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CHARACTERIZATION OF A NOVEL BONE-TARGETING ANGIOTENSIN-(1-7)
CONJUGATE AND STUDYING ITS STABILITY, PHARMACOKINETICS' AND
PHARMACODYNAMICS' PROPERTIES
Dissertation Abstract--Idaho State University (2022)

The renin-angiotensin (Ang) system (RAS) is an enzymatic cascade that controls many

body functions. It consists of classical and protective arms counteracting each other.
Chronic imbalances of them are seen in different pathophysiological conditions. As part
of the protective arm, Ang-(1-7) is extensively known for its beneficial actions in different
body systems, including anti-inflammation, and anti-proliferation. However, enzymatic
instability and short half-life, leading to its low bioavailability, hamper Ang-(1-7)
beneficial effects. To address this shortcoming, we have employed a bisphosphonate
(BP) conjugation strategy by conjugating Ang-(1-7) to a non-nitrogenated BP moiety
through a polyethylene glycol (PEG) linker (Ang. Conj.).

We hypothesize that formation of the Ang. Conj. can improve its stability which can
present with an improved pharmacokinetic, and longer half-life. Therefore, it will
outperform the native Ang-(1-7) peptide in different diseases. Our objectives were to
show Ang. Con;. is capable of reducing signs and symptoms of inflammation in models
of arthritis and cancers.

Several methods were designed to test these hypotheses. chromatography method was
used to quantify Ang-(1-7) and Ang. Conj. and to study Ang. Conj. stability, and
pharmacokinetic, and pharmacodynamic. Fluorescent spectrometry was used to
compare the hydroxy apatite binding of Ang. Conj. and compare it to the native peptide

in vitro. MTT assays were done to measure the cancer cell viability. To perform the
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animal study of RA, Sprague-Dawley rats were treated with vehicle or test articles. Body
weights and arthritis indices were measured during the study and nitric oxide
colorimetric assay, and the RAS components in tissues were analyzed.

Our results suggest that Ang. Conj. has more bioavailability and bone targeting capacity
compared to native Ang-(1-7). Moreover, administration of Ang. Conj. decreased
edema, weight loss, and nitrite/nitrate, and it balanced the RAS components' levels in
an RA rat model and SS model in mice.

We concluded that inflammatory diseases have detrimental effects on the RAS. We
highlight the feasibility of a novel class of bone-targeting peptides for RA and other
inflammatory conditions and prolonging the half-life of Ang-(1-7), enhances its
therapeutic effects. Our approach represents a novel therapeutic opportunity for using

natural peptides in inflammatory conditions.

Keywords: The renin-angiotensin system, Bone drug delivery, Pharmacokinetics,

Pharmacodynamics
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1 Chapter I: Introduction to Bone Structure and

Bone Drug Delivery

1.1 The Renin-Angiotensin (Anqg) System (RAS)

The discovery of renin about 80 years ago resulted in remarkable advances in
scientists' understanding of the RAS (Fig. 1). This system has several critical
physiological actions (1). It is involved in several enzymatic reactions through the
activity of its enzymes, peptides, and receptors components (2). The pharmacological
actions of the RAS have been shown to be on a wide range of body tissues, including
the kidneys, heart, brain, gastrointestinal tract and reproductive organs (3). Diverse
actions of Ang peptides as part of the locally acting RAS are present in almost all
tissues of the body. The RAS that is distributed in tissues contributes to many metabolic
diseases (4), in tandem with the centrally-acting RAS that controls blood pressure and
body fluid homeostasis (5, 6). As a major regulator of body homeostasis, the RAS has
two counter-regulatory axes: "the classical RAS" composed of Ang converting enzyme
(ACE)/Ang llI/Ang type 1 receptor (AT1R) axis. On the other hand, “the protective arm”
is composed of ACE2/Ang-(1-7)/Mas receptor (MasR) which promotes anti-proliferation,
anti-angiogenesis, and vasodilation effects (7). Ang-(1-7) inhibits arginine-vasopressin
release from rat hypothalamo-neurohypophysial to control blood pressure in the CNS,
increases the synthesis of nitric oxide in heart (8) in addition to protective effects in
cardiovascular system (9), renal dysfunction (10), asthma and pulmonary fibrosis, and
regulating the pancreatic hormones, liver, and skeletal muscle functions (9). The

positive role of this pathway in different cancers have shown as well (11). These two



arms are maintained in a dynamic balance (12) in healthy individuals; however, when
the RAS is activated, the balance shifts toward the classical arm (13). Ang Il, which was
known to be the effector peptide of this system, is produced enzymatically from Ang | in
plasma and various tissues by the action of ACE1 (14). This peptide can directly act on
the AT1R or exert its actions indirectly through aldosterone stimulation. AT1R activation
via Ang Il will result in vasoconstriction, cardiac hypertrophy, remodeling, inflammation,
fibrosis (15), proliferation, and metastasis of several cancers (16-18). Formation and
stimulation of reactive oxygen (ROS) and nitrogen species (RNS) stimulated by the
AT1R cause pathophysiological conditions (19, 20). The formation of the ROS activates
many signaling pathways that trigger mitogen-activated protein kinases (MAPK),
tyrosine kinases, phosphatases, calcium channels, and redox-sensitive transcription
factors resulting in cell growth, and pro-inflammatory gene expression (21). Moreover,
the chymase enzyme can generate Ang Il, a non-ACE1 enzyme that hydrolyzes
angiotensinogen to Ang-(1-12) (22). Chymase is produced and distributed in many
organs, including the heart (23). Recent studies have demonstrated that Ang Il is not
the final product of the RAS, and other peptides affect different bodies' systems and
mechanisms (24). The opposite arm of the classical pathway regulates the
cardiovascular, central nervous system, gastrointestinal, musculoskeletal, and immune
systems (25). Functioning as a carboxypeptidase, ACE2 was discovered two decades
ago and converts Ang Il to Ang-(1-7). Being a member of the G protein-coupled
receptors (GPCR) (26), MasR is a specific receptor for Ang-(1-7), but not Ang Il (27).
Another side of the protective arm is the stimulation of the AT2R, a functional AT1R

antagonist, by Ang Il, which results in vasodilation, anti-proliferation, anti-inflammatory,



and anti-fibrotic. Although some controversy exists regarding its beneficial role, new
studies suggest a protective role for AT2R activation, especially in renal diseases and
injuries (28, 29).

There are some other enzymes involved in the RAS. Other than renin, some acid
peptidases, including cathepsins E and D, and aspartic proteinases, are capable of
forming Ang | from angiotensinogen (30-32). Cathepsin D is found in lysosomes,
whereas cathepsin E is an endoplasmic reticulum, endosomes and other cell
compartments enzyme. Formation of various peptide precursors are done by both
cathepsin enzymes (31). Formation of Ang | can also be done by two neutral peptidases
in the brain: elastase and proteinase 3 (33, 34). Furthermore, generation of Ang Il can
be performed directly from angiotensinogen through the action of two neutral peptidases
cathepsin G and tonin, together with elastase and proteinase 3, without Ang |
production as an intermediate. This is done by the cleavage of the peptide bond
between the Phe®-His® residues (35, 36). Aminopeptidases have traditionally been
thought to be inactivators of Ang Il (37). In the brain, it has been suggested that
aminopeptidase A activity is essential for formation of an active Ang Ill peptide which
plays a key role in central control of arterial blood pressure (38). Metabolization of Ang |l
can also be done by endopeptidases, such as neprilysin, thimet oligopeptidase, and
neutral endopeptidase. They cleave the Tyr*—lle® bond and form two tetrapeptides (39,
40). Moreover, all these endopeptidases are able to cleave Ang | to form Ang-(1-7) (39,
41). Neprilysin is a neutral endopeptidase and a member of the membrane-bound, zinc-
dependent metalloproteases. It cleaves peptide bonds on the amino acid side of

hydrophobic amino acid residues (42, 43).
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Figure 1. The RAS pathway and its opposing arms. Adapted from reference (44) with
permission.

Targeting different components of the RAS has been an interesting topic. It led to
significant discoveries of ACE1 inhibitors (ACEIls), and Ang Il receptor blockers (ARBs)
mainly for treating cardiovascular disorders. Accumulating evidence supports that
targeting the protective arm components, such as Ang-(1-7), counteracts the Ang |l
action (25). Ang-(1-7) has been tested in different pathological conditions, such as
diabetes (45), diabetic nephropathy (46), cardiovascular (47) and pulmonary diseases
(48), rheumatoid arthritis (RA) (49), Alzheimer's disease (50, 51) and cancer (52-55).
However, its low bioavailability due to systemic enzymatic degradation hampers its

beneficial effects. Different strategies extend its short circulation half-life, including



structural modifications or appropriate drug delivery systems. For example, in an effort,
Ang-(1-7) is incorporated in hydroxypropy! 3-cyclodextrin for a long-term oral
formulation of the peptide (56, 57). Hay et al. fabricated a glycosylated Ang-(1-7) with
improved pharmacokinetic parameters to treat vascular cognitive impairment and
inflammation-related memory dysfunction (58). A liposomal formulation of Ang-(1-7) was
fabricated to slow-release the peptide for a long-lasting cardiovascular effect (59). A
structurally-modified acetylated and aminated Ang-(1-7) was made for the purpose of
treating lung cancer and it showed an increased peptide stability with improved
pharmacokinetic parameters and half-life (60). These approaches enhanced the
therapeutic efficacy of peptide drugs in general and Ang-(1-7) in specific (61). In a
different strategy, we utilized the bone as a target for drug delivery, which will be

discussed in detail in the following section.

1.2 Bone Structure and Bone Drug Delivery

Bone is essential for numerous vital functions in the body and is necessary for life. It
provides a rigid framework of our skeletal system, allows the movement of limbs by
interacting with muscle, protects internal organs, generates and maintains various blood
cells, and is a source of essential minerals such as calcium and phosphorus (62).
Strategies for different drug deliveries provide the benefit of improving the active
pharmaceutical ingredients delivery to the site of drug action. The power of targeting
drugs to the bone surface has been known since the mid-1970s, when radioactive
technetium BP conjugation was used for the diagnostic imaging of bone metabolism
(63) (Fig. 2). Using BP conjugation as a foundation for enhanced and novel drug

delivery of small molecules to bone has been explored by several researchers (64, 65).
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However, proteins and peptides conjugation strategies are being tested by different
groups, recently. This approach has faced several challenges in controlling the site-
directed coupling of bisphosphonate moieties to the peptide backbone while continuing

to maintain the therapeutic abilities of the active biological component (66-68) (Fig. 3).
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Figure 2. Schematic illustration of Ang. Conj. chemical synthesis using Fmoc-mediated solid-
phase peptide synthesis. Adapted from reference (69) with permission.
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1.3 Inflammation

Inflammation is considered a body physiological response and a protective mechanism
against harmful stimuli, damage to its cells, and/or invasion by a pathogen. It prevents
the spread of infection, eliminates pathogens, disposes of dead cells, and sets the stage
for healing and repair. Complex physiological mechanisms are involved in the process
of inflammation, including activation of the immune system, release of chemical
mediators, and tissue response. These are all considered as the body's biological

response towards harmful stimuli (70).

1.3.1 Pathophysiology of Inflammation

Multiple systems and a series of processes in the body coordinate the biological
mechanisms behind the inflammatory response. Such processes can be classified into
three types of responses: vascular, cellular, and immune.
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The inflammatory mediators' initial release results in vascular response marked by small
blood vessels vasoconstriction in the inflamed area followed by vasodilation of the
arterioles, increased vascular permeability, and increased blood flow. These result in
redness, radiation of heat, swelling, and flair formation in the inflamed area (71).

The cellular response begins with the leucocyte's infiltration in the inflamed area and is
evident with the progression of inflammatory symptoms and tissue remodeling. The
cellular response is completed in four distinct steps: 1) pavement: a process of antigen
recognition, pooling of blood and release of inflammatory mediators; 2) emigration:
infiltration of leucocytes; 3) chemotaxis: increase in the local population of leucocytes
and macrophages at the site of inflammation; and 4) phagocytosis: involving the actual
process of digestion of microbes or dead cells by the immune cells (71-73).

Lastly, the immune response involves a response against the invading microbe by
coordinating T-cell-mediated cellular immunity and antibody-mediated humoral
immunity. Initially, T-cells are activated for antigen recognition and releasing chemotaxis
mediators to activate the B-cells in turn. Upon activation, B-cells produce antibodies
against the antigen. T-cells act as the regulators of the immune response as they
control the recruitment of immune cells at the site of inflammation (74).

The tissue repair process starts after the harmful stimuli removal, which is marked by
the appearance of fibroblasts in the inflamed area. First, the fibrin and collagen fibers
separate the inflamed area from the surrounding healthy tissue and provide an
environment for the digestion of the dead cells and further tissue repair by providing a
favorable inside environment. There are different stages in this process, including a loss

of tenderness, resistance to stretch, and immobilization, as the tissue adapts and



recovers from the removal of dead cells and harmful stimuli. It may take several months

to years for the tissue to regain its steady state and resume normal function (71-73).

1.3.2 Effects of Inflammation

The more we understand the inflammatory processes, inflammatory mediators, and
involvement of body mechanisms in inflammatory responses, it has very important to

investigate the effect of inflammation in different body organs.

Local effects of inflammation: When the inflammation happens, its local effects
include an increased blood supply, increased vascular permeability of the capillaries,
and leaking of the blood vessels. This would pool the fluids and leads to edema,
redness, heat radiation, and swelling in the inflamed area. This will help with toxins
dilution, help antibodies to reach the antigens and neutralize them, and help the

lymphatic system with taking up the dead cells' debris.

Systemic effects of inflammation: When inflammation happens in the body, it is not
limited to the inflamed area only and involves multiple organs and systems. Various
systemic effects will be resulted from the release of inflammatory mediators in the
circulation during inflammation. This is when the preliminary symptoms develop into
systemic signs, including pyrexia, weight loss, nausea, anorexia, leukocytosis,
increased erythrocyte sedimentation rate, amyloidosis, and many other hematological
changes. Other systemic consequences of inflammation consist of compromised organs
function such as reduced renal function, changes in hepatic metabolism, and altered

ischemic reconditioning (75).



Pyrexia happens when the body’s temperature increases caused by bioactive proteins
(pyrogen) that are released by leucocytes in the process of digesting the invading
bacteria. The thermoregulatory center is affected by these pyrogens and some
prostaglandins, resulting in increased body temperature (75).

Another common systemic effect of inflammation consequences is weight loss caused
by the negative nitrogen balance during the process of inflammation, indicating the
consumption of energy. Reactive hyperplasia of the reticuloendothelial systems and
swelling or enlargement of the systemic lymph nodes is also common in acute and
chronic inflammation (75).

Hematological changes are non-specific inflammation consequences including an
increase in the erythrocyte sedimentation rate. These are assumed to be caused by the
release of cytokines, thromboxane, and leukotrienes by immune cells, which increase
the thrombogenic potential of blood (75).

Longstanding chronic inflammation also causes elevated levels of serum amyloid-A
protein abnormal shredded protein fragments that can result in plaque formation and

leads to systemic (reactive) amyloidosis, organ failure, and death (76).

Diseases associated with inflammation: Among all the inflammatory cytokines (e.g.,
interleukin-1 (IL-1) and -6, tumor necrosis factor- a, C-reactive protein (CRP)), CRP high
level is found to be associated with cardiovascular diseases. High levels of inflammatory
markers are also seen in depression, dementia, and Alzheimer's disease (77). There
are several other diseases that are associated with inflammation, too, including asthma,
RA, diabetes, immune disorders, Crohn's disease, hepatitis, and tuberculosis (78). In

what follows, RA, as one of the inflammatory disorders, will be discussed in detail.
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1.4 Arthritis

Arthritis is the inflammation of the joints and a musculoskeletal disorder that describes
various rheumatic conditions that affect joints, tissues around joints, ligaments,
cartilage, and connective tissue. It is considered one of the most common chronic
diseases in the world that affects one-third of the population of over 45-year-old
individuals in the United States. These patients, at some point, suffered from objective
joint pain, swelling, and loss of mobility due to arthritis (79). A significant number of the
youth (< 25 years) is also affected despite the fact that it is considered a disease of the
elderly. Arthritis has been found to be more prevalent in females in comparison to

males, and it has a substantial impact on the quality of life as a chronic disorder (80).

There are many types of arthritis that range from mild forms (e.g., tendonitis, bursitis,
and fibromyalgia) to severe and systemic forms (e.g., osteoarthritis and RA). Arthritis's
exact trigger is not known, but some of its risk factors are autoimmunity, microbial

infection, genetics, environment, smoking, and physical or emotional stress (81).

Arthritis is classified into different types: 1) Infectious arthritis (e.g., arthritis secondary to
bacterial and viral infections); 2) degenerative arthritis (e.g., diffuse idiopathic skeletal
hyperostosis); 3) RA (e.g., RA, juvenile arthritis); 4) traumatic arthritis (e.g., work-related
trauma to joints, radiation-induced arthritis, Raynaud's disease); 5) metabolic arthritis

(e.g., gout and pseudo-gout) (82).

RA is an autoimmune disease affecting 1% of the population worldwide. It has an
unknown origin and is characterized by the production of antibodies directed against the

body's own synovial tissues, cartilage, and bone. This results in joint and surrounding
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tissue inflammation, pain, and swelling. Despite the fact that RA is a joint disorder, its
signs and symptoms may spread to other organs, such as fever, loss of renal function,

and cardiovascular abnormalities (83).

1.4.1 Epidemiology of RA

RA is prevalent in 0.1-1% of the general population and is considered to be one of the
leading causes of disability in the world (84). RA is predominantly considered a disease
of the elderly (more than half of new RA cases occur between ages 40 and 70 years);
however, the younger population aged between 25-50 years old are also affected, and
women develop this disease three times more than men (81). In 2005, it was estimated
that 1.3 millions of the United States population are reported to have RA, and it imposes
a total of $128 billion to the United States economy through the direct and indirect cost
of treatment (85). Overall, 50% of people with RA are work-disabled, and this is

expected to increase in the next 30 years (86).

1.4.2 Pathophysiology of RA

The body's immune system plays an important role in producing antibodies against its
own cells, referred to as autoimmunity. These antibodies attack the synovial lining and
membranes around the joints resulting in inflammation, swelling, and pain in joints. The
RA characterization is the thickening of the synovium, stiffness of joints, loss of mobility,
and loss of alignment. The pathophysiology of RA involves an immune cell complex
reaction between humoral immunity (87). The synovial membrane is either damaged
during RA or infiltrated by the inflammatory cytokines released by inflammatory cells.

The subsequent activation result of these cytokines is the activation of antigen-specific

12



macrophages and T-cells. As a result, T-helper cells are recruited at the site of
inflammation, followed by triggering the humoral immunity by activating B-cells.
Subsequently, the activated B-cells will secrete antibodies against the synovial
membrane (88). This auto-antibodies production in tandem with the release of cytokines
in the synovial fluid creates an inflammatory environment in the joints that causes RA

(89).

1.4.3 Causes and risk factors of RA

Although the exact cause of RA is still not known, both genetic and environmental
factors are suspected of triggering the immune system leading to RA. Genetically, a
specific Human Leukocyte Antigen (HLA) gene polymorphism is reported to increase
the risk of developing RA by five times in comparison to the general population (90).
HLA is responsible for controlling the immune response against an antigen; thus, any
abnormality. Moreover, there are other genes polymorphism that is suspected to be

involved in RA but can only explain a part of the causes (91, 92).

