CHAPTER 2

LITERATURE REVIEW

“A literature review is not simply a catalogue of annotated summaries but
an intellectual effort to understand the state of art in a particular area.”’

-Michael Connelly
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2. Literature review
2.1 Peptide therapeutics

Peptides are unique therapeutic agents that are used to treat a number of severe and incurable
diseases. Peptide therapies are tissue-selective, biocompatible, capable of being scaled up
economically, and capable of mitigating many of the drawbacks of small molecule
medications. Since insulin was discovered in 1921 and approved for medical use in 1982 [1],
therapeutic peptides had ongoing success stories of treating many diseases,
including diabetes, inflammatory diseases, cancer, etc [2]. Compared to traditional small
molecules, they show low side effects, have a great safety profile, and are very selective and
strong [1]. The USFDA (United State Food and Drug Administration) has approved several
biomacromolecules for their clinical use up to now [3]. The clinical applications of peptide
therapies are, however, limited by unfavourable attributes such as rapid metabolism, rapid
decomposition in plasma, negative-charge density, and traditional delivery methods that result
in inadequate patient compliance. The potential for tailored delivery vehicles that can
selectively transport and offer better stability of loaded peptides from the biological
environment will determine the eventual outcome of peptide-based treatments. Recent
developments in polymeric and nanoengineered lipid-based delivery methods have expanded

the range of peptide's medicinal targets.

The identification of possible therapeutic peptides is a key component of peptide development;
hence, their synthesis and sequence modification follow to improve their pharmacological
effects. The biological activity of peptides is determined by their chemical structure mostly
related to their intended therapeutic effect [4]. The development of peptide drugs necessitates
application of medicinal chemistry techniques to enhance their properties, allowing them to
mimic, stabilize, or create a model of secondary or tertiary structures after they have been
synthesized. This modification process is essential for broadening their biological activity and
achieving characteristics such as specificity, stability, and solubility. A range of innovative
methods is employed to produce stabilized peptides and proteins. These methods include
chemical synthesis, where the peptides are carefully constructed, and chemical modifications

that alter their structure. Additionally, the integration of omics technologies, adjustments made
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to either side chains or backbone of peptides, and the process of cyclization are also utilized.
Various strategies such as mimicking the structures of a-helices and enhancing their stability
are pivotal, as are the imitation of B-strands and sheets. Furthermore, the use of recombinant
technology allows for the efficient production of peptides, and PEGylation enhances the
properties of both peptides and proteins. Notably, peptide modification can also occur through
the expansion of the genetic code, leading to novel functionalities. Lastly, advancements in the
delivery systems for peptide medications are being explored, focusing on covalent interactions
that facilitate effective transport and function of these therapeutic agents [5]. The most recent
and effective technique for creating therapeutic peptide analogues with the intended and
targeted structures is chemical modification. The main impacts of peptide modification are
increased stability, selectivity, and activity. The three finest examples of the results of chemical
modification techniques that are currently being used in clinical applications are semaglutide,
liraglutide, and selepressin. However, certain chemical modifications are unable to

simultaneously recover the proteolytic stability, selectivity, and activity.

For example, peptide half-life can typically be extended by substituting L-amino acid with D-
amino acid. However, D-amino acid- modified peptides modification rarely demonstrate
biological activity efficiently [6]. Peptide modifications enable them to exhibit improved

plasma stability and activity, as well as to become more drug-like [7].
2.2 Challenges of peptides as therapeutic agents

Peptide-based treatment prospects are increasingly showing their immense potential in the
stubborn illnesses management due to their higher biological activity, higher selectivity, lower
toxicity. However, due to several unavoidable limitations, such as target selectivity,
intracellular activity, and stability, the therapeutic applications of these peptides may be more
robust (Figure 2.1). Furthermore, because of their structural complexity, peptides, proteins,

and nucleic acids are still difficult to provide therapeutically.
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Figure 2.1: Various challenges of delivering macromolecules

The effectiveness of oral administration of these macromolecules is hindered by a number of
physiological and biological conditions, including the presence of ingested food, enzyme
degradation, the mucus layer, gastrointestinal system acidic pH, low oral bioavailability of
peptides/proteins, etc. Furthermore, peptidases quickly break down peptides and tiny proteins
that are poorly absorbed by mucosal membranes, resulting in a short half-life in circulation.
Consequently, the intravenous, intramuscular, or subcutaneous methods are used to administer
the majority of peptide/proteins/NA-based formulations [8]. Systemic distribution of proteins,
peptides, and nucleic acids is hindered by a number of issues, such as poor intracellular
trafficking, insufficient cellular affinity, and short half-lives due to destruction by cellular
nucleases and plasma [9]. Moreover, even with parenteral delivery, metalloproteinase-
mediated enzymatic breakdown, plasma instability, quick renal clearance, and potential

immune system reactions are still unavoidable [10].

