better glucose
tolerance. IRW effects in the liver are currently being investigated by our group. Thus,
IRW has the potential to exert beneficial effects on glucose homeostasis, making it a strong
candidate to be further studied in the context of metabolic diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biomedicines10061235/s1, Figure S1: Food intake measured as
kcal intake per day per animal during 8 weeks of IRW treatment. Figure S2: Insulin Tolerance test (ITT)
and area under the curve (AUC) for OGTT after 8 weeks of IRW supplementation. Figure S3: White
adipose tissue (WAT) insulin signaling and PPARYy protein abundance. Figure S4: Retroperitoneal
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white adipose tissue (WAT) AMPK«, mTOR and P70 S6K protein abundance. Figure S5: Epididymal
white adipose tissue (WAT) AMPKx, mTOR and P70 S6K protein abundance. Table S1. Body
composition of C57BL/6 mice after 6 weeks of LFD or HFD feeding. Table S2. Primers sequences
used for RT-PCR assay.
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