Other risk factors include gender (mostly happens in women), use of oral
contraceptives, microbial infections, menstrual history, physical and emotional stress or
trauma, obesity, breastfeeding, and hormone replacement therapy. Environmental
factors such as smoking, air pollution, insecticides, mineral oil, and pollens could also

play an important role in RA development and progression (93).
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1.4.4 Symptoms of RA

RA's primary symptoms are swollen joints, redness, and pain. Larger joints are most
affected (e.g., wrists, knees, fingers, and ankles) simultaneously on both sides of the
body. The onset of the disease often happens slowly together with joint stiffness and
pain, further developing into morning stiffness, tender, and warm joints becoming stiff
over time. Morning stiffness usually lasts for one hour after waking up and wears off as
the joint and tendons warm up during the day. Additionally, chest pain, shortness of
breath, finger numbness, burning and tingling of extremities, and sleep disturbances are

other symptoms of RA (87-93).

1.4.5 Diagnosis of RA

Although RA's early symptoms are non-specific (e.g., malaise, weakness, muscle
soreness, and low-grade fever) and hard to diagnose. Its diagnosis should ideally be
made at the onset of the disease within six months of the preliminary symptoms. To
further prevent the emergence of greater damages, the appropriate treatment should be
started (93).

Diagnosis of RA should include the following:

Medical history: Asking for personal habits, recent and current symptoms (e.g., early
morning stiffness, inflamed nodules, low-grade fever, and restricted movement) followed
by a physical examination of the joints looking for any involved joints, pain, and swelling.
Blood tests: A complete blood test along with erythrocyte sedimentation rate and

specific inflammatory markers of RA (e.g., CRP) for confirmation.
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Imaging tests: An ultrasound, X-ray, or magnetic resonance imaging of areas that are
affected should be done for differential diagnosis and measuring the extent of erosion

and damage to the bone (93).

1.4.6 Complications of RA

1- Cardiovascular diseases: Cardiovascular diseases are the most common diseases
found in conjunction with RA, especially congestive heart failure and myocardial
infarction. Cardiovascular complications associated with an estimated 40% of the
deaths in RA patients.

2- Infections: Infections are common in RA patients, including tuberculosis being the
second leading cause of death in RA patients. However, it is still unclear if the
underlying cause of this infection is the immune system dysfunction due to RA or the
anti-rheumatic drugs side effects targeted to suppress the immune system.

3- Central nervous system diseases: Reports of anxiety and depression is prevalent in
patients suffering from RA.

4- Malignancies and cancer: RA patients at some point in their lives suffer from
malignancies such as lymphomas, leukemia, multiple myelomas, and cancer.

5- Carpal tunnel syndrome: RA can affect the nerves supplying to the hands at
advanced stages of the disease leading to curving of fingers and hands, a condition
called carpal tunnel syndrome.

6- Lung diseases: RA patients experience dramatic hemodynamic changes and
accumulation of fluids exudate in the lungs resulting in significant loss of surface area,

leading to shortness of breath, asthma, and scarring (93).
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1.4.7 Therapeutic Strategies for the Treatment of RA

There are several pharmacological and non-pharmacological strategies suggested for
the RA that can improve the disease condition, avoid further complications, and improve
the quality of life. The overall goals of RA therapy are relieving symptoms, preventing
joint damage, improving physical function, and preventing complications.
Non-pharmacological approaches include physical activities that are properly designed,
including walking, cycling, swimming, and jogging. If the patients do these exercises
properly and regularly, they can reduce pain and fatigue, improve mobility, counter
depression, strengthen the joints, and improve quality of life. It is recommended that the
RA patient 150 minutes per week moderate physical activity, combined with resistance
training two times per week. In addition to that the next step is to make sure to advice
the patient that physical activity is safe, and can improve the main RA symptoms. This
should be implemented by RA practitioner in every visit (94).

Pharmacological interventions include administration of non-steroidal anti-inflammatory
drugs (NSAIDs), glucocorticoids, disease modifying anti-rheumatic drugs, and biologics.
NSAIDs inhibit prostaglandin synthesis by inhibition of cyclooxygenase (COX) enzymes.
They are classified into non-selective and selective COX-2 inhibitors based on their
COX-2 selectivity (95).

Glucocorticoids are used to treat RA due to their immune-suppressive, and anti-
inflammatory properties. They suppress the immune system, and block the RA
inflammatory mediators. This class of drug, such as prednisolone, is used only in
extreme situations and for short-term because of their side effects, including weight

gain, thinning of the bones, and infections due to immune suppression (96).
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Disease modifying anti-rheumatic drugs modify the immune system and slow down the
RA progression by protecting joints from further damage. Examples of this category of
drugs are methotrexate, sulfasalazine, cyclophosphamide, gold salts, minocycline, and
penicillamine (97).

Biological response modifiers or biologics are monoclonal antibodies or anti pro-
inflammatory cytokines fusion proteins, and T-cell antigens (98). They are usually well-
tolerated but they have high-cost and are injectables, so their use is reserved for severe

conditions and for those patients who are non-responsive to regular medications (99).

1.5 RA and the RAS

Between all the mechanisms related to the pathogenesis of RA, the RAS plays a crucial
role in that. For example, Ang Il, known as a cytokine and growth factor, actively
contributes to many inflammatory effects (100). RAS is shown to be functional locally in
many organs and tissues, including chondrocytes, synovial tissue, and synovial fluid
(101). In the pathological synovium of RA patients, the existence of a locally activated
RAS is verified by showing a high level of ACE1 and active renin concentrations in the
synovial fluid in RA patients, proposing that inactive renin becomes active in the RA
(101). When the RAS becomes highly activated, Ang Il is formed in high amounts in the
RA, and is believed to have a great contribution to the disease initiation, progression
and inflammatory responses. Ang Il is responsible for the activation of NF-kB resulting
in an increase in tissue damage (102) plus enhances the production of pro-inflammatory
cytokines including IL-1, IL-6, and TNF-a. IL-6 upregulates the expression of vascular
AT1R causing further endothelial dysfunction, vasoconstriction, oxidative stress, and

inflammatory events (103). Ang Il also induces the ROS by AT1R activation and
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upregulating the NAPDH activity in osteoblasts, vascular smooth muscle cells, and
neutrophils (104). All these effects are confirmed by studies that administered AT1R
antagonists in animal models of RA and observed a potent anti-inflammatory effect
(105). For example, the co-administration of azilsartan, AT1R blocker, with etanercept
for the active RA treatment, resulted in a greater improvement of the disease condition
compared to the etanercept alone (102).

The expression and activity of ACE1, as another role key player in the pathology of RA,
was seen to be higher in RA patients’ synovia (106) and the administration of the
ACEls, such as captopril, improved arthritis symptoms, clinical scores, plasma viscosity,
and the CRP level in patients with active RA (107).

Ang Il action through AT1R can cause angiogenesis by stimulating the migration of
inflammatory mediators and cytokine release (108) in addition to local VEGF production
(109). The expression of the VEGF in synovial fluid in RA patients is significantly high.
Similarly, the Ang Il peptide level, as a classical arm component, is high in RA patients’
synovial fluid. As a result, it can be inferred that the level of the activated RAS
components, such as Ang Il is positively correlated with the expression of VEGF and its
involvement in the process of angiogenesis and cartilage degeneration (100).

The classical RAS shown to be an important cause of osteopenia in RA through
different pathways. The activated RAS impairs the balance between osteoclastogenesis
and osteoblastogenesis (110) through receptor activator of nuclear factor kappa-B
ligand (RANKL), Dickkopf-1 (DKK-1), and matrix metalloproteinases (MMPs) pathways.
RANKL pathway activation leads to osteoclastogenesis and joint inflammation by the

expression of NF-kB (111). DKK-1 is a glycoprotein that inhibits the Wnt/ 3-catenin
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signaling which is essential for osteoblast formation and inhibiting osteopenia (112).
Classical RAS upregulates DKK-1 by increasing its expression through AT1R activation
(104). MMPs, including MMP-13, MMP-9, and MMP-14 appear to be the most important
in degradation and apoptosis in the synovial tissue which are overly expressed by the
action of Ang Il via AT1R in osteoblasts (113).

We hypothesized that the bone-targeted Ang-(1-7) has higher stability, bone binding
capacity, improved pharmacokinetics parameters, and pharmacodynamics outcomes

compared to the native peptide.
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2 Chapter ll: Characterization, Validation, Stability,
and HA binding Properties of Ang-(1-7) and Ang.

Conj.’

2.1 Hypothesis and Objectives

We hypothesized that Ang. Conj. is stable and presents with improved pharmacokinetic
parameters and longer half-life compared to Ang-(1-7) native peptide (Chapter 1).

The objective of this novel approach was to characterize the Ang. Conj. via analytical
instruments, to test its stability in different media and temperatures, and to investigate
the preclinical pharmacokinetics and profiles of Ang-(1-7) after Ang-(1-7) and Ang. Conj.
administration in healthy rats. Pharmacokinetic properties of Ang-(1-7) was examined

after single i.v. bolus and s.c. injections.

2.2 Experimental Method and Materials

The Ang. Conj. was synthesized through a standard method of Fmoc-mediated solid-
phase peptide synthesis as explained in previously published works (69). The
compound was successfully characterized using an HPLC-DAD instrument as explained
below.

The HPLC method was validated for specificity, linearity, accuracy, and intra-day, and

inter-day variations. The working calibration curves were prepared in three different

' This work has been previously published in Amino Acids journal. Aghazadeh-Habashi A, Khajehpour S.
Improved pharmacokinetics and bone tissue accumulation of Angiotensin-(1-7) peptide through
bisphosphonate conjugation. Amino Acids. 2021 May;53(5):653-64. DOI: https://doi.org/10.1007/s00726-
021-02972-2.
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media by serial dilution of Ang. Conj. in double-distilled (DD) water, acetate buffer (pH
5.5), and PBS (pH 7.4). Stock solution was (500 pg/mL) used to achieve standard
samples concentrations of 0, 50, 75, and 100 pg/mL. The standard curves were
constructed by plotting the analyte/internal standard peak area ratio against each
compound’s given concentration. Three calibration curves were constructed on the
same day or three different days to determine intra- and inter-day variabilities. The
accuracy percentage was determined from observed concentration x 100/added
concentration. The coefficient of variation (CV%) was used to estimate the assay

precision.

2.21 HPLC-Photodiode Array Detector (DAD) Analysis of Ang. Conj.

An Agilent 1220 Infinity Il HPLC system (Santa Clara, CA, USA), configured to include a
degasser, a dual pump, an autosampler, a column oven, and a photodiode array
detector, was used in this assay. Chromatographic separation was carried out using a
Security Guard Cartridge Polar RP (KJ0-4282, 4.0 mm x 3.0 mm i.d.) and an Eclipse
XRD-C18 analytical column (4.6 x 150 mm i.d. 5 ym) (Agilent Technologies, Santa
Carla, CA, USA). The signal detection was monitored and integrated by the OpenLab
CDS software version 2.2.0 (Agilent Technologies, Santa Carla, CA, USA). The mobile
phases were composed of two solvents, A: 0.1% trifluoroacetic acid (TFA) in water and
B: 0.1% TFA in acetonitrile. The mobile phases were delivered using a gradient elution
program. The initial composition of the mobile phases (t = 0) was set at 10% B, which
was increased linearly to 60% B over 5 min and then maintained at 60% for an
additional 5 min. The gradient was then returned to 10% B over 3 min for column
recalibration before the next sample injection. The sample run time was 13 min, and the
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column oven was set at 30 °C. The analytes were detectable at different wavelengths;
however, 220 nm was chosen as the optimal wavelength for detection due to better

sensitivity.

2.2.2 Stability of Ang. Coni,.

Three different concentrations of 50, 75, and 100 uyg/mL of Ang. Conj. were prepared in
DD water, acetate buffer (pH 5.5), and PBS buffer (pH 7.4) and stored at room
temperature (25 °C), refrigerator (2-8 °C) and freezer (-20 °C). After 1, 3, 7, 10, 15, and
30 days, 100 pL of the solutions was sampled and analyzed by HPLC-DAD to monitor

the stability of Ang. Conj. over time under different storage conditions.

2.2.3 HA Binding

The affinity of the Ang. Conj. to the bone mineral, HA, was evaluated using a HA
binding assay according to a published protocol with some modifications (114). 20 ug of
Ang-(1-7) or an equivalent amount of Ang. Conj. was mixed with 5 mg of HA powder in
750 pL of the binding buffer. The buffers that were used in this study were double-
distilled water, 10 mM PBS buffer; pH 7.4, 50 mM PBS buffer; pH 7.4, and acetate
buffer; pH 5.5. Negative controls were prepared by mixing an equal amount of Ang-(1-7)
or Ang. Conj. in corresponding buffers without HA, and the mixtures were shaken at
room temperature for one hour. Then, tubes were centrifuged at 10,000 revolutions per
minute for five minutes. The supernatant was separated and assayed for unbound drug,
using a fluorescent spectrometer (AEx 215 nm, AEm 305 nm). The percentage of HA
binding was calculated as (Intensity of control — the intensity of supernatants)/Intensity

of control x 100%. Each experiment was measured in triplicate.
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2.2.4 Statistical Analysis

The results are shown as mean + SD unless stated otherwise. All statistical analysis
were done using GraphPad Prism® 9.3.0 statistics software 2021 (GraphPad Software,
Inc. La Jolla, CA 92037 USA). The significance level was set at p<0.05.

The mean values of HA binding study for Ang-(1-7) was compared with mean of Ang.

Con;. using two-tailed Students t-test.

2.3 Results

2.3.1 Characterization of Ang. Con,.

Ang. Conj. was successfully synthesized using solid-phase peptide synthesis (Fig. 4),
HPLC isolation (Fig. 4a), and MALDI-TOF confirmed the (Fig. 4b). A single conjugate
with a molecular weight of 2650.1 Da was produced. The representative HPLC-UV
chromatographic representation of Ang. Conj. has a single peak with more than 90%
purity (Fig. 4a). Mass spectrum determined by MALDI-TOF shows negative ion:

m/z=1324.24 (M2H"), validating the mass predicted for Ang. Conj (Fig. 4b).
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Figure 4. Semi-Prep HPLC chromatogram (a) and MALDI-TOF mass spectrum of Ang. Con;.
(b). Adapted from reference (69) with permission.

The HPLC-DAD method was validated for its specificity, linearity, precision, intra-day
and inter-day variations. The working calibration curves were constructed in three
different media: DD water, acetate buffer [pH 5.5], and PBS [pH 7.4] by serial dilution of
the Ang-(1-7) and Ang. Conj. stock solutions (500 pg/mL), yielding standard samples
containing 0, 50, 75, and 100 pg/mL of each compound. The standard curves were
created by graphing the ratio of analyte peak area to internal standard peak area versus
the concentration of each compound. To determine intra- and inter-day variances, three

calibration curves were generated on the same day or on three different days. The
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accuracy% was determined from observed concentrationx100/added concentration.

The coefficient of variation (CV%) was used to estimate the assay precision (Table 1).

Table 1. Intra- and inter-day precision (coefficient of variation, CV) and accuracy for HPLC
assay of Ang. Conj. in three different media. Adapted from reference (69) with permission.

Conc.

Medium (Mg/mL) Intra-day Inter-day

(CV%) Accuracy% (CV%) Accuracy%

50 <244 91.7+6.7 <0.99 99.6 £6.9
DD water 75 <1.31 101.1+£2.3 <7.25 105.6 + 12.6
100 <210 97.4 +2.7 <6.23 106.8 + 8.2
50 <2.81 91.5+8.3 <3.24 104.4 + 12.6
PBS buffer 75 <0.38 98.8+0.7 <8.37 107.8 £ 10.5
100 <2.90 100.7 £ 3.9 <7.83 102.5+10.4

50 <1.53 94.3+4.0 < 3.86 98.7+11.5
Acetate Buffer 75 <5.59 88.0 £ 10.2 <10.36 102.7£10.4
100 <1.05 99.3+14 <10.03 106.5+ 10.1

2.3.2 Stability of Ang. Coni,.

The stability of Ang. Conj. was examined in three matrices: DD water, acetate buffer

(pH 5.5), and PBS (pH 7.4). This test was conducted at three temperature storage

conditions: (i) room temperature (25 °C), (ii) refrigerator (2-8 °C), and (iii) freezer (-20

°C) for four weeks to make sure that the conjugate did not degrade during the duration

of the investigation.



Results reveal that Ang. Conj. is more stable in an acidic medium under all three

storage conditions for a period of four weeks (Table 2). The representative

chromatograms depict the peaks of the internal standard, Ang. Conj. and Ang-(1-7),

after 28 days of storage in various matrices and under varied circumstances (Fig. 5).

Table 2. Percentage of Ang. Conj. remaining after four weeks of storage in different media.
Adapted from reference (69) with permission.

Temperature 25°C 4°C -20 °C
Length of storage (day) 5 28 5 28 5 28
Acetate buffer (pH 5.5) 94.3 93.3 98.4 98.0 99.8 99.5
DD water 90.6 64 95.9 92.4 99.5 99.1
PBS buffer (pH 7.4) 72.8 22.6 91.9 79.2 99.2 98.9
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Figure 5. Representative analytical HPLC-DAD individual chromatograms of (A) blank, internal
standard (IS), Ang-(1-7), and Ang. Conj. standard solutions and (B) Ang. Conj. solution (plus IS)
in the different media after 28 days at room temperature. Adapted from reference (69) with
permission.

2.3.3 HA Binding

The bone mineral affinity of the bone-targeting Ang. Conj. is evaluated and compared to
the Ang-(1-7) peptide. As it is shown in Fig. 6, Ang-(1-7) exhibited 4.2 £ 0.1%,
3.7+0.6%, 4.4+£0.2%, and 2.6 + 0.4% binding capacity in DD water, PBS 50 mM, PBS

10 mM, and acetate buffer, respectively. In comparison, the corresponding figures for
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Ang. Conj. were 20.4 + 0.5%, 6.8 + 0.6%, 8.4 + 0.2%, and 11.6 + 0.5%. These results
indicate that the binding capacity of Ang. Conj. in each medium was substantially higher
than that of Ang-(1-7). In addition to pH and phosphate ion presence and concentration,
pH and phosphate ion presence also affected the binding capacity. Higher binding was
seen at an acidic pH (pH 5.5 vs. pH 7.4) with a lower concentration of phosphate ion (10

mM vs. 50 mM) (Fig. 6).
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Figure 6. The binding capacity of Ang-(1-7) and Ang. Conj. in the different media. N=3 for each
group, *Significantly different from Ang-(1-7), p < 0.05. Adapted from reference (69) with
permission.