These elements taken together produce the small half-life of these molecules, which causes
repeated dosing needed to reach plasma level at steady state, hence lowering patient
compliance and limiting their clinical usefulness. Therefore, ready to use formulations for
selected peptide molecules are indeed needed which can infuse the therapeutic agent at slower

rate and would able to uphold the adequate plasma concentration of the drug.
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The complexity of peptide administration that is selective, requiring navigating multiple
biological hurdles prior to realizing the full potential of peptide treatment. Additionally,
adverse traits such as quick deterioration in negative-charge density, quick metabolism,
plasma, and traditional delivery approaches that result in low patient compliance, limit the
peptide's clinical applications treatment methods. To render these interactions ineffective,
strategies utilizing recombinant engineering, hydrophobic polymer-based chemical
modification, and micro- and nanoencapsulation based Peptide delivery shows enormous
potential and has been widely investigated in the previous fifteen years of study [11]. These
findings protect the peptide medicines from being broken down by enzymes, stop the first
explosion and uncontrolled release, and raise plasma half-life, lower the frequency of doses,
increase patient adherence, and selectively deliver the bioactive, with few negative effects and
consistently remain effective against chronic diseases [12].

2.3 Drug profile
2.3.1 Oxytocin

Comprising nine amino acids, the nonapeptide oxytocin (OXT) is synthesised by the
mammalian brain's hypothalamus and acts as a neuropeptide hormone. In women, it is mostly
used for parturition management, postpartum uterine bleeding control, treatment
for inevitable, incomplete, voluntary abortion, lactation, etc. [1]. OXT functions as both a
neuromodulator and a neurotransmitter in the brain. In preclinical research, peptides linked to
neurotransmitters demonstrated remarkable efficacy in treating conditions related to the brain

and were identified potential latent therapies in neurological illnesses.

Among the several neuropeptides, OXT serves as a neuroprotective by shielding the
hippocampal from brain cells excitotoxicity and as a chemical transmitter, also reducing

inflammation in neurones [13].
2.3.1.1 Functions of OXT

OXT is derived from the Greek word “oxutokia” meaning “quick birth” and has been generally
known as “love hormone”. With the arena of information broadening progressively (Box 1)
[14]. Based upon the multiple functions that this hormone carries out, two main systems have

been recognized; the peripheral OXT system that reflects secretion from the pituitary gland
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and the central OXT system. The behavioural consequences of this hormone are hypothesised
to reflect OXT secretion from centrally projecting neurones different from those entering the
posterior pituitary or which are collaterals from them [14]. This belief is mostly due to the fact
that OXT once secreted from the pituitary gland cannot re-enter the brain owing to the BBB
[15].

BOX 1: Functions of Oxytocin

Peripheral action Central action

e Let-down reflex

e Penile erection and ejaculation

e Parturition and uterine involution

e Modulation of testicular steroidogenesis

e Cellular proliferation,

¢ Reduces the secretion of urine

e Stimulates secretion of sodium from
kidneys (natriuresis)

e It may play a role in autism

Improves sexual behaviour,
Improves social behaviour,

Improves maternal behaviour,
Improves lactation and grooming
Tolerance and dependence to opioids

2.3.1.2 Pharmacology and Biochemistry

Mechanism of action of Oxytocin

A polypeptide characterized by its seven transmembrane domains, OXT belongs to the
Rhodopsin-type class-1 G-protein coupled receptor (GPCR) family. It exhibits a notable
affinity for a specific group of proteins situated on the surface of target cells, which are
classified as OXT-receptors [16].These OXT-receptors are linked to Gqg subtype G-proteins,
which, upon binding with GTP, significantly increase the activity of the enzyme known as
Phospholipase-C [17]. When OXT fixes to its receptor, it commences a series of cellular events
leading to the activation of the Phospholipase-C enzyme [18]. This enzyme plays a crucial role
in accelerating the production of inositol triphosphate and 1,2-diacylglycerol, two important
signaling molecules. The inositol triphosphate produced triggers the release of intracellular

calcium ions (Ca™), setting off a series of vital processes within the cell.

As calcium ions bind to the protein Calmodulin, they form a complex known as the Ca**-
Calmodulin complex. This interaction is particularly significant in smooth muscle tissues, like

those found in the myometrium, where the complex then triggers the MLCK (Myosin Light
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Chain Kinase) enzyme. The activation of MLCK is a key step that leads to the contraction of
smooth muscle fibers [19]. Additionally, one of the noteworthy secondary effects of OXT is
its ability to enhance the synthesis of prostaglandin F2a (PGF2a), further influencing muscle
activity and other physiological responses [20].

Pharmacokinetics of oxytocin
e Absorption
Oxytocin is given through an IV and is fully soluble. After intravenous treatment, it takes about

40 min for oxytocin levels in the plasma to reach a steady state.

e Distribution
Oxytocin is spread out in the fluid outside of cells. Oxytocin probably gets into the bloodstream

of the foetus in small amounts.

e Metabolism
Only a little amount of the neurohormone is eliminated in the urine unaltered; the enzyme
oxytocinase is mostly in charge of controlling oxytocin levels in pregnancy. Throughout
pregnancy, oxytocinase activity rises; near term in the plasma, placenta, and uterus it peaks.
During gestation, the placenta is a major source of oxytocinase and generates rising enzyme
amounts in reaction to rising oxytocin levels generated by the mother. Mammary glands, the
heart, the kidneys, and the small intestine all show oxytocinase activity too. The brain, liver,
spleen, skeletal muscle, colon, testes all show lower degrees of activity. Men, cord blood, and

non-pregnant women all have very low degrees of oxytocin breakdown.

e Excretion
The liver and kidney help mostly to explain its quick disappearance from plasma. The urine
contains just little levels of oxytocin, unaltered.