2.4 Discussion

The RAS is a desirable target for therapeutic research due to the roles that its counter-
regulating arms play and how they affect different pathological conditions and its
protecting arm of ACE2/ Ang-(1-7)/ MasR has attracted a lot of interest. Numerous
studies have examined the Ang-(1-7) peptide to show its beneficial effects in
counterbalancing the negative effects of Ang Il in cardiovascular (47, 115, 116), renal
(105, 117), pulmonary (48, 118), arthritis (49), cancer (52-55), diabetes (45, 46, 119),

and neurological disorders (50, 51, 120). However, the stability and short biological half-
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life is a key challenge for peptides that are biologically active and are considered to be
promising therapeutic agents. The active peptide, Ang-(1-7), which has a number of
advantageous effects, is not an exception. To avoid such limitations, continuous
infusion of Ang-(1-7) is used in some recent clinical trials to treat different pathological
conditions (121-123), which is not considered patient compliant. So, numerous attempts
have been made to enhance the peptide stability, particularly Ang-(1-7). For example, a
lanthionine-stabilized Ang-(1-7) known as cyclized Ang-(1-7) was shown to be fully
resistant to ACE1 and other peptidases and was presented with improved stability and
half-life and efficacy against type 2 diabetes mellitus (124). In several attempts by
researchers, Ang-(1-7) was included in B-cyclodextrin to treat myocardial infarction post-
inflammation and prevent hyperglycemia in type 2 diabetes mellitus (56). However,
none of these applications addressed the peptide short half-life for oral administration. A
simple and effective method of producing an alternative Ang-(1-7) analog was
introduced by Ma et al. (60) with N and C termini protected by acetylation and amination
(Ang-AA). Ang-AA pharmacokinetics and toxicity results in significantly reduced Ang-(1-
7) hydrolysis in mice and longer half-life in rats with preserving the specific binding of
Ang-AA to the MasR. Ang-AA had greater inhibitory effects on proliferation, migration,
and invasion in the A549 cell line than Ang-(1-7). Using an Ang-(1-7)-bioexpressing
bacteria, Carter et al. showed that it can increase the Ang-(1-7) and decrease Ang Il
levels compared to Ang-(-17) s.c. administration and can reduce the neuro-inflammation
in prefrontal cortex (125). In the current study, we synthesized a stable PEGylated
bone-targeting conjugate of Ang-(1-7), called Ang. Conj. while preserving its biological

activity (126). When compared with native Ang-(1-7) peptide, Ang. Conj. exhibits greater
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stability in various matrices and a longer biological half-life (69). The MALDI-TOF
spectrum of the final compound matches the anticipated molecular weight and verifies
the successful conjugation of Ang-(1-7) and synthesis of Ang. Conj. (Fig. 4). Higher
stability was obtained by using PEG as a spacer in the conjugate structure (Table 4 and
Fig. 5). After exposure to HA in solution in different media, the bone-targeting efficacy of
Ang. Conj. increased. Ang. Conj. displayed more than fourfold higher bone HA binding
capacity when compared with native Ang-(1-7) in DD water [pH 6.0]. By decreasing the
pH from 4 to 6, its affinity decreased from 20% to 11.6% (acetate buffer pH 4).
However, the binding capacity was still greater in PBS solution pH 7.5 (Fig. 6). The
ability of the conjugate to bind to the bone in various media may be explained by the
phosphate group’s ionization status on the BP moiety and the existence of competing
phosphate ions. the effects of competing ions were more noticeable when phosphate
buffers with varying molarities were utilized. The HA binding data show that pH and the
ionization state of phosphate groups of the BP moiety have less of an effect on the

conjugate HA binding than the presence of competing phosphate ions in the matrix.

2.5 Conclusion

In conclusion, characterization and pharmacokinetic studies of Ang. Conj. confirm the
idea that it can target the bone and use it as a reservoir for maintaining a therapeutic
plasma level of active peptide by conjugating Ang-(1-7) with bone-seeking BP. High
solution stability and significant prolongation of the Ang. Conj. plasma half-life following
i.v. and s.c. administrations demonstrate the efficacy of our strategy in enhancing
peptide chemical and biological stability. The capacity of Ang. Conj. to target bone led to

a longer circulatory half-life and greater potency of Ang-(1-7) compared to the original
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peptide. The findings of this study point to Ang. Conj. as a potentially effective
therapeutic alternative for the treatment of inflammatory bone disease associated with
activated RAS, including osteoporosis, osteoarthritis, RA, Paget's disease, and

malignancies with bone metastases.
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3 Chapter lll: Plasma Angiotensin Peptides as
Biomarkers of Rheumatoid Arthritis are
Correlated with Anti-ACE2 Auto-Antibodies Level

and Disease Intensity?

3.1 Background

3.1.1 RAS and Inflammation

See section 1.5. (Chapter 1).

3.1.2 Anti-ACE2 Autoantibodies

ACE2 is one of the main components of the RAS, which converts pro-inflammatory Ang
Il to tissue-protective Ang-(1-7). The urinary or plasma-circulating ACE2 was shown to
be associated with different disease conditions such as renal (127), cardiovascular
(128), and metabolic disorders (129). Many studies correlate plasma ACE2 levels with
hypertension (128), heart failure, microalbuminuria, and nephropathy in diabetic patients
(129). Although those patients had a higher plasma level of ACE2, they presented with
reduced ACE2 activity and had considerable level of circulating anti-ACE2

autoantibodies (130) (Fig. 7). Herein, we investigated the production of anti-ACE2

2 This work has been previously published in Inflammopharmacology journal. Khajeh Pour S, Scoville C,
Tavernier SS, Aghazadeh-Habashi A. Plasma angiotensin peptides as biomarkers of rheumatoid arthritis
are correlated with anti-ACE2 auto-antibodies level and disease intensity. Inflammopharmacology. 2022
May 26:1-8. DOI: https://doi.org/10.1007/s10787-022-01008-9.
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autoantibodies in inflammatory conditions, impacting Ang peptides levels. All in all, the
classical RAS has an important contribution to the pathology of RA and its inhibition

improves the sign and the most specific hallmarks of disease in animal models of RA.
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Figure 7. An illustration of ACE2 inactivation by its specific autoantibodies. Adapted from
reference (44) with permission.

3.2 Rationale

Activation of the RAS due to different etiologies results in chronic imbalances can be
seen in different pathological conditions such as RA.

The urine or plasma circulating ACE2 has been linked to a variety of diseases, including
renal (127), cardiovascular (128), and metabolic problems (129). Numerous studies
connect plasma ACE2 levels with hypertension, heart failure, microalbuminuria, and
nephropathy in diabetic patients (128, 129). Despite having a greater plasma level of
ACE2, these individuals exhibited a decreased ACE2 enzyme activity and a high level
of anti-ACEZ2 autoantibodies (130). In this study, we evaluated the impact of anti-ACE2
autoantibodies on Ang peptide levels in inflammatory conditions. Therefore, Ang-(1-7)

level as a product of ACE2 activity and assessment of the Ang II/Ang-(1-7) ratio coupled
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with anti-ACE2 autoantibodies could provide accurate diagnostic and prognostic
biomarkers for individuals with various inflammatory disorders such as RA.

This investigation was an exploratory pilot study in which 12 patients with RA were
enrolled using a convenience sampling approach at the time of the study. Patients were
categorized into the “active” and “remission” groups based on the disease diagnosis
criteria explained below. The Institutional Review Board approved this study through the
IRB-FY2020-273 protocol. Written informed consent was obtained from all patients

before admission to the study.

3.3 Hypothesis and Objectives

We hypothesized that the RAS classical arm is augmented and the protective arm is
suppressed in RA. As a result, the stage of the diseases is inversely related to the Ang-
(1-7) level and directly related to the Ang Il levels and the presence of anti-ACE2
autoantibodies. Moreover, we hypothesized that higher systemic levels of Ang-(1-7)
could modulate and put the disease into remission and protect the patient from long-
term consequences of RA.

This study aimed to explore a correlation between plasma Ang I/ (1-7) ratio, anti-ACE2

autoantibodies level and disease activity in RA patients.

3.4 Experimental Methods and Materials

3.4.1 Defining the RA stage

The RA activity staging was made using a Routine Assessment of Patient Index Data
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3 (RAPID3) questionnaire (131) and measurement of CRP. RAPID3 questionnaire
includes the three patient-reported American College of Rheumatology (ACR) Core
Data Set and is a self-reporting index. RAPID3 measures RA based on physical
function, pain, and the global patient status estimate (131). Each of these criteria is
scored 0 to 10, for a total of 0 to 30 scores. On the other hand, CRP is an RA acute
phase protein and it is commonly measured in clinical practice. Its elevation happens at
a very early stage of inflammation and can be a valid marker for inflammation and
infection. Furthermore, CRP is widely used as an index of disease activity in
rheumatological and other connective tissue diseases, except for systemic Lupus
Erythematosus (132).

In this study, CRP level above 10 mg/L correlated with elevated RAPID3
measurements. Thereby confirming active RA disease in certain patients. Those

patients with less disease activity or disease remission had CRP levels below 10 mg/L.

3.4.2 Plasma Sample Collection, Solid-phase Extraction, and LC-MS/MS analysis
of the Ang Peptides

Two mL of blood was obtained from each patient and transferred to test tubes

containing 100 uL iced-cold protease inhibitor cocktail solution for inactivation of the

peptidases based on the manufacturer’s protocol. No heparin was added to the

samples, and EDTA was used as an anticoagulant. Samples were then centrifuged for

10 min at 2500 xg at 4 °C and plasma samples were collected into several tubes to

avoid repeated freeze and thaw cycles and were stores at -80 °C until analysis.

The extraction of the Ang Il and Ang-(1-7) was done using a previously established

method (133) with minor changes. Briefly, 200 pL of plasma samples were treated with
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50 L of the 20 ng/mL IS ([Asn', Vals®] Ang Il), and formic acid to the final concentration
of 0.5%. Extraction was done using Waters C18 SPE column. They were
preconditioned with 2 mL ethanol and 4 mL DI water. Samples were then loaded onto
the cartridge, followed by 3 mL of DL water for washing. The vacuum was applied to
further dry the cartridges and Ang peptides were eluted with 2.5 mL of methanol
containing 5% formic acid. The samples were dried using a Savant 200 SpeedVac
system (Thermo Fisher Scientific, Waltham, MA, USA). The dried samples were
reconstituted in 50 yL 16% acetonitrile in water containing 0.1% formic acid, and 10 pyL
of samples were injected into the LC-MS/MS to measure the Ang peptides
concentrations, using a standard curve for Ang peptides. The LC-MS/MS analysis of the

Ang peptides are explained in previous sections.

3.4.3 Enzyme-linked Immunoassay (ELISA) for the Detection of Anti-ACE2
Autoantibodies in Plasma
The presence of anti-ACE2 autoantibodies in the sera of patients suffering from RA was
measured using an ELISA method described by Takahashi et al. with some
modifications (130). The recombinant human ACE2 was purchased from Abcam
(ab151852, Cambridge, United Kingdom). About 10 ug/mL of recombinant ACE2 was
made in carbonate-bicarbonate buffer pH 9.6 and 200uL of that was added to each well
in a 96-well ELISA plate. The plate was covered with an adhesive plastic and kept at 4
°C overnight. The next day, it was blocked with a blocking buffer (5% skim milk in PBS)
for 2 hours at room temperature. Then, it was washed 3 times with the washing buffer
containing 0.1% Tween-20. Two-hundred pL of the sera of the patients were added to

each well in triplicates and incubated for one hour at room temperature on a horizontal
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shaker. Bound anti-ACE2 autoantibody was detected using 200 uL of horseradish
peroxidase-conjugated anti-human IgG (secondary antibody) (Novus Biologicals,
Littleton, CO, USA) diluted in the wash buffer (1:1000). The plate was incubated at room
temperature for 2 hours and then washed 3 times with the wash buffer. Two-hundred uL
ready-to-use of SureBlue™ TMB peroxidase substrate (Kirkegaard & Perry Laboratories
Inc., Gaithersburg, MD, USA) was added to each well and kept at room temperature for
30 minutes to develop the yellow color and the reaction was stopped with 50 L of
stopping solution (3 M hydrochloric acid). Addition of the stop solution increases
absorbance values 2-3-fold. The optical density (OD) values were read on a
VarioscanLux™ microplate reader (Thermofisher Scientific, Waltham, MA, USA) at 450

nm (134). All samples were tested in triplicates.

3.4.4 Statistical Analysis

Data distribution for the human study was tested for their normality. The one-tailed
Student’s t-test was used to analyze the demographics. The Mann-Whitney U and two-
tailed Student’s t-test was used for anti-ACE2 ELISA scores, and correlations. to
determine significant differences at p < 0.05 using GraphPad Prism 8.0 software (San
Diego, CA, USA). The Pearson correlation coefficient between variables was calculated
using SAS Studio online version.

The results of ELISA analyses are presented as mean + SD of OD450 nm of anti-ACE2
autoantibody in the human plasma. The mean values obtained for the remission RA

group are compared with mean of active RA group using two-tailed Students t-test.
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3.5 Results

3.5.1 Patients’ Demographics and RA Staging

Table 3 presents the demographics of patients with RA in remission (n=7) and active
(n=5) groups. Each group contained an equal number of males and females. Age, body
mass index (BMI), medication use, and comorbidities exhibited no statistically significant
differences. However, the score values for CRP and RAPID3 between the two groups
were significantly different (Table 3).

The American College of Rheumatology (ACR) includes RAPID3 among the indices
used to quantify RA disease activity (135). Based on the CRP levels and RAPID3

scores, five patients have active RA and seven patients are in remission.

Table 3. Baseline demographic and clinical characteristics of RA patients. Adapted from
reference (44) with permission.

varabls  Remssiongroup  felvegrow P
Age 68.29 + 12.05 68.80 + 15.22 ns®
BMI 28.57 £ 5.71 27.60 + 5.46 ns®
Medication use 743 +3.78 7.40 £ 2.07 ns?
Comorbidities 1.71+£1.25 1.80 £ 0.84 ns?
CRP (mg/L) 1.59 +1.27 16.10 £ 10.97 0.0054*
RAPID3 score 8.29 +6.38 19.85 + 7.64 0.0085*

*One-tailed t-test was performed, p<0.05.%ns; not significant.
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3.5.2 Plasma Levels of Ang Peptides

The mean + SEM results of the levels of Ang-(1-7) and Ang |l peptides are shown in
Fig. 8A. The data indicate that Ang-(1-7) level in active RA (1.29 £ 0.81 ng/mL) is
significantly lower than in remission RA (7.63 + 2.61 ng/mL). In contrast to Ang-(1-7)
levels, Ang Il levels are significantly higher in active RA patients (5.43 £ 1.82 ng/mL) as
in comparison to the remission group (0.87 + 0.16 ng/mL).

The ratio of Ang-(1-7)/Ang Il in remission and active group is shown in Fig. 8B. This
ratio was significantly lower in the active (0.25 £ 0.12) than in the remission group (5.61

+ 0.67).
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Figure 8. Ang-(1-7) and Ang Il plasma concentration (ng/mL) in the active (n=5) and remission
(n=7) groups (A), and the ratio of Ang-(1-7)/Ang Il (B). Data are presented in mean + SEM,
*significantly different from the remission group, p<0.05. Adapted from reference (44) with
permission.

3.5.3 ELISA Scores for Plasma Anti-ACE2 Autoantibodies
Samples from active and remission patients showed an ELISA reactivity to ACE2. The

OD values were above the baseline level, and it was determined as the mean ELISA
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score in those samples. The mean ELISA score was significantly higher in the active

(1.81 £ 0.11) RA patients than in the remission (1.41 £ 0.11) RA patients (Fig. 9).
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Figure 9. The plasma anti-ACE2 autoantibodies ELISA scores of RA patients in the active and
remission stages. Data are presented as mean + SD, *significantly different from the remission
group, p <0.05. Adapted from reference (44) with permission.

3.5.4 Ang Peptides, Anti-ACE2 Autoantibodies, and RA Biomarkers Correlations
Fig. 10 illustrates the correlations between anti-ACEZ2 autoantibodies ELISA score, Ang
Il peptide level, Ang-(1-7)/Ang Il ratio and RAPID3 score and CRP level. Anti-ACE2
autoantibodies ELISA score correlated positively with CRP level (r = 0.7251) and
RAPID3 score (r = 0.6132). (Fig. 10A). In a similar fashion, Ang Il level was positively
correlated with anti-ACE2 autoantibodies (r = 0.6796), CRP levels (r = 0.7820), and
Rapid 3 score (r= 0.2555), but only in the latter instance was this correlation significant.
As shown in Fig. 10C, the sign of these relationships was negative for the Ang-(1-

7)/Ang Il ratio.
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Figure 10. Correlation between the (A) Ang Il concentration, anti-ACE2 autoantibodies ELISA,
and RAPID3 scores, (B)Ang Il plasma concentration, CRP levels, and anti-ACE2 autoantibodies
ELISA score, (C) Ang-(1-7)/Ang Il ratio, anti-ACE2 autoantibodies ELISA score, CRP levels,

and RAPID3 scores. Adapted from reference (44) with permission.

3.6 Discussion

In patients with RA in active or remission groups, the Ang-(1-7), Ang Il plasma levels,

Ang-(1-7)/Ang Il ratio, and anti-ACEZ2 autoantibodies ELISA scores were assessed and

compared. The aim of human study was to establish whether the RAS systemic axes

were unbalanced in RA. Ang-(1-7) levels were considerably lower in patients with active

RA, whereas Ang Il levels were significantly lower in patients in remission (Fig. 8).
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Similarly, the mean ELISA score of anti-ACE2 autoantibodies in active RA patients was
significantly greater (Fig. 8). As circulating soluble ACEZ2 is primarily responsible for the
conversion of Ang Il to Ang-(1-7), the lower Ang-(1-7)/Ang Il ratio in active RA patients
was attributed to the deactivation of ACE2 enzyme by greater levels of anti-ACE2
autoantibodies. This is consistent with the increased Ang Il plasma levels observed in
patients with active RA, and is positively linked with CRP levels and RAPID3 scores. It
is worth mentioning the observed results indicate that both arms of the RAS are affected
by RA. Accordingly, the higher score of anti-ACEZ2 autoantibodies in the active RA than
in remission patients emphasizes the contribution of the classical and protective arm to
the disease’s status and intensity (Fig. 10). It was previously reported that the plasma
anti-ACE2 autoantibodies in patients with inflammatory conditions such as pulmonary
arterial hypertension (130) and COVID-19 (136) were associated with the intensity of
the disease and poor prognostic outcome. The reported evidence aligns with the theory
that anti-ACE2 antibodies can decrease soluble ACE2 activity and lower the Ang-(1-
7)/Ang Il ratio in inflammatory diseases. This phenomenon shifts the balance between
the RAS arms toward the pro-inflammatory state and triggers observed arthritis
symptoms in RA and cytokine syndrome in COVID-19 patients. This study is the first to
report the RAS peptides and anti-ACE2 autoantibodies ELISA analysis associated with
RA disease activity.

Braz et al. (137) measured and compared the RAS components plasma level in healthy
and RA patients and correlated them with CV risk. The study failed to categorize the
patients based on their RA state of being in the active or in remission stage and did not

look at the plasma anti-ACE2 antibodies. In line with our study, Braz et al. reported an
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association between CV risks of RA with the imbalance of the RAS arms. They also
noticed an early, subclinical atherosclerotic disease in the cohort of female patients
suffering from RA for at least 6 months. This group reported higher ACE1, Ang Il, and
Ang-(1-7) peptides in RA patients and observed positive control between Ang Il levels
and disease activity indices, such as Disease Activity Score in 28 joints (DAS28) and
Clinical Disease Activity Index (CDAI). Similar to previously reported studies (128, 129,
138), the authors observed a higher level of ACE2 in RA patients. They also noted that
Ang-(1-7) level was higher and Ang II/Ang-(1-7) ratio was lower in RA patients, which
was interpreted as a compensatory mechanism of the protective arm of the RAS. The
observed higher ACE1/ACEZ2 ratio has been reported in animal models of arthritis. In
contrast to Braz et al.’s findings, such imbalance resulted in an expected higher Ang
[I/Ang-(1-7) ratio in plasma and heart tissues (139). The disparity in Braz et al study (a
lower ratio of Ang Il/ Ang-(1-7) in RA patients despite a larger ACE1/ACEZ2 ratio) may
result from a number of study design-related factors. First, the disease state of the
patient group (active vs. remission) is unclear. Our data indicate that the levels of RAS
components and the ratio of Ang-(1-7)/Ang |l are substantially linked with the severity of
RA. Therefore, analysis of data without considering the disease stage could be
misleading. In many inflammatory circumstances, it is known that inflammation activates
the RAS and influences its enzyme, peptide, and receptor levels in favor of the classical
arm (such as RA, diabetes, cancer, etc.) (140-142). This activation promotes disease
progression by producing pro-inflammatory mediators through Ang Il interaction with
AT1R. Secondly, using ACEls, ARBs, nonsteroidal anti-inflammatory drugs (NSAIDs),

and other anti-inflammatory medications increases ACE2 expression and Ang-(1-7)
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levels (139, 143). Therefore, such medications modulate the inflammation by restoring
the imbalance of the RAS components, which could explain the Braz et al. reported-
higher level of Ang-(1-7) beyond the componentry mechanisms. Third, despite the
higher trend of ACE2 in RA patients, its activity could be compromised by developing
anti-ACE2 autoantibodies, which have been observed in inflammatory diseases (130).
Thus, if the patients in Braz et al study were classified based on their disease condition
and their Ang Il and Ang-(1-7) plasma levels were compared to their disease state, a

comparable outcome to the present study could have been observed.

3.7 Conclusions

All'in all, the results of the human study are consistent with the theory that in RA, the
classical arm of the RAS is activated while the protective arm is inhibited. According to
this study, larger systemic and maybe local Ang-(1-7) levels may be able to control the
disease, induce remission, and protect the patient from RA's long-term effects. Future
research should evaluate these predictions using longer-term, more in-depth follow-up
studies and a more thorough analysis of the RAS components. Since the
pathophysiology of RA is still largely unknown, it is crucial to pursue any leads that
could shed light on this condition.

Overall, these findings confirm that the RAS is one of the major players in different
inflammatory disease pathophysiology, including RA, and cancer. Therefore, utilizing
the RAS components as the biomarkers of RA can serve as a reliable tool for early
detection. This could also help clinicians evaluate the treatment success rate and

determine disease prognosis to prevent long-term complications of RA.
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4 Chapter IV: Improved Pharmacokinetics of
Angiotensin-(1-7) peptide through

Bisphosphonate Conjugation?

4.1 Backqground

411 The RAS Components

See section 1.1 (Chapter 1)

4.1.2 Ang-(1-7) Peptide Actions in the Body

As one of the RAS active peptides, Ang-(1-7) exerts its beneficial and protective effects
via various pathways. Possessing such biological actions suggests the Ang-(1-7)
peptide is an effective therapeutic agent for the treatment of a variety of diseases
including: renal (105, 117) and cardiovascular diseases (47, 115, 116), diabetes (45,
52-54) (section 1.2, Chapter 1).

The short half-life of Ang-(1-7) due to rapid systemic clearance and enzymatic
breakdown through proteolysis in the kidneys, liver, and blood circulation diminishes its
therapeutic efficacy. These weaknesses collectively lead to the peptide's poor
pharmacokinetics and low bioavailability. Various strategies, including cyclization (124)

substitution with non-natural amino acid (144), and complexation with 3-cyclodextrin

3 The pharmacokinetic study has been previously published in Amino Acids journal using a radiolabeled
method. Here, we investigated the pharmacokinetic parameters using a different approach. Aghazadeh-
Habashi A, Khajehpour S. Improved pharmacokinetics and bone tissue accumulation of Angiotensin-(1-
7) peptide through bisphosphonate conjugation. Amino Acids. 2021 May;53(5):653-64. DOI:
https://doi.org/10.1007/s00726-021-02972-2.
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(56), have been employed to address this problem. By attaching a bone-targeting
moiety to Ang-(1-7) peptide via a spacer, we enhanced its biological half-life. This
innovative strategy was designed to analyze the preclinical pharmacokinetics of Ang-(1-
7) PEGylated bisphosphonate conjugate in healthy rats. After single i.v. bolus and s.c.

injections, the pharmacokinetic characteristics were evaluated.

4.2 Experimental Methods and Materials

4.2.1 Dose Calculation
The dose for the pharmacokinetic study was 1 mg/kg of the Ang-(1-7) or equivalent

dose for Ang. Conj.

4.2.2 Animal Handling, Cannulation, and Sample Collection

Healthy Sprague-Dawley rats (male) weighing 250-300 g were purchased from Charles
River (Wilmington, MA). Based on approved animal protocol #792, prior to any
experimental procedure, the animals were acclimated for four days in the standard
cages with two rats in each cage in a room with controlled temperature (25 £ 1 °C),
humidity (55 £ 5%), and a 12-h light/dark cycle. Animals had access to a standard
laboratory diet and water, ad libitum. After acclimatization, rats were randomly assigned
toi.v., and s.c. groups (n = 4/group). They were anesthetized with oxygen/isoflurane
(075/2%) and cannulated in the right jugular vein. After a 24-hr recovery, groups of
animals were dosed with Ang-(1-7) (i.v.) or Ang. Conj. (i.v. or s.c.) with a dose of 1
mg/kg peptide and peptide conjugate equivalent through a i.v., or s.c. injections. The

cannula was flushed with 200 uL normal saline after i.v. dose administration.
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Serial blood samples were collected at given time points. Sample collection for the rats
in the Ang-(1-7) i.v. group was done at 0, 3, 5, 10, 20, 30, 60, 90, and 120 min and for
the rats in the Ang. Conj. i.v. group was done at 0, 3, 5, 10, 20, 30, 60, 90, 120, 240,
360, 480, and 720 min, for the rats in the Ang. Conj. s.c. group was done at 0, 5, 10,
20, 30, 60, 90, 120, 240, 360, 480, 720, and 1440 min post-dose.

At each time point, 250 uL of blood was collected and replaced with same volume of
saline. Blood sample were added to a tube containing iced-cold protease inhibitor
cocktail. Tubes were kept on ice for 10 minutes and centrifuged at 13,000 RPM for 10
minutes. Plasma was then harvested and transferred to a new tube, snap-frozen in
liquid nitrogen, and kept at -80 °C until analysis. At 8 hr (for Ang-(1-7)) or 24 hr (for Ang.

Con;j.) post-dose, rats were euthanized by CO..

4.2.3 Sample Preparation, Extraction, and LC-MS/MS Analysis for Ang-(1-7)
Peptide Measurement
Ang-(1-7) peptide was extracted from plasma using a solid-phase extraction (SPE)
method by Cui et al. with minor changes in the process (133). Briefly, to 100 uL of
plasma samples, 100 uL of the [Asn’, Val®] Ang Il (I1S) (250 ng/mL) was added and
mixed. Final concentration of 0.5% formic acid was added and after vortex mixing,
samples were loaded onto the 2-mL-ethanol and 2-mL-water preconditioned Waters
C18 SPE cartridges (#WAT020805, Milford, MA), followed by 2 mL of deionized water
for washing. A positive nitrogen flow was applied to dry the cartridges further. Then 2.5
mL of 5% formic acid in methanol was used to elute the Ang-(1-7). The eluted solutions

were collected and dried under the stream of nitrogen. The dried samples were
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reconstituted in 100 uL of 16% acetonitrile in water containing 0.1% formic acid, and 30
ML of samples were injected into the LC-MS/MS.

The level of Ang-(1-7) peptide, was measured using a validated LC-MS/MS method
(133) in multiple reaction mode (MRM).The system was composed of liquid
chromatography in tandem with mass spectrometry (Shimadzu, Columbia, MD, USA)
with a controller (CBM-20A), two binary pumps (LC-30AD), an autosampler (SIL-30AC),
and an AB Sciex (Foster City, CA, USA) QTRAP 5500 quadrupole mass spectrometer
in positive electrospray ionization mode (ESI). The chromatograms were monitored and
integrated by the Analyst 1.7 software (AB Sciex, Foster City, CA, USA).

LC separation was performed on an analytical reversed-phase column Kinetex® C18
100 x 2.1 mm (1.7 ym) (Phenomenex, Torrance, CA, USA) by a combination of A: 0.1%
formic acid in water and B: 0.1% formic acid in acetonitrile as mobile phases at a flow
rate of 0.2 mL/min. The mobile phase gradient started at 5% B and increased to 30% B
in 5 minutes, kept at 30% B for 5 minutes., returned to 5% B in 3 minutes and held at
5% B for 2 minutes before the next injection for column re-equilibrium.

The positive ion ESI mass spectrometric parameters were as follow: capillary voltage;
5.5 kV, temperature; 300 °C, declustering potential (DP); 100 V, and collision cell exit
potential (CXP); 15 V. LC-MS/MS was performed with MRM transitions of m/z 300.6 —
371.2 (Ang-(1-7)) and m/z 516.5 — 769.4 (IS). Nitrogen was used as collision gas, and
the collision energies were set at 20-30 eV. A calibration curves using peak height ratio
(analyte over IS) were constructed over the range of 0.5-40 ng/mL in plasma was used

to measure the Ang-(1-7) levels in plasma samples.
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4.2.4 Pharmacokinetic Modeling and Analysis

Pharmacokinetic indices of Ang-(1-7) was determined using non-compartmental
analysis (NCA) (WinNonlin version 4.0, Pharsight, A Certara Company, CA, USA). Due
to lack of validated LC-MS/MS method for quantification of the Ang. Conj. we used Ang-
(1-7) levels as a surrogate to estimate the pharmacokinetic parameters of Ang. Con.
Drug doses were normalized based on animal body weight. The terminal elimination
rate constant, K., for the native peptide concentration-time curve after i.v. administration
was determined by the linear regression of at least three data points from the terminal
portion of the plasma concentration-time plots. The terminal half-life calculated based
on t12 = 0.693/Ke. The area under the plasma concentration-time curve (AUC:) was
calculated using the trapezoidal rule until the last measured plasma concentration, Ciast.
The AUCo.. was calculated by adding up the AUC: and Ciast/Ke. The total body
clearance, CL, was determined by i.v. dose divided by AUC;.. The terminal phase
volume of distribution of the compounds was calculated from V4 = CL/Ke. Total body
clearance and volume of distribution were corrected for bioavailability after s.c. injection,
and presented as CL/F and V/F, respectively. The parameters were determined for
each animal, and the sample population averages were calculated. The observed peak

plasma concentration (Cmax) and the time-to-peak concentration (Tmax) were recorded.

4.3 Results

Analysis of mean + SD of NCA pharmacokinetic parameters of Ang-(1-7) (i.v.) (Fig.
11B) and Ang-(1-7) released from Ang. Conj. (i.v.) (Fig. 11C) and Ang. Conj. (s.c.) (Fig.
11D) are listed in Table 4. After i.v. administration, the level of Ang-(1-7) in both Ang-(1-

7) i.v. and Ang. Conj. declined in a multi exponential fashion with a rapid initial
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distribution phase followed by a slower elimination phase (Fig. 11). Ang-(1-7) absorption

of Ang. Conj. after s.c. administration was rapid, as indicated by the occurrence of mean

peak plasma concentrations in about 0.83 + 0.29 hr (Fig. 11 and Table 4). There was a

significant difference in mean values of T12, V4, Ke, and AUC values following i.v. of

Ang-(1-7) and Ang. Conj. T12and AUC parameters of Ang-(1-7) significantly increased

and CL decreased after s.c. injection of Ang. Conj. when compared with i.v. route

demonstration of Ang-(1-7). The absolute bioavailability (F) for s.c. dose was 1.28.

Table 4. Ang-(1-7) pharmacokinetic parameters of Ang-(1-7) (n=3) Ang. Conj. (n=3) after i.v.,
and Ang. Conj. (n=3) after s.c. administration in healthy rats.  Significantly different from Ang-
(1-7), p<0.05, ® Significantly different from Ang. Conj., p<0.05.

PK Parameters

Ang-(1-7) (i.v.)

Ang. Con. (i.v.)

Ang. Con,. (s.c.)

Crnax (Hg/mL) - - 23.47 (2.01)
Tmax (hr) - - 0.83 (0.29)
Ta2 (hr) 0.71(0.1) 4.00 (0.87) @ 4.91(0.83) 2
Ke (1/hr) 0.97 (0.12) 0.18 (0.04) @ 0.14 (0.02) @
Ve (mL) 38.71 (5.09) 21.76 (5.06) @ -
CL (mL/hr) 43.97 (7.56) 3.35(0.18) 2 -
VlF (mL) - - 13.72 (2.94)
CL/F (mL/hr) - - 2.05 (0.54)
AUCit (Hg/mL*hr) 5.81 (1.11) 86.50 (4.72) 2 131.57 (26.60) &P
AUC: (ug/mL*hr) 4.91 (0.70) 73.73 (9.40) @ 127.09 (24.57) 2b
MRTin (hr) 0.91 (0.09) 6.45 (1.33) 2 6.94 (0.77) 2
F 1.28
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Figure 11. Mean = SD plasma concentration-time profile of Ang-(1-7) after Ang-(1-7) (n=3) Ang.
Conj. (n=3) i.v., and Ang. Conj. (n=3) s.c. administration in healthy rats (A). Plasma

concentration-time profiles of Ang-(1-7) for individual rats after Ang-(1-7) (n=3) Ang. Conj. (n=3)
i.v., and Ang. Conj. (n=3) s.c. administration.
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4.4 Discussion

The listed pharmacokinetic parameters of Ang-(1-7) and Ang-(1-7) released from Ang.
Con;. after single i.v. and s.c. indicate that PEGylation and BP conjugation increased

conjugate Vg4 and t1,2 while decreasing its total body CL (Table 4 and Fig. 11).

4.5 Conclusion

The Ang. Conj. bone-targeting ability resulted in a prolonged circulation half-life. Overall,
this study’s results suggest that Ang. Conj. is a promising therapeutic option for treating
the activated RAS-associated inflammatory bone diseases such as osteoporosis,

osteoarthritis, RA, Paget’s disease, and cancers with bone metastasis.
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5 Chapter V: Anti-Inflammatory Effects of Ang-(1-7)
Bone-Targeting Conjugate in an Adjuvant-Induced

Arthritis Rat Model*

5.1 Background

5.1.1 Inflammation and RAS

See section 1.5 (Chapter 1).

5.1.2 Inflammation and Arachidonic Acid (ArA) Pathway

The ArA pathway is another important system for regulating the body functions.
Phospholipids as a major constituent of the cell membranes that are esterified to cell
membrane glycerophospholipids, and are cleaved by phospholipases after stimulation
by trauma, infection, or inflammation. Phospholipase A2 action liberates of ArA from
membrane (145). Then, it becomes available for oxidative metabolism by multiple
enzymes such as COX and lipoxygenase, or cytochrome P450 (CYP 450) to produce
several metabolites. Many tissues including heart, kidney, liver, and lung express CYP
enzymes (146, 147). ArA is a precursor of a variety of mediators and its metabolites are
involved. ArA is metabolized to several eicosanoids by the action of enzymes. These

eicosanoids include hydroxyeicosatetraenoic (HETEs) which is produced by the action

4 This work has been previously published in Pharmaceuticals journal. Khajeh pour S, Ranjit A, Summerill
EL, Aghazadeh-Habashi A. Anti-Inflammatory Effects of Ang-(1-7) Bone-Targeting Conjugate in an
Adjuvant-Induced Arthritis Rat Model. Pharmaceuticals. 2022 Sep 17;15(9):1157.. DOI:
https://doi.org/10.3390/ph15091157.
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of lipoxygenase (LOX), epoxyeicosatrienoic acids (EETs) which are considered as CYP
P450 epoxygenase-derived metabolites, and dihydroxyeicosatrienoic acids (DHTSs)
which is the hydroxylated metabolites of the EET (Fig. 12) (148).

ArA metabolites are involved in different physiological and pathophysiological conditions
in different tissues, such as the brain (149-152), cardiovascular system (153), kidneys
(147, 154-157), liver (158, 159), and lungs (160, 161). The ArA metabolites are involved
in physiological and pathophysiological processes and their intracellular signaling
effects are seen in various diseases and inflammatory conditions, such as hypertension,

renal disorders, atherosclerosis, stroke, diabetes, obesity, and cancer (162).

54



Epoxygenases Hydroxylase
— C-OH = C-OH R C-OH
OO — oo by
— = . C~—— OH
5,6-DiIHT 5,6-EET 20-HETE
0
HO OH 0 0 o —_— = C-OH
= C-OH — C-OH
< _ _ OH
8,9-DHT 8,9-EET 19-HETE
Q Q
— — C-OH — — C-OH
SOl S SO
HO OH 0
11,12-DHT 11,12-EET
0 2
— C-OH == C-OH
B@SUi ol S ADO
HO OH o
14,15-DHT 14,15-EET

Figure 12. Arachidonic acid pathway. Hydroxyeicosatetraenoic acids; HETEs,
epoxyeicosatrienoic acids; EETs, dihydroxyeicosatrienoic acids; DHTSs.

Accumulating data suggest that ArA metabolites play an important role in triggering
inflammation and inflammatory conditions. Several studies previously identified some of
these ArA metabolites as potent pro-inflammatory agents and considered them as
indices of inflammation (138, 163, 164). In vitro studies using an acute inflammatory
model of lipopolysaccharide in mouse and rat have reported similar results (165).

LOX catalyzes the insertion of one molecule of oxygen into the 5-, 12-, or 15- carbon
position of ArA and is designated as 5-LOX, 12-LOX, or 15-LOX. §S-, 12S-, or S-

hydroperoxyeicosatetraenoic acid (5-, 12-, or 15-HPETE) are the main products, which
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can be further reduced to hydroxy forms by glutathione peroxidase (5-, 8-, 12-, 15-
HETE), respectively (166).

Multiple P450 enzymes can convert ArA to EETs, according to studies utilizing pure
and/or recombinant P450 enzymes, however with varying catalytic efficiencies and the
regioselectivity of EET production is P450 isoform-specific in general. CYP2CS8, for
example, produces 14, 15-EET and 11, 12-EET in a 1.3:1.0 ratio but no substantial
levels of 8, 9-EET. Multiple P450s contribute to the biosynthesis of EETs in a given cell
or tissue (167, 168). EETSs, like other ArA metabolites with significant vasodilatory and
anti-inflammatory properties, have been demonstrated to cause smooth muscle
hyperpolarization and relaxation by activating several types of K* channels (169). EETs
are metabolized to DHTs by soluble epoxide hydrolase (sEH), which have less
vasodilatory and anti-inflammatory activities than the parent EETs (170, 171).

As a major activator peptide within the RAS, Ang Il has shown to be correlated with the
metabolites from ArA pathway. ArA mimics the effect of Ang Il (172). Ang Il stimulates
phospholipase A2 which releases ArA, and stimulates oxidase activity in vitro. Inhibiting
ArA metabolism by its antagonists causes an attenuation of oxidase activation and
inhibits Ang ll-stimulated protein synthesis (173). Existing evidence show that Ang Il
stimulates the release of 20-HETE, suggesting the fact that CYP-450-derived HETEs

may be important mediators in Ang ll-induced vasoconstriction (174) (Fig. 13).
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Figure 13. The schematic overview of the RAS and ArA pathways and their interactions.

It is shown that the disturbance of the RAS arms is seen in many diseases such as RA
and cancers. The rationale behind testing the Ang. Conj, in an animal model is that the
evaluation of the effects of certain substances is more accurate in a complex in vivo

model. You can easily view all the side effects that a substance produces in all parts of

the body. The procedure may be easier as fewer variables need to be (or can be)



5.3 Hypothesis and Objectives

We hypothesized that inflammation resulted from arthritis disturbs the RAS balance.
Ang. Conj. can revert such imbalance in a greater extent compared to the native peptide
at cellular and molecular level. We also hypothesized that such changes can improve
the signs and symptoms of inflammation.

In this study, we focused on investigating the impact of the inflammation on the RAS in
the heart, kidney, liver, and lung tissues at gene and protein levels and investigate the
protective effects of Ang. Conj. treatment. We also evaluated Ang. Conj. systemic anti-
inflammatory effects through assessment of serum concentration of NO, Ang-(1-7), Ang

[, and ArA metabolites.

5.4 Experimental Methods and Materials

5.4.1 Dose Calculation

In case of in vivo pharmacodynamic studies.6 mg/kg or an equivalent dose of Ang.
Conj. was administered s.c. every other day. In this study, all doses were weight-
normalized and equivalent to their average therapeutic recommended dose for similar

inflammatory diseases.

5.4.2 Adjuvant Arthritis Induction, Assessment, and Animal Handling

Animal protocol #772 for rats has been approved by Idaho State University Animal Care
Facility, Pocatello, Idaho, USA. Adult male Sprague-Dawley rats (n=22) weighing 200-
250 g were purchased from Charles River (Hollister, CA, USA). Animals were then

housed in standard rat cages under controlled ambient temperature and humidity with
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12-hour day and night cycles and free access to water and standard rat food. After three
days of acclimatization, the rats were allocated into four groups, randomly, including
healthy control treated with saline (n=6), inflamed treated with saline (n=6), inflamed
treated with Ang-(1-7) (n=5), or Ang. Conj. (n=5).

To test our hypothesis (see section 6.3), an animal model of adjuvant-induced arthritis
(AIA) was used based on previously-published studies. Snekhalatha et al. tested the
efficacy of the arthritis severity score and ankle diameter of using a complete Freund’s
adjuvant (CFA) via thermal imaging measurements. This method was shown to be
effective in arthritis induction (96). AlA in rats is a commonly-used method for evaluating
the test drugs with potential use for treatment of RA and other chronic inflammatory
conditions. One of the methods is the injection of Mycobacterium butyricum suspended
in mineral oil into rats’ tail which causes an immune reaction. This immune reaction
causes an inflammatory response that leads to distal cartilage and bone destruction
concomitant with swelling of surrounding tissues (175). The induction of adjuvant
arthritis in rats was done by injecting of 200 pL of 50 mg/mL CFA containing
Mycobacterium butyricum suspended in squalene into anesthetized the rats under
isoflurane/oxygen mixture according to the manufacturer's protocol. The suspension
was injected at the tail base. Rats in the control group were injected with sterile normal
saline 0.9% solution instead. After 10-12 days, visible signs of inflammation associated
with adjuvant arthritis were developed in rats. Rats in control and inflamed groups
received blank normal saline (s.c.), whereas the rats in inflamed treated groups

received the assigned treatment of either Ang-(1-7) or Ang. Conj. every other day (s.c.).
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The emergence of arthritis and the progress of disease were measured by physical
monitoring of the rats and recording signs and symptoms of adjuvant arthritis (176).
After adjuvant inoculation, the physical signs of adjuvant arthritis were observed daily,
including swelling of paws, joints, ankles, and involvement of tarsal, metatarsals, and
front paws (177). Paw and joint diameters were measured using a micrometer caliper
(Mitutoyo Canada Inc., Toronto, ON) every other day. The change in the rats' body
weights was measured and recorded every other day using the animal balance.

The arthritis index, a kind of disease score, was calculated according to published
criteria (176). For each hind paw involved in swelling, we assigned a score between 0-4
(0O=not involved, 1=single joint, 2=more than one joint, 3=several joints with moderate
swelling, 4=several joints, ankles, and severe swelling). For each forepaw involved in
swelling, a score between 0-3 was assigned (0=not involved, 1=single joint, 2=more
than one joint, 3=involvement of wrists and joints with swelling).

Al was calculated by adding all the scores from both hind paws and both forepaws
together with a maximum of 14. A score of >5 was considered an emergence of signs
and symptoms of disease, and treatment would be started. For biochemical
assessments of arthritis, serum nitrate and nitrite were quantified using Griess reagent

according to a published method (178).

5.4.3 SS Induction

Mouse animal were approved by the Animal Care Facility committee of the Idaho State
University in accordance with legal and ethics standard. Human SYT-SSX2 cDNA was
obtained by reverse transcription and the total of RNA was measured to generate the

targeting vectors. Tumorigenesis was initiated in mice containing the SS18-SSX fusion
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gene by the injection of TATCre which was shown to induce SS in a majority of mice,

only after 3 months (179). Mice were injected with 30 pL if 100 uM TATCre into the

quadriceps. Genotyping was carried out utilizing a PCR protocol.

5.4.4

Sample Collection

For the RA study, after dosing the animals for 14 days and after 24 h from the last dose,

rats were anesthetized with isoflurane/oxygen and then euthanized. Blood samples

were collected using heart puncture and further divided into three tubes. The heart,

kidney, liver, lungs, and left joint tissues were surgically removed and processed for

different experiments as described in the following paragraphs:

1)

2)

For the nitrites and nitrate measurement, a portion of freshly -collected blood
samples were transferred in clean glass tubes and was kept at room temperature
for 20 minutes. Tubes were further centrifuged for 10 minutes at 3,000 rpm for
clearer serum. Serum was carefully separated using a micropipette in 1.7 mL
Eppendorf tubes and snap-frozen in liquid nitrogen to be stored at -80 °C for
further analysis of nitrite and nitrates using the commercial colorimetric assay kit.
For analysis of the RAS peptides, another portion of the blood was collected in
clean glass tubes containing 50 uL of Complete mini protease inhibitor cocktail
(Roche Diagnostics GmbH, Mannheim, Germany) for each 1 mL of blood. The
protease inhibitor cocktail was made using one Complete mini protease tablet in
10 mL isotonic normal saline. It inhibits a wide range of serine, cysteine, and
metalloproteases in biological samples yielding 1 mM ethylene diamine tetra
acetic acid (EDTA). Due to the interference with analysis, no heparin was added
to these samples. Tubes were gently mixed and centrifuged at 3,000 revolutions
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per minute at 4 °C for 10 minutes. The separation of the plasma in 1.7 mL
Eppendorf tubes was done carefully using micropipettes. Tubes were snap-
frozen using liquid nitrogen and then stored at -80 °C for further Ang peptides
analysis

3) For the ArA metabolites measurement, a portion of blood was collected in glass
tubes containing 60 USP units of sodium heparin (BD Diagnostics, NJ, USA). To
every 1 mL of blood, 200 uL of 0.9% normal saline containing 0.113 mL butylated
hydroxytoluene and 10 uM indomethacin (for inhibiting the cyclooxygenase
enzymes and preventing chemical and enzymatic decomposition of fatty acids)
was added. After gentle mixing, tubes were centrifuged at 3,000 revolutions per
minute at 4 °C for 10 minutes. Then, plasma was gently separated, kept in 1.7
mL Eppendorf tubes, snap-frozen in liquid nitrogen, and kept in -80 °C for further
HPLC analysis.

4) All other tissues were washed with normal saline collected in 2.0 mL labeled
polypropylene tubes and snap-frozen with liquid nitrogen. They were then kept in

-80 °C for further Western blot, qPCR, and histology tests.

5.4.5 Colorimetric Assay for Nitrite and Nitrate Measurement

For biochemical assessments of arthritis, serum nitrates and nitrites were quantified
using Griess reagent according to a published method (178) using a commercial kit
(Sigma Aldrich, St. Louis, MO, USA). The assay was done in a non-culture medium-
treated 96-well plate. The standard solutions were added so that they generate 0, 20,
40, and 80 nmol/well standard. Standards were done in duplicates according to the

manufacturer's protocol. For measuring both the nitrate and nitrite, 10 pL of nitrate
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reductase and 10 yL of enzyme co-factors solution. The sample preparation was done
by centrifuging the previously-collected serum in Amicon® Ultra-4 centrifugal unit with
Ultracel®-10 membrane to remove hemoglobin and proteins. (Sigma Aldrich, MO,
USA). 70 pL of the sample was added to each well in triplicates, and the buffer solution
was used to bring the sample volume of 80 L for nitrite and nitrate detection. The plate
was mixed well on a horizontal shaker for two hours. 50 pL of Griess reagent A was
added to each well and incubated for five minutes, following by the addition of the
Griess reagent B and shaking for ten minutes. The absorbance was then measured at
540 nm in a microplate reader. After drawing a standard curve and determining the
equation, each absorbance measurement was translated into the concentration of the

nitrite and nitrate.

5.4.6 Plasma Sample Collection, Solid-phase Extraction, and LC-MS/MS analysis
of the Ang Peptides

See section 3.5.2.

5.4.7 Quantitative Polymerase Chain Reaction (QPCR) Analysis of the RAS
Components

Total RNA was isolated from the tumor, kidney, liver, lung, and heart tissues using a

commercial kit according to the manufacturer’s brochure. Briefly, frozen samples were

kept at room temperature until they thawed. 50 mg of samples was weighed and added

to an Eppendorf tube. Total RNA was extracted from fifty mg tissue samples using

Quick-RNA™ Miniprep Plus kit (Zymo Research, Irvine, CA, USA) according to the

manufacturer’s protocol. Briefly, the samples were lysed into a yellow Spin-Away ™

63



Filter in a collection tube and centrifuged to remove the genomic DNA. Then 95-100%
ethanol was added to the flow through (1:1) and mixed well. This mixture was
transferred into a green Zymo-Spin™ [IICG Column in a collection tub and centrifuged.
The flow-through was discarded. Following the DNase treatment, 400 uL of RNA Prep
Buffer was added to the column, the solution was centrifuged, and flow-through was
discarded. This process was repeated with 700 yL of RNA Wash Buffer. To ensure
complete removal of the wash buffer, 400 yL of RNA Wash Buffer was added and the
column, was centrifuged for 1 minute. The remaining solution was carefully transferred
to a nuclease-free tube. Hundred pL of DNase/RNase-Free Water was added directly to
the column matrix and centrifuged to elute the RNA.

Real-time gPCR mRNA analyses were performed on a system using SYBR green
supermix (Bio-Rad, Hercules, CA, USA). Relative expression of all genes was
determined by the comparative threshold cycle method using 2-24¢t normalized with
GAPDH constitutive gene and expressed as fold change compared with control.

All primers were designed based on the rat species and a list of forward and reverse

primers is shown in Table 5.

Table 5. Primer sequences used in a reverse transcription-quantitative polymerase chain
reaction (QPCR) analysis of genes.

Gene Primers Sequences Reference
Forward (5—3) TTTGCTACACAAATGGCACTTGT (180)
ACE1 Reverse (5—3) CGGGACGTGGCCATTATATT
Forward (5—3) ACCCTTCTTACATCAGCCCTACTG (181)
ACE2 Reverse (5'—3) TGTCCAAAACCTACCCCACATAT
Forward (5—3) AGAAATCCCTTCACGGTCTACA (182)
MasR

Reverse (5'=3’) GTCACCGATAATGTCACGATTGT
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Forward (5=3) CCTCTACAGCATCATCTTTGTGG (183)

ATIR  Reverse (5—3) CACACTGGCGTAGAGGTTGA

Forward (5—3) CCTGCACCACCAACTGCTTA (184)

GAPDH  poverse (5—3) AGTGATGGCATGGACTGTGG

5.4.8 Western Blot Analysis of the RAS Components and Caspase-3

Western blot analysis was done to measure the protein density of ACE, ACE2, AT1R,
and MasR in the rat organs (heart, kidney, lung, liver) and ACE2, AT1R, and caspase-3
in the tumor tissue collected from mice. A published method with some modifications
was used. Briefly, the previously-frozen samples were thawed at room temperature.
Approximately 25 mg of tissue or tumor sample was weighed and homogenized in a
commercially available RIPA buffer (Alfa Aesar, Ward Hill, MA, USA) (pH 7.4) also
containing protease inhibitor cocktail (1 tablet Complete mini protease inhibitor with
EDTA in 10 mL of buffer). The tissue homogenate was centrifuged at 10,000 revolutions
per minute for 20 minutes at 4 °C following the collection of the supernatant in an
Eppendorf tube with discarding the tissue debris. The total protein was measured in
supernatant with fluorescence-based quantitation assay using a Qubit® protein assay kit
(Invitrogen, Eugene, OR, USA). The protein concentrations ranged from 4-6 mg/mL.
From each sample, a volume containing approximately 100 ug of protein was incubated
with sample reducing buffer (Fisher Scientific, MA, USA) in a thermocycler at 95 °C for 8
minutes. Samples were electrophoresed at 100 mV for the first 15 minutes and 200 mV
after that in 4-12% tris-glycine gels (Invitrogen, Eugene, OR, USA). The proteins were
transferred to PVDF membranes previously soaked and washed in transfer buffer

containing 0.1% Tween 20. Membranes were incubated in 10 mL blocking solution
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containing 5% skimmed milk in washing buffer for 1 hour in room temperature on a
horizontal shaker. Membranes were then incubated overnight at 4 °C with 10 mL of tris-
buffered saline (pH 7.4) dilution of respective of primary antibody, as per manufacturer
protocol. Primary and secondary antibodies were all supplied from Abcam (Cambridge,
MA, USA).

The dilutions used for this purpose were: 1) anti-ACE monoclonal antibody (ab254222)
at 1:100 dilution produced a 150 kDa band; 2) anti-ACE2 monoclonal antibody
(ab151852) at 1:100 dilution produced a 92 kDa band; 3) anti-AT1R monoclonal
antibody (ab124734) at 1:100 dilution produced a 42 kDa band; 4) anti-MasR
monoclonal antibody (ab235914) at 1:100 dilution produced a 37 kDa band; 5) anti-a-
tubulin monoclonal antibody (ab7291) at 1:100 dilution produced a 50 kDa band; 6) anti-
-actin monoclonal antibody (ab6276) at 1:100 dilution produced a 42 kDa band; 7)
anti-caspase-3 monoclonal antibody (ab13847) at 1:100 dilution produced a 34 kDa
band.

Following incubation with primary antibodies, the PVDF membranes were thoroughly
wash with 15 mL washing buffer 4 times 10 minutes each. They were then incubated
with secondary antibody (ab97051) in a dilution of 1:10,000 for 2 hours at room
temperature. After that, the secondary antibody was removed and the membrane was
slightly washed 4 times 10 minutes each on a horizontal shaker using the wash buffer.
The secondary antibody binding was then visualized using a quantitative
chemiluminescent substrate (Azure Biosystems, Dublin, CA, USA). Images were

captured and scanned on a western blot imaging system (Azure Biosystems, Dublin,
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CA, USA). The optical density of the bands was quantified by obtaining the ratio of the

target protein to an optical density of bands loading control (a-tubulin or 3-actin).

5.4.9 Sample Preparation, Simultaneous Extraction, and LC-MS/MS Analysis of
Ang Peptides
Extraction of the Ang peptides was done using an established SPE method based on a
method by Cui et al. with minor changes in the process (133). Briefly, to 200 uL of
plasma samples, 50 uL of the [Asn', Val®] Ang Il (IS) (100 ng/mL) was added and
mixed. Final concentration of 0.5% formic acid was added and after vortex mixing,
samples were loaded onto the 2-mL-ethanol and 2-mL-water preconditioned Waters
C18 SPE cartridges (WAT020805, Milford, MA). Samples were then loaded onto the
cartridge, followed by 2 mL of deionized water for washing. A positive nitrogen flow was
applied to dry the cartridges further. Then 2.5 mL of 5% formic acid in methanol was
added to elute Ang Il. The eluted solutions were collected and dried under the stream of
nitrogen. The dried samples were reconstituted in 100 pL of 16% acetonitrile in water
containing 0.1% formic acid, and 30 yL of samples were injected into the LC-MS/MS.
The level of Ang-(1-7) and Ang Il peptides, as one of two important biomarkers of the
protective, and classical arms of the RAS, respectively, was measured using a validated
LC-MS/MS method (133) in multiple reaction mode (MRM).The system was composed
of liquid chromatography in tandem with mass spectrometry (Shimadzu, Columbia, MD,
USA) with a controller (CBM-20A), two binary pumps (LC-30AD), an autosampler (SIL-
30AC), and an AB Sciex (Foster City, CA, USA) QTRAP 5500 quadrupole mass
spectrometer in positive electrospray ionization mode (ESI). The chromatograms were

monitored and integrated by the Analyst 1.7 software (AB Sciex, Foster City, CA, USA).
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LC separation was performed on an analytical reversed-phase column Kinetex® C18
100 x 2.1 mm (1.7 ym) (Phenomenex, Torrance, CA, USA) by a combination of A: 0.1%
formic acid in water and B: 0.1% formic acid in acetonitrile as mobile phases at a flow
rate of 0.2 mL/min. The mobile phase gradient started at 5% B and increased to 30% B
in 5 minutes, kept at 30% B for 5 minutes., returned to 5% B in 3 minutes and held at
5% B for 2 minutes before the next injection for column re-equilibrium.

The positive ion ESI mass spectrometric parameters were as follow: capillary voltage;
5.5 kV, temperature; 300 °C, declustering potential (DP); 100 V, and collision cell exit
potential (CXP); 15 V. LC-MS/MS was performed with MRM transitions of m/z 300.6 —
371.2 (Ang-(1-7)), m/z 349.7 — 400.2 (Ang Il), and m/z 516.5 — 769.4 (IS). Nitrogen
was used as collision gas, and the collision energies were set at 20-30 eV. A
calibration curves using peak height ratio (analyte over IS) were constructed over the
range of 500 pg/mL to 10 ng/mL in plasma was used to measure the Ang peptides’

levels in plasma samples.

5.4.10 Sample Preparation and LC-MS/MS Analysis of ArA Metabolites

The method for ArA metabolites extraction was obtained from a previously-done method
(185); however, we validated the method in our lab. Briefly, previously-stored samples
were thawed at room temperature. Then, they were centrifuged at 10,000 revolutions
per minute for 10 minutes at 0 °C and 300 uL of resultant supernatant was transferred
to 1.7 mL Eppendorf tubes. Then 100 uL of 200 ng/mL deuterated 8, 9-eicosatrienoic
acid (8, 9-EET-d11) was added as internal standard to each sample. 0.5% formic acid

was added to the samples for acidifying them.
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ArA metabolites were extracted using a liquid-liquid extraction method with ethyl
acetate. First, 500 pL of ethyl acetate was added to the samples following by
centrifuging at 10,000 revolutions per minute at 0 °C for 10 minutes. 300 pL of the
supernatant was collected and the extraction was done for the second time with 500 pL
of ethyl acetate followed by centrifugation and taking 600 pL of the supernatant.
Samples were dried under stream of nitrogen and reconstituted in 100 yL methanol. 10
WL of the reconstituted sample was injected into the LC-MS/MS. A published reverse-
phase HPLC method was validated and used in our lab (185). The separation and
detection were done on a Shimadzu (Columbia, MD, USA) HPLC system with a
controller (CBM-20A), two binary pumps (LC-30AD), an autosampler (SIL-20AC), and a
DGU-20A5 degasser, coupled with an AB Sciex (Foster City, CA. USA) QTRAP 5500
quadrupole mass spectrometer equipped with electrospray ionization (ESI) probe. Data
were acquired and analyzed using AB Sciex Analyst software (version 1.7) provided
with the system. Reverse phase chromatographic separation was achieved on a C18
Synergi™ Fusion-RP LC column (2.5 ym, 100 X 2 mm) (Phenomenex, Torrance) and
maintained at 40 °C. A C18 guard column (2.1 mm) (Phenomenex, Torrance, CA, USA)
attached to a holder (Phenomenex, Torrance, CA, USA) was attached prior to the
analysis column. The mobile phase A was 0.1% formic acid in water and mobile phase
B was 0.1% formic acid in acetonitrile. Separation of ArA metabolites was done using a
gradient at flow rate of 0.2 mL/min. The gradient started at time 0 with 5% B, then, it
was increased to 20% B at 2 minutes following by an increase to 55% B for 0.5 minutes.

It was held at 55% B for 2.5 minutes, and then increased to 100%B in two minutes and
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was held at 100% B for another minute. The gradient was dropped down to initial 5% B
at 9.5 minutes and held at 5% B for 1 minute to re-equilibrate the column.

The detection was done on a SCIEX QTRAP 5500 quadrupole mass spectrometer
(Framingham, MA, USA) in negative electrospray ionization (ESI) mode. The negative
ESI mass spectrometric parameters were as follows: capillary voltage, -4.5 kV;
temperature, 400 °C; declustering potential (DP), 100 V; collision cell exit potential
(CXP), 15 V. LC-MS/MS was performed with MRM transitions with the parameters
shown in Table 6. Nitrogen was used as collision gas, and the collision energies were
set at 20 eV.

The chromatograms were monitored and analyzed by the Analyst software version 1.7

from AB SCIEX (Framingham, MA, USA).

Table 6. Compound parameters for arachidonic acid metabolites, and their internal standard
with MRM in negative electrospray ionization mode.

Q1 Mass Q3 Mass

Analyte (Da) (Da) DP (volts) CE (volts) CXP (volts)
5, 6-EET 319 191 -30 -14 -11
8, 9-EET 319 155 -30 -14 -11
11, 12-EET 319 208 -120 -18 -11
14, 15-EET 319 167 -120 -18 -11
8, 9-EET-d11 330 155 -25 -18 -19
20-HETE 319 245 -95 -22 -15
5, 6-DHT 337 145 -115 -22 -11
8, 9-DHT 337 127 -105 -26 -11
11, 12-DHT 337 187 -115 -24 -19
14, 15-DHT 337 207 -40 -24 -13
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A standard curve ranging from 0.625-160 ng/mL was constructed in plasma to extract
the unknown concentration of samples from. The method was validated with performing

intra-day and inter-day assays for each ArA metabolite.

5.4.11 Statistical Analysis

The results of the Ang peptides concentration assays are presented as mean +
standard error of mean (SEM) in rat and human plasma (ng/mL). The Ang-(1-7)/Ang-I|
ratios are calculated individually for each rat, for plasma samples and then mean + SEM
was calculated. For multiple comparison in all groups, one-way analysis of variance
(ANOVA) followed by Tukey’s adjustment was used.

The results of the gPCR study were analyzed using 2722Ct where each gene is
compared to the control (GAPDH) and then the values for each group is calculated in
comparison to the control. The results are shown as mean + SD and for multiple

comparison in all groups, we used one-way ANOVA followed by Tukey’s adjustment.

The Western blot results analyses are presented as mean + standard deviation (SD) of
ratio of OD of the bands obtained for target protein and loading control beta-actin or
tubulin. The values optical densities were obtained by processing the Western blot
images through ImagedJ software (developed by multiple contributors worldwide and
available through University of Wisconsin-Madison). For multiple comparison between

along all groups we used one-way ANOVA followed by Bonferroni adjustment.
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5.5 Results

5.5.1 Effect of Ang. Conj. Treatment on Body Weight and Arthritis Index

AlA appeared 8-10 days post-adjuvant injection. It manifested as paw redness and
erythema of the ankle joints, followed by involvement of the metatarsophalangeal and
interphalangeal joints. Over time, the symptoms gradually extended to other areas of
the hind and forepaws. Three times each week, the weight, paw, and joint
measurements were taken. The paw and joint diameters on day 24 relative to day 0 are
provided as percentage changes (Fig. 14).

The percentage change of animals’ body weight gain was significantly reduced in AIA
animals and treatment with Ang-(1-7) and Ang. Conj. restored the body weight gain over
time (Fig. 14A). The weight gain percentage value in the inflamed (12.6 £ 5.5) and Ang-
(1-7)-treated group (31.6 £ 5.3) was significantly lower than the control group (50.1 +
2.5). However, the value in the Ang. Conj-treated group (34.2 + 4.5) was comparable to
that of the control group (Fig. 14A). As a measure of signs and symptoms of arthritis,
the arthritis index (Al) was significantly higher in the inflamed group indicating
efficacious arthritis induction. Therapeutic efficacy of Ang-(1-7) and Ang. Conj. was
noticeable after administration of three consecutive doses (~6 days), but it was
statistically significant at 10 days post-dose (Fig. 14A and B). The right and left joints
diameter percent changes at the end of the experiment compared to day 0 in non-
treated inflamed rats (29.0 £ 9.0 and 27.7 + 7.4) were significantly higher than in the
control group (2.7 £ 1.2 and 3.8 £ 0.8). The drug treatment impacted the swelling of
right and left joints as it was substantially lower in Ang. Conj. (3.6 + 1.6 and 2.5+ 1.4)

group than Ang-(1-7) (9.6 £ 2.5 and 12.4 + 7.4) group (Table 7 and Figure 14C and E).
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The same trend was seen for the left and right paw diameter percent changes but did

not reach a significant difference (Table 7, Fig. 14D and F).

Table 7. The percentage change in paw and joint diameters in different treatment groups at the
end of the experiment compared to day 0. Adapted from reference (186) with permission.

Paw diameter percentage change Joint diameter percentage

change
Mean (SEM) Mean (SEM)
Animal group Left hind Right hind Left hind Right hind
Control (n=6) 2.7 (2.0)° 0.0(1.3)2 27(1.2)° 3.8(0.8)°

Inflamed (n=6) 22.7 (10.6) 2 23.7 (10.5) 2 29.0 (9.0)° 27.7 (7.4)°

Ang-(1-7) (n=5) 4.8 (1.3)? 10.0 (10.7)@ 9.6 (2.5)2P 12.4 (4.6) @

Ang. Conj. (n=5) 3.1 (1.5) 2 1.8(0.6)2 3.6 (1.6) 2 2.5(1.4)2
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Figure 14. Effect of AIA and treatment with Ang-(1-7) and Ang. Conj. on the percentage change
of body weight (A) and the arthritis index (B) in the rats (n = 5-6). The percentage change in the
right joint (C), right paw (D), left joint (E), and left paw (F) diameters compared to day 0.
Different letters denote significant differences between groups (p < 0.05), one-way ANOVA
followed by Tukey’s post hoc test. Adapted from reference (186) with permission.

5.5.2 Serum Nitrate and Nitrite Levels
The serum nitrate and nitrite levels were significantly elevated in inflamed animals (5.15
1+ 1.02 ng/mL) compared to healthy control rats (0.22 £ 0.13 ng/mL). Ang. Con;.

treatment significantly reduced the NO concentration to 0.95 + 0.52 ng/mL, which was
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comparable to the control group. Although Ang-(1-7) treatment reduced the NO
concentration to 2.35 £ 0.73 ng/mL, this reduction did not happen to the same extent as
after treatment with Ang. Conj. The NO level in Ang-(1-7) treated rats was not

significantly different from the inflamed or control group (Fig. 15).
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Figure 15. Effect of AIA and Ang-(1-7) or Ang. Conj. treatment on serum NO concentrations (n
= 5-6). Different letters denote significant differences between groups (p < 0.05), one-way
ANOVA followed by Tukey post hoc test. Adapted from reference (186) with permission.

5.5.3 Measuring the Plasma Levels of Ang-(1-7) and Ang. Conj.
Plasma extraction and LC-MS/MS detection methods were validated for Ang-(1-7) and

Ang Il and the validation parameters results are reported in Table 8.

Table 8. Inter- and intra-day precision and accuracy of Ang peptides. Adapted from reference
(187) with permission.

Peptide (:&';CL) Intra-day Inter-day
(CV%) Accuracy% (CV%) Accuracy%
0.31 <9.39 105.6 £ 5.7 <6.64 102.7 £ 1.3
Ang-(1-7) 1.25 <342 95.1+6.3 <1.29 108.0 + 3.4
5 <1.34 100.7 £ 0.8 <217 98.9+8.2
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0.2 <5.05 1029+ 7.3 <3.24 96.81 £ 15.4

Ang Il 0.8 <2.39 102.5+1.8 <8.37 100.9 +11.7

3.2 <1.07 99.1+9.2 <7.83 101.0+6.8

The level of Ang-(1-7) and Ang Il peptides and their ratio is presented in Fig. 16. These
data confirmed the treatment of AlA rats with Ang. Conj. significantly increases the Ang-
(1-7) plasma levels (1.45 £ 0.22 ng/mL) compared with the control (0.75 £ 0.08 ng/mL),
inflamed (0.19 £ 0.05 ng/mL), and Ang-(1-7)-treatment (0.90 £ 0.17 ng/mL) groups
(Figure 16A). The Ang Il plasma levels, on the other hand, present a reverse trend. The
AlA significantly elevates Ang Il levels in the inflamed group (1.70 + 0.37 ng/mL), which
reduced to a comparable level to the control group (0.27 £ 0.02 ng/mL) after treatment
with Ang-(1-7) (0.30 £ 0.036 ng/mL) or Ang. Conj. (0.21 £ 0.02 ng/mL) (Fig. 16B).
Ang-(1-7)/Ang Il ratio was significantly higher in the Ang. Conj-treated group (6.30
1.89) compared with the healthy-control (4.10 £ 1.42), inflamed (0.1 £ 0.03), and Ang-

(1-7) (2.00 = 0.60) groups (Fig. 16C).
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Figure 16. Ang-(1-7) (A), Ang Il (B), levels and their ratio in plasma in control (n=6), inflamed
(n=6), Ang-(1-7)-treated (n=5), and Ang. Conj.-treated (n=5) groups. Values are reported as
mean + SEM, and statistical analysis was done using one-way ANOVA with the Tukey post hoc
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test. Different letters denote significant differences between groups (p<0.05). Adapted from
reference (186) with permission.

5.5.4 Measuring the Plasma Levels of ArA Metabolites
ArA metabolites were measured in plasma using validated LC-MS/MS methods for each
(Table 9). The coefficient of variance, and accuracy measurements are within the

accepted range of less than 20% and between 80-120%, respectively.

Table 9. Inter- and intra-day precision and accuracy of ArA metabolites. Adapted from reference
(187) with permission.

Conc.

Metabolite (ng/mL) Intra-day Inter-day
(CV%) Accuracy% (CV%) Accuracy%
0.62 8.76 101.88 4.53 100.73
5 21 100.5 3.8 103.4
5,6-EET
40 7.2 98.3 6.4 99.3
160 0.7 100.3 0.7 100.0
0.62 3.1 106.1 7.8 101.9
5 6.5 99.9 6.8 101.7
8,9-EET
40 4.9 100.7 4.3 99.9
160 0.34 100.2 0.2 100.6
0.62 3.6 103.6 7.6 97.7
5 0.41 102.4 9.8 98.0
11,12-EET
40 1.9 98.9 2.31 96.7
160 0.1 100.4 1.7 101.8
0.62 7.5 100.3 6.7 96.5
14,15-EET 5 6.9 96.5 7.6 103.1
40 6.5 99.5 5.7 101.3
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160 2.3 101.6 1.1 102.6

0.62 4.9 105.5 3.4 106.6
5 4.0 113.1 3.1 109.7

20-HETE
40 2.9 106.9 1.9 106.9
160 1.1 101.6 1.5 102.8
0.62 6.0 101.3 9.4 97.1
5 5.1 107.9 9.5 99.6

5,6-DHT
40 2.9 103.1 5.85 104.4
160 0.6 102.3 1.3 101.8
0.62 9.7 101.3 9.3 100.3
5 9.1 105.3 5.2 102.0

8,9-DHT
40 3.1 102.3 3.1 100.2
160 1.1 101.6 1.8 101.4
0.62 5.0 104.8 7.9 101.5
5 3.2 110.3 2.2 105.9

11,12-DHT
40 2.7 106.2 2.4 103.4
160 2.0 100.3 1.8 101.2
0.62 4.8 99.6 3.9 103.8
5 3.2 105.2 2.4 102.2

14,15-DHT
40 2.2 103.4 4.5 101.9
160 0.3 101.7 1.7 102.3

Analyzing the level of total EETs, total DHTs, and 20-HETE in plasma reveals that the
level of the total EETs and DHTs decreased in inflamed group and treatment with Ang.

Con;. restored its level significantly. Total EETs level consists of the sum of 4,5-EET,
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8,9-EET, 11,12-EET, and 14,15-EET, measured in plasma by LC-MS/MS, separately.
Total EETs mean + SEM level in control, inflamed, Ang-(1-7)-treated, and Ang. Conj.-
treated groups were 98.2 +7.9, 125+ 2.9, 80.12+ 7.2, and 123.9 + 13.1 ng/mL,
respectively (Fig. 17A).

Total DHTs level consists of the sum of 4,5-DHT, 8,9-DHT, 11,12-DHT, and 14,15-DHT,
measured in plasma by LC-MS/MS, separately. Total DHTs mean £+ SEM level in
control, inflamed, Ang-(1-7)-treated, and Ang. Conj.-treated groups were 13.3 £ 1.6, 3.1
+1.2,7.8+0.7,and 12.8 £ 2.4 ng/mL, respectively (Fig. 17B).

20-HETE concentrations in plasma of in control, inflamed, Ang-(1-7)-treated, and Ang.
Conj.-treated rats were 155+ 2., 111.1 £ 4.0, 26.0 £ 3.8, and 18.0 £ 3.3 ng/mL,
respectively (Fig. 17C).

Total EETs/20-HETE ratio was significantly lower in inflamed rats (0.10 £+ 0.02 unit),
whereas this ratio was higher in Ang-(1-7) (3.48 £ 0.65), and Ang. Conj. (7.73 £ 1.21)
groups compared to the control group (6.90 £ 1.03) (Fig. 17D).

We observed a positive correlation between the Ang Il vs total EETs/20-HETE ratio.
This trend was reversed when Ang Il was correlated with the ratio of total EETs/20-

HETE (Fig. 17E and F).
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Figure 17. Total EETs (A), DHTs (B), and 20-HETE (C) levels in rat plasma samples from
control (n=6), inflamed (n=6), Ang-(1-7)-treated (n-5), and Ang. Conj.-treated (n=5) rats. Ratio of
the total EETs to 20-HETE in the same groups (D). Correlation between the RAS peptide and
ArA metabolites (E&F). Values are reported as mean + SEM, and statistical analysis was done
using one-way ANOVA with the Tukey post hoc test. * Significantly different from another group,
p<0.05. Adapted from reference (188) with permission.

5.5.5 Gene Expression of the RAS Components in Different Tissues

The mRNA expression of ACE1, ACE2, AT1R, and MasR in the heart, lung, liver, and
kidney, are shown in Fig. 18. ACE1 and AT1R gene expression levels increased
significantly in all inflamed rat tissues examined, and ACE2 gene expression was

reduced in the heart, lung, liver and kidney. The expression of the MasR gene
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increased in the heart and decreased in the lung and kidney, with no change observed
in the liver. All changes were significantly reversed by treatment with Ang-(1-7) and
Ang. Conj. (in a higher magnitude). However, in the heart tissue, the increased MasR
expression due to AlA was further increased by Ang. Conj. ACE2/ACE1 and
MasR/AT1R gene expression ratios in all four tissues reduced, and treatment with Ang-

(1-7) normalized them while Ang. Conj. increased them several folds.
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Figure 18. Gene expression of ACE1, ACE2, MasR, and AT1R levels in the heart (A), lung (B),
liver (C), kidney (D) tissues, and the ratio of ACE2/ACE1 and MasR/AT1R in those tissues (E) in
control (n=6), inflamed (n=6), Ang-(1-7)-treated (n=5), and Ang. Conj.-treated (n=5) groups.
ACE1; angiotensin-converting enzyme 1, ACE2; angiotensin-converting enzyme 2, MasR; Mas
receptor, AT1R; angiotensin Il type 1 receptor. Values are reported as mean + SEM, and
statistical analysis was done using one-way ANOVA with the Tukey post hoc test. Different
letters denote significant differences between groups (p<0.05). Adapted from reference (186)

with permission.
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5.5.6 Protein Expression of the RAS Components in Different Tissues

Data shown in Fig. 19 represent the significant changes in relative protein density of
ACE1, ACE2, MasR, and AT1R in the heart, lung, liver, and kidney tissues due to AlA.
These changes were normalized by Ang-(1-7) or Ang. Conj. treatment and the effects
were more pronounced in the case of the latter. The individual proteins WB results
indicate i) AlA caused a significant increase in the ACE1 protein expression in the heart,
liver, and kidney tissues of the inflamed rats and Ang-(1-7) or Ang. Conj. treatment
reversed it, which was more efficient in the case of treatment with Ang. Conj., and
brought it back to the control group level. ii) AlA significantly reduced the ACE2
expression in the heart and lung tissues, and treatment with Ang-(1-7) or Ang. Conj.
normalized it. In the case of the liver and kidney, AlA resulted in a similar change trend
but was not significant. iii) MasR’s expression was significantly reduced in inflamed
animals' lung, liver, and kidney tissues, which were again normalized by Ang-(1-7) or
Ang. Conj. treatments. iv) The AT1R expression was significantly increased in all
tissues other than the kidney in the inflamed group and Ang. Conj. treatment reversed
the expression more efficiently than Ang-(1-7). v) ACE2/ACE1 and MasR/AT1R protein
expression ratios in all tested tissues were reduced by AlA, and treatment with Ang-(1-

7) or Ang. Conj. normalized them.
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Figure 19. Protein expression of ACE1, ACE2, MasR, and AT1R, levels in the heart (A), lung
(B), liver (C), kidney (D) tissues, and the ratio of ACE2/ACE1 and MasR/AT1R (E) in control
(n=6), inflamed (n=6), Ang-(1-7)-treated (n=5), and Ang. Conj.-treated (n=5) groups. ACE1;
angiotensin-converting enzyme 1, ACE2; angiotensin-converting enzyme 2, MasR; Mas
receptor, AT1R; angiotensin Il type 1 receptor. Values are reported as mean + SEM, and
statistical analysis was done using one-way ANOVA with the Tukey post hoc test. Different
letters denote significant differences between groups (p<0.05). Adapted from reference (186)
with permission.

5.5.7 Statistical Analysis
The results of ArA metabolites are presented as concentration mean + SD of
concentration of respective metabolites (EETs, 20-HETE, and DHTSs) in the rat plasma

(ng/mL). The total EETs/20-HETE ratios are calculated individually for each rat plasma,
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and reported as mean + SEM. The mean values obtained for each group is compared

with mean of other group using one-way ANOVA followed by Tukey’s adjustment.

5.6 Discussion

The anti-inflammatory effects of Ang-(1-7) have been reported previously (49). The
administration of Ang-(1-7) or Ang. Conj. impacted the activated RAS, which was more
pronounced in the case of Ang. Conj. Using an AIA model of RA, our results
demonstrates that exogenous delivery of Ang-(1-7) as a stable conjugate, Ang. Conj.,
augments the RAS protective arm. This enhancement has considerable anti-
inflammatory benefits by restoring weight gain, lowering paw and joint edema, and
decreasing the elevated NO level and Al caused by inflammation (Fig. 14). By reducing
NO concentration, the anti-inflammatory effect of Ang. Conj. followed the same trend as
the shift in Ang-(1-7) and Ang Il plasma levels (Fig. 16). NO serum levels did not differ
significantly between the control and Ang. Conj. groups (Fig. 15). The effect of Ang-(1-
7) and Ang. Conj. on Al were not significantly different until 10 days after therapy
started. This may be owing to the time needed for Ang-(1-7) concentration to reach a
steady-state level. These effects were largely consistent with restoring the disrupted
equilibrium between the classical and protective arms, as measured by ratios of Ang-(1-
7)/Ang |l peptides, or ACE2/ACE1 and MasR/AT1R at the gene or protein levels. In
agreement with previous reports (139), the findings of our study illustrates that induced
inflammation in AlA rats modifies the ratio of the RAS components in plasma peptides,
enzyme, and receptor levels in all investigated tissues. Changes in ACE1 and ACE2
enzyme expression affect plasma Ang-(1-7) and Ang Il levels, as well as their ratio (Fig.

16). These findings demonstrate that the reduced expression of ACEZ2 led to a decrease
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in plasma concentration of the vasodilator peptide, Ang-(1-7). This effect was observed
in the heart and kidney tissues of the AlA rats and most likely applies to other tissues
(139). Notably, Ang Il supports pro-inflammatory effects and is raised in numerous
cardiovascular disorders, including hypertension, atherosclerosis, and coronary heart
disease, by increasing the synthesis of various inflammatory mediators and their
migration into sites of tissue injury (189, 190). Consistent with the pro-inflammatory
actions of Ang I, treatment with ACEls and ARBs diminishes the production and
release of inflammatory mediators in models of inflammation (191-196). ACE2, by
degrading the Ang Il to Ang-(1-7) and MasR signaling, counters Ang Il pro-inflammatory
effects (197, 198). MasR gene expression was unaffected by AlA in any of the studied
tissues, whereas AT1R gene expression was considerably elevated in the heart and
liver tissues. These variations in gene expression resulted in variable alterations in
protein expression, with the lung, liver, and kidney tissues exhibiting reduced MasR
density and all tissues except the kidney exhibiting higher AT1R expression. In contrast,
the MasR/AT1R protein ratio was decreased in all AlA-untreated tissues. This
observation further shifts the balance of the activated RAS components toward their
detrimental classical arm effects. The observed significant increase in AT1R and
decrease in MasR/AT1R supports the hypothesis that arthritis can alter the vasodilation-
vasoconstriction balance, as there will be less MasR for coupling with already reduced
vasodilator Ang-(1-7). As a result, more AT1R will be available to be activated by a
higher concentration of a vasoconstrictor, Ang Il. We only examined the quantities of
Ang peptides in plasma, which were dramatically reduced in AlA rats; however, given

the decreased ratio of ACE2/ACE1 expressions, this is most likely true for all tissues.
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Animals with AIA could be treated with Ang-(1-7) to mitigate the negative effects of an
active RAS and its shift toward the classical arm. The RAS exerts its physiological
effects through AT1R, AT2R, and MasR. Ang Il has an affinity for AT1R and AT2R (with
offsetting responses), but most Ang Il effects are mediated through AT1R (199). In the
present study, we focused only on the AT1R and MasR; however, the AT2R receptor
gene and protein expressions can also be affected by inflammation and should be taken
into account when interpreting the data. When Ang. Conj. was administered, the
restoration of equilibrium and exertion of anti-inflammatory effects were more significant
and apparent. The improved efficacy can be attributed to the intermittently prolonged
effect of Ang-(1-7) through MasR signaling. The Ang. Conj. thrice-weekly application for
two weeks significantly increased the reduced plasma Ang-(1-7), reduced the increased
level of Ang Il, and restored the healthy control ratio of those peptides (Fig. 16). The
gene and protein expression of ACE1 and ACE2 were consistent with observed
modification of Ang peptides, resulting in an overall considerable improvement of the
ACEZ2/ACE1 ratio in tested tissues. The MasR/AT1R has a similar pattern in all tissues,
however their expressions differ slightly. Moreover, as one of the majors’ contributors of
inflammation, CYP-mediated ArA metabolites physiological balance and the RAS
components are disturbed by the inflammation, resulting in the augmentation of pro-
inflammatory arms of both pathways. ArA metabolites has been shown to yield potent
pathological components that induce inflammation. Our approach of using Ang-(1-7)
and its long-acting bone targeting conjugate reversed such an effect and promoted anti-
inflammatory effect in the AA animal model (200). These results suggest that treatment

of Ang. Conj. resembles treatment with ACEIs and ARBs and reduces the pro-
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inflammatory effects of Ang Il in various tissues in order to treat arthritic, renal,
cardiovascular, pulmonary, and hepatic disorders. A head-to-head comparative

research is necessary for confirming these results.

5.7 Conclusions

In conclusion, the results of the in vivo study of RA study suggest that at the plasma and
tissue levels, inflammation alters the equilibrium of the RAS components, such as
enzymes, peptides, and receptors. Exogenous administration of Ang-(1-7) and Ang.
Conj. corrects the imbalances in the activated RAS caused by inflammation. The
superior Ang. Conj. protective benefits that have been seen in in different tissue imply
that the bone-targeted delivery of Ang-(1-7) improves its efficacy and can be a valuable
therapeutic option for inflammatory diseases such as RA, renal, cardiovascular,
pulmonary, and hepatic diseases. The physiological balance of CYP-mediated ArA
metabolites and the RAS components are disturbed by the inflammation, resulting in the
augmentation of pro-inflammatory arms of both pathways. Our approach of using Ang-
(1-7) and its long-acting bone targeting conjugate reversed such an effect and promoted

anti-inflammatory effect in the AA animal model.
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6 Chapter VI: In vitro and In vivo

Pharmacodynamics of Ang. Con,. in Cancer

6.1 Backqground

6.1.1 The RAS and Cancer

Years after the discovery of the RAS, several researchers helped us to better
understand the regulatory mechanisms of each of its components and their effect in
cancer initiation, progression, and inhibition (141). Thus, research into the role of the
RAS has gained attention as a result of observed dysregulation of the RAS in several
types of cancers (201, 202). Interestingly, these observations were more confirmed
when patients receiving ACEls showed a reduced risk of developing certain cancers,
suggesting the attribution of the RAS antagonism to the anti-cancer effect (202, 203).
Cancers’ development and spread in the body are caused by an interruption of the
physiological systems influencing cell growth, migration and death. In addition,
inflammation and the expansion of vascular networks are frequently seen. The RAS
components expression and actions has shown to be influential in malignancy. This
hypothesis is additionally analyzed by testing the RAS inhibitors (used to treat
hypertension and cardiovascular disease) and their actions in augmenting cancer
therapies. All these indicate RAS involvement and potential in cancer initiation and
progression. As a result, comprehending the cellular actions of this system is needed
(201). In what follows the role of different components of the RAS in cancer initiation,

progression, and inhibition will be discussed in more details.
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As an enzyme that converts Ang | to Ang I, ACE1 is present in endothelial cells types,
such as lung capillaries and kidney epithelial cells (204). It is an important blood
pressure, angiogenesis, and inflammation regulator and its expression in microvessels
endothelium surrounding the tumor area, is inferred as its role in tumor angiogenesis
(205-207). As an example, reports have shown the overexpression of the ACE1 in
infantile hemangioma (the most common infancy tumor). Furthermore, different ACE1
alleles have shown different levels of activity, in a way that people with low ACE11
activity have a cancer-protective effect, and those with highly active ACE1 have higher
incidence of cancer (11, 208). Accumulating evidence also shows that ACEIs, such as
perindopril and captopril reduce tumor growth, metastasis, and angiogenesis in
colorectal cancer and lung (202).

As a receptor for the Ang Il peptide substrate, AT1R is primarily involved in regulating
the blood pressure as a result of stimulating the release of vasopressin, reabsorption of
water and sodium, fibrosis, cellular growth, migration (202, 209). AT1R is well-
documented for its link with cancer, with a 20% overexpression in breast cancer and
transition from benign to malignant tumors in the development of breast, ovarian, and
gastric cancers (201, 202). AT1R overexpression in ovarian and cervical cancer is a
sign of tumor invasiveness and blocking the AT1R action by ARBs is shown to be linked
to lower occurrence of metastasis, reduction in tumor vascularization, and reduction in
tumor size (210). AT1R releases more VEGF which can act on the tumor
microenvironment by preventing immune cell infiltration which explains the low survival

and great progression of the cancer (210).
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AT2R is another receptor for Ang Il which opposes its effects through AT1R (209).
However, its expression does not seem to be very high especially in adulthood
compared to AT1R (211). AT2R is found to counteract the effects of AT1R in cancer
and cardiovascular implications. In one study, as a result of AT2R deficiency, the AT1R-
mediated VEGF upregulation was higher in response to the Ang Il, suggesting an
inhibitory role for the actions of AT2R (202). The protective role of the AT2R was
studied in a AT2R-functional transplanted pancreatic ductal mouse model that shows a

lower degree of tumor vasculature compared to the non-functional AT2R ones (212).

6.1.2 Synovial Sarcoma (SS)

SS is a rare soft tissue sarcoma of uncertain differentiation that is caused by a
translocation between SS18 and SSX 1, 2, 4 chromosomes. Although it can affect any
age, it is mostly common in young adults between ages of 15 and 30 and every year
about 800 to 1000 cases are diagnosed with SS in the United States and more
commonly in males (213).

It was first found in the right knee of a 46-year-lod man which was a combination of
connective and epithelial tissue neoplasia. It is a deep-seated mass with or without local
pain and tenderness with some patients suffering from limitation of movement. SS
diameter is typically 3-10 cm and it irregularly penetrates to the adjacent soft tissue
such as tendon (214). These lesions can occur anywhere and most of them occur in the
extremities and especially lower limbs. Despite some large and fast-growing tumor, the
majority of SSs are slow-growing and the average duration of signs and symptoms is
approximately two years before diagnosis (215).SS requires a biopsy and pathological

evaluation for defining the subtypes and tumor grade (216).
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There are different approaches for the treatment of SS. First and the mainstay treatment
is the surgical excision previously treated with amputation; however, cross-sectional
imaging and adjuvant therapies advancements made it possible for many patients to
circumvent the amputation in the surgery. Depending on the tumor margins and
placement, radiotherapy may be needed to decrease the recurrence risk, locally (217).
However, amputation is still considered in patients that a major structure of the
functional bone is involved (218).

For the larger tumors, radiotherapy is recommended and shown to be effective and
has local control improvement and overall survival benefit (216). Due to its
postoperative complications such as fibrosis and joint stiffness, intensity-modulated
radiation therapy was introduced to decrease the postoperative complications. This
approach is used especially in with several medical comorbidities and metastatic cases
in which the surgery risks are more than its benefit (219).

Chemotherapy has still some controversy despite the SS chemosensitive nature.
Ifosfamide and doxorubicin are the most common agents used as adjuvant therapy in
palliative care and high-risk adult and children cases (220).

Immunotherapy is an approach based on the fact that greater number of cancer
antigens correlates to a better response and because of a low risk-reward ratio of
immunotherapy in other cancers, they were tested for SS, as well. The first drug to be
used with not promising results was ipilimumab (a cytotoxic T-lymphocyte-associate
protein 4 inhibitor) (221). With more recognizing the immune system involvement in SS,
NY-ESO-01 was found to be a uniquely-expressed antigen in SS more than 80%

available in the cancer cells (222). The studies on using this antigen as a target to treat
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the SS is still on-going and showing some promising results in different phases of

clinical trials (223).

6.1.3 Osteosarcoma (OS)

OS is a form of malignant bone tumor in children and young adults accounting for 1% of
all cancer diagnosis and 5-10% malignancies of the children and youth age group. U-2
OS and MNNG-HOS are considered OS cells lines that the RAS pathway was studied
for their treatment. In a recent study by Lassig et al. it was found that knocking down the
Ang-(1-7) receptor, MasR, using small interfering RNA, both U-2 OS and MNNG-HOS
cell proliferation increases. They showed that a possible mechanism for this is through
the canonical transient receptor potential channels expression which is regulated by the
MasR and its ligands, such as Ang-(1-7) and almandine (224). As a result, direct and
signaling pathway-specific therapeutic targeting of the canonical transient receptor
potential channels may serve as an option for OS treatment improvement. In another
study by Ding et al. Elemene, a natural compound extracted from a medicinal Chinese
herb, Rhizomazedoariae, was tested in vitro on MG-63 and U-2 OS cell lines and in vivo
on the MG-63 and U-2 OS-injected mice to show a potential involvement of the RAS.
Based on their finding, Ang |l and ACE1 were downregulated and the weight and
volume of both xenograft tumors were reduced, following the elemene-therapy (225).
The role of the RAS protective arm was studied on U-2 OS and MNNG-HOS cells to
demonstrate the possible function and expression of the RAS protective axis. All the
essential components of the RAS, including Ang-(1-7), ACE2, and MasR are expressed
in both cell lines and their activation compromised the cell growth and migration.

Moreover, measuring the pro-inflammatory cytokines involved in the RAS axes
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modulation, particularly the protective arm demonstrating the RAS involvement in the

tumor progression, growth, and metastasis (226).

6.1.4 Breast Cancer

Breast cancer is one of the leading causes of death and the second deadliest cancer in
women worldwide. Statistics show that one out of eight women will develop breast
cancer at some point in her life in the United States. Thus, looking for therapies which
can effectively address this challenge is very crucial (227).

Some risk factors associated with the breast cancer are pregnancy at ages over 30,
second and so forth pregnancies (228), age, reproductive, genetic, and epigenetic
factors (229). Breast cancers with hormone receptor-positive represent 80% of all
breast cancers which means that breast cancer cells express hormone receptors and
the presence of estrogen (ER) or progesterone (PR) causes them to grow (230). ER
and PR positive cancers are responsive to hormonal therapies, such as aromatase
inhibitors, and tamoxifen in comparison with the hormone receptor-negative types (231).
Roughly 20% of total breast cancers are human epidermal growth factor receptor 2
positive (HER2+) which metastasize early and grow rapidly (232). Another type of
breast cancer which is a very aggressive subtype compared to others is triple negative
breast tumors (ER-, PR-, HER2-) (233).

In recent years, the RAS has gained a significant importance due to its connection to
different types of cancer, including breast cancer. The RAS imbalance linked to several
malignancies has been shown in different animal and clinical studies (234). This is
supported by showing evidences of cancer growth, metastasis, and angiogenesis

inhibitions when the classical arm of the RAS is downregulated, and ACEls, or ARBs
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are used (201). Accumulating data suggests ACEIs or ARBs are plausible treatments
candidates for cancer (235).

The expression of the RAS components in normal and cancerous breast tissue,
suggests an important role of this system in development of breast cancer (236).
Moreover, breast cancer is seen in obese patients and the RAS imbalance is highly
linked to weight gain (237). Ang Il is a key components in dysregulation of metabolic
processes by altering insulin signaling, cellular stress, and inflammatory pathways
(238). These dysregulations have a great impact on tumor microenvironment and breast
tumor cells are negatively impacted by the pro-inflammatory adipocytokines which are
one of the most important hallmarks of breast cancer (239) and create an ideal breast
tumor microenvironment. Accumulating data demonstrate the involvement of the RAS,
especially Ang Il overexpression in a detrimental manner in breast cancers (240).
Studies conducted in the past few decades have shown the overexpression of ACE,
Ang I, AT1R in three different types of cancer cell lines (MDA-MB-231, MCF-7, and T-
47D) compared to the normal breast cells (PCS-600 cells) in which the protective arm
(Ang-(1-7), ACE2, and MasR) was predominantly activated. Additionally, they have
found a lower level of Ang-(1-7) production in all cancer cell lines compared to normal
breast cells (241). Arrieta et al. found a higher AT1R expression in seventy-seven
surgically resected malignant breast tumors compared to benign lesions as control while
they observed no differences in AT2R expression level. They also showed that a higher
AT1R level was related to increased angiogenesis in breast cancer compared to the
control (242). Therefore, a potential mechanism that the RAS is involved in breast

cancer pathogenesis is through AT1R. Interestingly, an increased in AT1R expression
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was shown in the study of Rhodes at al. (243) and Egami et al. showed that in AT1R is
associated with angiogenesis, tumor growth, and inflammation induction (244).

On the other hand, the components of the protective arm of the RAS have shown to be
positively effective in the breast cancer. AT2R shows opposite functions in comparison
to AT1R through reducing tumor progression and proliferation by activating tumor
suppressor gene (245, 246) and reducing cancer cell migration by targeting AKT
phosphorylation in human endothelial cells (247). Overall AT2R demonstrated a tumor
suppressor effect and a potential target for cancer prevention (248). Ang-(1-7) though
the activation of MasR provides a protective function against breast cancer progression.
Rodgers et al. showed that 100 pg/kg Ang-(1-7) administration daily can attenuate the
frequency of breast cancer therapy associated side effects in breast cancer patients
(123). Moreover, Ang-(1-7) is reduced in breast cancer patients (241) and the protective
arm of the RAS component downregulation causes metastasis (249).

In conclusion, breast cancer association with the activated RAS is shown in several
studies and it is confirmed by use of RAS inhibitors and other therapies as options for
breast cancer. Results indicate that inhibiting the Ang II-AT1R axis, with or without
stimulating the Ang-(1-7)-MasR axis may help control cancer progression. Specifically,
these approaches have shown to improve efficacy of chemotherapy, immunotherapy,

and radiotherapy in animal models (250-252).

6.2 Rationale

Upon successful improvements in pharmacokinetic parameters, Ang. Conj. was
designed to be tested in vitro first for ethical reasons. In vitro studies allow a substance

to be studied safely before subjecting humans or animals to the possible side effects or
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toxicity of a new drug. Efficacy and toxicity potentials can be learned from in vitro

studies and the results can be used for moving forward to in vivo.

6.3 Hypotheses and Objectives

We hypothesized that Ang. Conj. due to its higher half-life can decrease the cancer cell
proliferation in SS, OS, and breast cancer cell lines compared to vehicle and the native
peptide. In current work we aimed at studying pharmacodynamic effects of Ang-(1-7)
and its conjugate on cell proliferation in SS, OS, and breast cancer cell lines.

We speculated that Ang. Conj. due to its longer half-life can inhibit the tumor growth and
decrease the tumor size compared to the vehicle in mice model of SS. Moreover, we
hypothesized that the RAS components are affected by the cancer proliferation and
treatment with Ang. Conj. could revert such imbalance at mMRNA and protein levels. This
study was performed to compare the efficacy of Ang-(1-7) and Ang. Conj. administration
in SS-bearing mice model with vehicle on tumor size and to measure the RAS

components at gene and protein level in tumor tissue.

6.4 Experimental Methods and Materials

6.4.1 Cancer Cell Lines and Culture Media

The in vitro efficacy of the Ang. Conj. compared to the native peptide was tested on
different cancer cell lines. The cell lines tested were SS and OS plus breast cancer
cells. Cells were purchased from American Type Culture Collection (ATCC, Manassas,

VA, USA).
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Sterile-filtered Dulbecco’s modified Eagle Medium (DMEM), high glucose was
purchased from Sigma Aldrich (Sigma Aldrich, St. Louis, MO, USA). It contained 4500
mg/L glucose, L-glutamine, and sodium bicarbonate, without sodium pyruvate.
Penicillin/streptomycin antibiotics (Atlanta biologicals, Flowery Branch, GA, USA) and
fetal bovine serum (Neuromics, Edina, MN, USA) were added at the final concentration
of 1% (50 units) and 10% of the culture medium, respectively. DMEM was used for
4T1.2 and U2-OS cells.

Roswell Park Memorial Institute (RPMI) 1640 medium containing no phenol red was
purchased from Fisher Scientific (Waltham, MA, USA). Concentration of the antibiotics
and fetal bovine serum was the same for the RPMI 1640 medium. RPMI medium was
used for T47D and SJSA-1 cells.

Cells were cultured in their corresponding culture medium and kept in an incubator
equipped with 5% carbon dioxide at 37 °C and were passaged or collected for further
assays when they were reaching about 80% confluency. For this purpose, culture media
and trypsin-EDTA 0.25% solution containing 2.5 gr porcine trypsin and 0.2 gr EDTA with
phenol red (Sigma Aldrich, St. Louis, MO, USA). Cells were removed from the incubator
and their medium was removed. They were washed once with 5 mL PBS, and 2 mL
trypsin-EDTA (used to detach the adherent cells from the surface) was added to the
tissue culture flask containing the cells. Then, after cells were transferred to the
incubator for 3 minutes, they were checked under the microscope for detachment and
transferred to a sterile plastic tube. They were then centrifuged at 2000 xrpm for 4
minutes to remove the trypsin-EDTA. Then, cells were reconstituted in the

corresponding medium to achieve the desired concentration and prepared for further
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analysis. All procedures were done under a BSL-2 biosafety hood to avoid any

contamination of the cells’ environments.

6.4.2 MTT Cell Viability Assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) cell viability
assay is based on the NAD(P)H-dependent cellular oxidoreductase enzymes ability in
viable cells to convert the soluble substrate MTT into insoluble formazan crystals. After
solubilization of crystals, the resulting purple formazan is used for quantification by
spectrophotometry. Each well is normalized proportionally to the number of viable cells.
Cells were first seeded in each well at the concentration of 10,000 cells/well, and
incubated for 24 hours. For each treatment arm (Ang-(1-7) and Ang. Conj.),
concentration of 10 uM was tested. After 72 hours of incubation, cells were subjected to
a quick wash with PBS, followed by addition of MTT substrate (10 yL of 500 pg/mL)
diluted in the cell medium, and then the cells were maintained for 3 hours in a

COz2 incubator at 37 °C. After the incubation period, 100 pL solution of isopropanol/HCI
(solubilizing reagent) was added and the samples were agitated for 30 minutes on a
horizontal shaker to promote the elution of the formazan crystals. The supernatant was
quantified by measuring the absorbance values at 590 nm and 650 nm filter in
VarioscanLux™ microplate reader (Thermofisher Scientific, Waltham, MA, USA). All

experiments were performed in triplicate (253).

6.4.3 RealTimeGlo™ MT Cell Viability Assay
Studying the real time cell viability of the breast cancer cell lines was done using the

RealTimeGlo™ MT Cell Viability Assay kit (Promega, Madison, WI). This assay is a
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nonlytic, homogenous bioluminescent method. It determines the number of viable cells
and thus metabolism (MT). The assay involves adding NanoLuc® luciferase and a cell-
permeant pro-substrate, the MT Cell Viability Substrate, to cells in culture. This
substrate diffuses from cells into the surrounding culture medium where it is rapidly
used by the NanoLuc® Enzyme to produce a luminescent signal which correlates with
the number of viable cells. Both the MT Cell Viability Substrate and NanoLuc® Enzyme
are stable in complete cell culture medium at 37 °C for at least 72 hours. The assay can
be performed in two formats: continuous-read measurement or endpoint measurement.
We performed the assay for breast cancer cell lines in continuous-read measurement
format. When the assay is set up in the continuous-read format, the RealTime-Glo™
reagents (i.e., MT Cell Viability Substrate and NanoLuc® Enzyme) can be added to the
wells at the same time as the cells or test compound or at any point during the assay to
start obtaining viability measurements. The reagents were made fresh each time before
each experiment and the cell suspension, test compound diluent, and cell culture
medium were equilibrated to 37 °C, in advance. For the continuous-read method, the
substrate and enzyme should be added to cell culture medium to prepare a 1X dilution.
The assay linearity should be determined with regard to a range of cell densities before
the test to determine the varying capacities of cells to reduce the MT Cell Viability
Substrate. The assay linearity was done for 4T1.2, MCF-7, and T47D breast cancer cell
lines, and the best cell density was determined for each of those.

For performing the assay, reagents were equilibrated in 37 °C along with the media and
cells. Cell suspensions were prepared in the corresponding cell culture media and the

alive cell concentrations were determined using the 10 pL trypan blue and 10 uL cell
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suspension. To prepare 1 mL of 2X concentration of RealTime-Glo™ reagents, 2 yL of
MT Cell Viability Substrate, 1000X, and 2pl of NanoLuc® Enzyme, 1000X, were added
to 996 pL of cell culture medium. If more amounts were needed, the calculations were
done based on the needed volumes and number of the wells. An equal volume of the
2X RealTime-Glo™ reagent was added to the cells (that were made in the desired
concentration determined based on the linearity assay). For example, if cells are plated
in 40 L, then add 40 pL of 2X RealTime-Glo™ reagent to the cells at the same time.
Cells were incubated in a cell culture incubator at 37 °C and 5% COx for 1 hour.

Then, the test compounds (Ang-(1-7) and Ang. Conj.) were prepared in PBS in different
concentrations in a way that their final concentrations in each well be 1 or 10 yM for
each compound. The test compounds were added for 10 pyL. The luminescence was
determined in different time points using a plate-reading luminometer until 72 hours. All

samples were done in triplicates.

6.4.4 Dose Calculation

In case of in vivo pharmacodynamic studies 0.6 mg/kg or an equivalent dose of Ang.
Conj. was administered s.c. every other day. In this study, all doses were weight-
normalized and equivalent to their average therapeutic recommended dose for cancer

diseases.

6.4.5 Sample Collection
For the SS study, after 21 days of treatment, mice were euthanized with carbon dioxide
and spine dislocation method using the ldaho State University Animal Facility protocol.

The tumors were localized in the joint area, and they were cut precisely by removing the
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skin. They were sectioned in 1.7 mL Eppendorf tubes for Western blot, and gqPCR. They

were then snap-frozen in liquid nitrogen and kept at -80 °C.

6.4.6 Statistical Analysis

The results of the MTT cell viability assay were reported as mean + SD by comparing
the OD of the Ang-(1-7) and Ang. Conj.-treated groups with the buffer-treated cells.
Then the viability percentage was calculated compared to time 0. The mean values
obtained for each group is compared with mean of other group using one-way ANOVA

followed by Bonferroni adjustment.

6.5 Results

6.5.1 Cell Proliferation Assay of SS and OS Cell Lines

The result of the single administration of either vehicle, Ang-(1-7) 10 uM, or Ang. Conj.
equivalent dose of Ang-(1-7) is shown in Fig. 20. After 72 hours of single administration
of vehicle or test compounds, cells were treated with MTT to compare their proliferation
percentage to day 0. Both OS and SS cell lines showed a greater anti-proliferation
effect when treated with Ang. Conj. compared to control and Ang-(1-7). SISA-1 and
HSSY-1 cell viability percentage results were normalized to the control and Ang. Conj.
(80.9 + 4.3%) significantly reduced the cell viability compared to Ang-(1-7) (97.9 £ 4.9%)
and control. The same trend was seen on HSSY-1 cells where Ang. Conj.-treated (73.6
+ 3.2%) cell proliferation was significantly different from Ang-(1-7) (97.9 £ 3.9%)) (Fig.

20).
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Figure 20. Effect of Ang. Conj. treatment on HSSY-1 and SJSA-1 cancer cells proliferation after
72 hours of a single administration of vehicle, Ang-(1-7) 10 uM, or Ang. Conj. 10 uM.

6.5.2 RealTime MT Assay on Breast Cancer Cell Lines

Three breast cancer cell lines (4T1.2, T47D, and MCF7) were used for studying the
RealTime effect of vehicle, and Ang-(1-7), and the results were compared with Ang.
Conj. and presented in Fig. 21. Absorbances were taken at different time points of 0, 6,
24, 48, and 72 hours and the results are normalized to the control and then highest
absorbance. In 4T1.2 cell line, 48 hours after a single administration of vehicle, Ang-(1-
7), or Ang. Conj., Ang. Conj.-treated cell viability (53.3 £ 10.1%) was significantly
reduced compared to the vehicle (97.0 £ 1.6%), and Ang-(1-7)-treated cells (83.0 +
3.4%) (Fig. 21A). This cell proliferation inhibition continued to 72 hours. In T47D cells,
after 72 hr, Ang. Conj. significantly reduced the cell proliferation (53.2 £ 8.7%)
compared to Ang-(1-7) (85.2 + 8.8%) and control (94.4 + 3.2%) (Fig. 21B). Fig. 21C
shows a similar trend in MCF7 cell line to T47D except Ang. Conj. treatment (58.3
15.6%) was only significantly different from vehicle (81.5 £ 9.6%) in cell viability

percentage.
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Figure 21. Cell proliferation in 4T1.2 (A), T47D (B), and MCF7 (C) breast cancer cell lines after
72 hours of a single administration of vehicle, Ang-(1-7) 10 uM, or Ang. Conj 10 uM. Results are
reported as mean + SEM. * Significant different with p<0.05.
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6.5.3 Tumor Size Change in SS-bearing Mice
Fig. 22 presents the tumor size increase in control mice bearing tumor treated with
vehicle, Ang-(1-7), and Ang. Conj. Tumor size increased in control group and decreased

in both Ang-(1-7) and Ang. Conj.-treated groups as shown in Fig. 22.
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Figure 22. Effect of vehicle, Ang-(1-7), and Ang. Conj. treatment on percentage tumor size
change compared to day one in SS-bearing mice. Different letters show significant difference
between groups. Data are presented as relative to the value of control (mean + SD), * p<0.05.

6.5.4 The RAS Gene Expression in Tumor Tissue from SS-bearing Mice

Fig. 23 presents the significant increase of ACE2 gene expression after Ang-(1-7) and
Ang. Conj. treatments. Ang. Conj. increased MasR expression but it was not
significantly different from other groups. There was also a nonsignificant trend on AT1R

gene expression reduction due to treatment as well.

104



T
ACE2 AT1R MasR

©

S

6 6+ Il Control

(3]
3 8 b ; 2 Ang-(1-7)
I .
29 [Z3 Ang. Con,i.
< g 4 % 2 J
2 2 :
8 a
= (3] 2- a a
©c S

2 n

3 L /

o 1

©°

L)

Figure 23. Effects of vehicle, Ang-(1-7) and Ang. Conj. treatment on the RAS components gene
expression in tumor tissue from SS-bearing mice. Different letters show significant difference
between groups. Data are presented as relative to the value of control (mean + SD), p < 0.05.

6.5.5 The RAS and Apoptosis Marker Protein Expression in Tumor Tissue from
SS-bearing Mice

Fig. 24 presents the significant effect of Ang. Conj. and Ang-(1-7) on increasing of

ACEZ2 and caspase-3 protein expression when they were compared with control group.

The AT1R expression was not impacted by Ang-(1-7), but significantly reduced after

Ang. Conj. treatment. Such effects were significantly different when Ang. Conj. and Ang-

(1-7) groups were compared.
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Figure 24. Effect of vehicle, Ang. Conj. and Ang-(1-7) on the RAS and apoptosis maker protein
expression in tumor tissue from SS-bearing mice. Different letters show significant difference
between groups. Data are presented as relative to the value of control (mean + SD), * p<0.05.

6.6 Discussion

Ang Il is the major effector peptide of the classical RAS axis which is best known for its
role in systemic volume homeostasis and blood pressure control. Ang |l affects
important processes, including proliferation, apoptosis, fibrosis and inflammation (11).
Having an strong angiogenic activity (254), the classical arm has also been implicated in
tumorigenesis (11), induction of proangiogenic factors (255), and platelet-derived
growth factor (PDGF) (256). Invasion and angiogenesis are correlated to AT1R
expression levels in ovarian carcinoma (257). Accordingly, ACEls have shown to
suppress the growth and angiogenic activity of head and neck carcinoma (258). In
another study in a mouse model of colorectal carcinoma, AT1R blockade and ACEls
reduced liver metastasis and angiogenesis (259). Early gastric cancer has also been
linked to the ACE insertion/deletion polymorphism (ACE I/D) (260), and increased
lymph node metastasis (261). An independent risk factor for nodal spread in gastric

cancer is the AT1R expression status and ACE I/D (262). For OS, a recent study
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showed a decrease in tumor growth and lung and liver metastasis by using an AT1R
antagonist, CV11974, in a mice model of OS (263). On the other hand reinforcing the
protective arm of the RAS has shown to be a treatment option in many cancer types
(200). It was shown that in U2 OS and MNNG-HOS cells which are considered OS cell
lines, express a functional protective arm axis that its induction exerts beneficial effects
towards OS treatment by preventing cancer metastasis (226). In breast cancer, it is
reported that Ang-(1-7) production in is attenuated and classical arm components are
produced more (241). Studies indicated the beneficial role of ACE2 in breast cancer
angiogenesis inhibition, where the ACE2 level is significantly lower in cancer tissue than
in normal breast tissue (264). Ang-(1-7) has been shown to limit the migration and
invasion of lung carcinoma cells and lung cancer, in contrast to the tumor-promoting
effect of Ang Il/ AT1R described before (200, 265). The in vitro cancer cell study was
performed to determine the cell proliferation and potential functional significance of the
ACEZ2/ Ang-(1-7)/ MasR pathway of the RAS in OS, SS (Fig. 20), and breast cancer cell
lines. The results of this study show that SUSA-1 (OS), HSSY-1 (SS), 4T1.2, T47D, and
MCF7 (breast cancer) cell lines’ proliferation is decreased by the Ang-(1-7) and to a
greater extent by its bone-targeted delivery. Similar results were reported when ACE2
was overexpressed (266, 267). At 72 hours, all three cell lines showed a significantly
less proliferation in Ang. Conj.-treated group compared to control. Ang-(1-7) was not
capable of exerting such action (Fig. 21). This can be attributed to the longer half-life of
Ang. Conj. Considering the lack of target (bone) for binding of bone-seeking moiety of
Ang. Conj., the enhanced observed efficacy compared with native Ang-(1-7) can be

attributed to its improved stability and sustained release of native peptide.
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The cancer study of in vivo results using a mice model of SS indicates that Ang. Conj.
has better stability and efficacy than native peptide on suppressing the cancer
progression which is presented as reducing the tumor size (Fig. 22). This effect could
be attributed to switching the balance between two arms of the RAS in favor of
protective arm which are anti-proliferation, anti-angiogenesis, vasodilation and anti-
inflammation effects (Fig. 23). This switch in balance was done by increasing the ACE2
and decreasing of AT1R gene and protein expression due to Ang. Conj. treatment.
Additionally, overexpression of caspase-3 protein as an apoptosis marker is correlated
with reduction in tumor size (Fig. 23). The observed milder effects after treatment with
Ang-(1-7) in comparison with Ang. Conj. could be attributed to different half-life and
stability of these compounds. The improved stability through conjugation of Ang-(1-7)

resulted in a profound anti-proliferation and anti-cancer action of Ang. Conj.

6.7 Conclusions

OS and SS cell lines express critical components of classical and alternative RAS axes.
The activation of the ACE2/ Ang-(1-7)/ MasR axis inhibited cancer cell proliferation, and
SO0 may constitute a viable treatment strategy. In conclusion, Ang-(1-7) is known to exert
its therapeutic effects, including anti-proliferative action, through binding to the MasR.
So, the observed anti-proliferative effects can be explained by the ability of Ang. Con;.
to boost the gene expression of the ACE2 enzyme, which is responsible for the
conversion of Ang Il to Ang-(1-7), as well as the expression of the MasR. Studying the
effect of Ang. Conj. on SS, and breast cancer cell lines, showed that this compound is
capable of inhibiting the proliferation of certain cancer cell lines. Moving to the in vivo

study using a mice model of SS, the results reveal that Ang. Conj. has more stability
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and efficacy than native peptide in inhibiting the progression of cancer, as seen by a
considerable reduction in tumor size. This effect may be due to a shift in the balance
between the two arms of the RAS in favor of the protective arm, which includes anti-
proliferation, anti-angiogenesis, vasodilation, and anti-inflammatory actions. This was
shown at cellular level, as well. The difference in half-life and stability between Ang-(1-
7) and Ang. Conj. may account for the milder effects found after treatment with Ang-(1-
7) versus Ang. Conj. In conclusion, Ang. Conj. exhibited a potent anti-proliferative and

anti-cancer effect as a result of Ang-(1-7) conjugation's enhanced stability.
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7 Summary

7.1 General Conclusions

The RAS regulates multiple tissues’ and organs’ functions by maintaining blood
pressure, and electrolyte homeostasis (268). RAS is a great contributor to vascular,
cardiac, renal, liver, reproductive, and musculoskeletal system physiology and some its
pathophysiological effects include inflammation and fibrosis that link the RAS to the
initiation, development, and progression of several diseases (269).

The RAS has two arms: the classical arm containing ACE1/Ang Il /AT1R and the
protective arm composed of ACE2 /Ang-(1-7) /MasR (Figure 1). In healthy individuals,
these two arms are in a dynamic balance (12). Ang Il is the RAS major vasoactive
effector peptide and is produced mainly through enzymatic actions of ACE1 in plasma
and various tissues (14). The resulting effects include vasoconstriction, cardiac
hypertrophy and remodeling, inflammation, and fibrosis (15). Ang Il is additionally
associated with the initiation, proliferation, and metastasis of several cancers (16-18).
Formation of Ang Il from Ang | has been considered the final product of the RAS for a
long time. However, recent studies have shown that there are other Ang peptides in the
RAS that oppose the actions of Ang Il (24). ACE2 acts as a major enzyme involved in
the conversion of Ang Il to Ang-(1-7). Thus, ACEZ2 effectively inhibits Ang Il formation
by stimulating alternate pathways for Ang | and, particularly, Ang Il degradation (27).
MasR, a specific receptor of Ang-(1-7), is a member of G protein-coupled receptors

(GPCRs) family (26).
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The RAS is considered an interesting therapeutic target and has been studied for
several decades. Accumulating evidence proves that Ang-(1-7), the main peptide of the
protective arm, counteracts the actions of Ang Il (270). Due to Ang-(1-7)’s rapid
systemic clearance, its short half-life (3-15min) restricts its potential therapeutic
benefits. In this work a structurally-modified bone drug delivery system was proposed to
extend the peptide circulation half-life.

The bone targeted delivery of Ang-(1-7) was successfully characterized and its in vitro
stability and bone binding capacity were determined. The pharmacokinetic parameters
of the Ang. Conj. was done after i.v. and s.c. bolus administration and compared with
i.v. Ang-(1-7). A longer half-life was achieved. Due to a longer half-life, we tested the
efficacy of Ang. Conj. with Ang-(1-7) in in vivo model of RA and in vitro and in vivo
models of breast cancer, SS, and OS.

The results of this study show that Ang. Conj. modulates both RAS and ArA pathway
and regulate the detrimental effects of inflammation imposed on these systems. Based
on these findings, GIcN with an optimal safety profile and positive effects on RAS and
ArA pathway on higher doses could be considered as an alternative for the NSAIDs in

treatment of inflammatory conditions such as RA.

7.2 Future Directions

For validation of observed effects of Ang. Conj. in reducing inflammation, in vivo studies
using different animal models of inflammatory diseases could be conducted with
histological evaluation of different pro- and anti-inflammatory cytokines in several

tissues, including joints.
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The next step in introducing Ang. Conj. as a therapeutic agent would be to test it in pre-
clinical species such as non-human primates abd study its pharmacokinetics and
pharmacodynamics. In order to address the Ang. Conj. effectiveness, a clinical trial in

patient population with moderate to severe RA could be helpful.

7.3 Strenqgth and Limitations

Conjugating the short-lived therapeutic molecules to a BP moiety is a unique method for
improving the stability, pharmacokinetics, and accumulation in bone tissue for peptides
such as Ang-(1-7). This strategy has the potential to provide a reliable therapy option for
a variety of clinical disorders linked to the active classical arm of the RAS. The most
significant weakness of the pharmacokinetic study is the feasibility of detecting Ang.
Conj. by LC-MS/MS due to its high ionization state. So, to overcome this issue, we used
the Ang-(1-7) released from Ang. Conj. as a surrogate compound to define the Ang.
Con;. release profile and Ang-(1-7) pharmacokinetic parameters after administration of
Ang. Con;.

Human pilot study present with several limitations. Although statistical significance was
demonstrated for nearly all associations, clustered data rather than correlation was
reported for CRP. Its interpretation should be approached with caution. In addition, if the
sample size was greater and more persons with RA participated in the study, the results
would be more robust and persuasive. Incorporating additional disease index scores
could also strengthen the association between RAS biomarkers and the CRP and

RAPID3 indices.
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