2.3.1.3 Clinical usage of OXT in Gynaecology and obstetrics: a life-saving drug in women

The World Health Organization (WHO) reports that complications during pregnancy and
childbirth claim the lives of 500,000 women annually in Latin America, Asia, and Africa. At
least 25% of those fatalities are related to postpartum hemorrhage, which is mostly caused by

the uterus's failure to contract sufficiently following delivery (atonicity).
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The preferred drug to prevent post-partum haemorrhage is OXT [21]. Because of the
characteristic lifesaving properties of OXT, it was argued that OXT be listed as an essential
medicine in the National List of Essential Medicines (NLEM), in 2015. Further, in March 2017
in the 20" WHO, OXT was confirmed as an essential medicine and included in the Model List
of Essential Medicines. The country’s largest group representing doctors, the Indian Medical
Association (IMA), said that oxytocin’s ability to prevent haemorrhage after birth meant it was
“not a drug that doctors can compromise on” [22]. However, due to the Government of India
ban, imposed on OXT, the legal status of OXT, a medication crucial for the health and well-
being of new mothers is still in the halfway house, which will be discussed in subsequent
sections [23]. In gynaecology and obstetrics, the dose, applications and routes of administration
of OXT are given in table 2.1. Currently, many OXT products in various regulatory markets

across the world are available which are summarized in table 2.2 along with their application.

Table 2.1: Dose of OXT in human

Particulars (Oxytocin injection I.P.)

Strength/Packing | 5 units/0.5mL/Ampoule & 5 units/mL/Ampoule

Administration

During labor | Control of postpartum | Treatment of
induction hemorrhage incomplete,
inevitable, or
elective abortion
0.9% sodium | If the patient has i.v. infusion | 0.9%  aqueous
chloride or | running, 10 - 40 wunits in | sodium chloride
Ringer’s lactate | electrolyte or dextrose solution | or 5% Dextrose
(5/10 units OXT | remaining (depending on the | (10 U OXT in

in 500/1000 ml

amount of diluent remaining

500 ml dilution)

dilution) by i.v and max 40 units in 1000 mL) | by i.v.
Or
10 units can be administered
by i.m. after the delivery of the
placenta
Maximum dose | 10 units 40 units 10 units

OXT/mL (during
administration)

0.005 units/mL

0.04 units/mL

0.02 units/mL

Source: Pitocin IP pack insert [24]
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Table 2.2: Dose & uses of different OXT injections in human in various regulatory markets

Regulatory

During labour

Treatment of incomplete

Market Particulars | Diluents induction Control of postpartum or inevitable abortion
Normal 10 - 40 units of OXT diluted to 1L of a diluent | An intravenous infusion of 500 mL
West-Ward | saline I.v. infusion, 1 mL (10 | and run at a rate required to control uterine | physiological saline solution or 5%
Pharmaceuti | (NS) or units) is diluted with 1L | atony. i.m. Administration 1 mL (10 units) of | dextrose in physiological saline,
cal Corp 5% of a diluent. OXT can be administered post-delivery of the | with 10 units of OXT added, should
Dextrose placenta be administered.
10 - 40 units of OXT diluted to 1L of a diluent | " INtravenous infusion of 500 mL-
S . . physiological saline solution or 5%
i i.v. infusion, 1 mL (10 | and run at a rate required to control uterine . . X .
Fresenius NS or 5% i) is diluted with . dministrati . £ dextrose in physiological saline,
Kabi USA | Dextrose unlts).ls e L e (.10 Ul © with 10 units of OXT added, should
of a diluent. OXT can be administered post-delivery of the . '
be administered at a rate of 20 - 40
placenta i
US _ drops per minute.
0 I.v. infusion by one mL i : :
Par _ NS /5% (10 1U OXT) in 1L 10 _40 USP in dext.ros_e or electrolyte solution 10 IU OXT in 500 mL dilution
Pharmaceuti | Dextrose/ o ) lasting (max 40 Units in 1L) . .
. , dilution (0.9% sodium | . L . . (0.9% aqueous sodium chloride or
cal, Inc. Ringer's . . , i.m. administration. 1 mL (10 units) can be
S e chloride or Ringer’s . . 5% Dextrose)
(Pitocin®) lactate lactate) given after the delivery of the placenta
10 - 40 units of OXT d|_Iuted to 1L of a dllugnt An intravenous infusion of 500 mL
S and run at a rate required to control uterine . X . .
APP NS or 5% | V- infusion, 1 mL (10 aton physiological saline solution or 5%
Pharmaceuti | units) is diluted with 1L | 20 : dextrose in physiological saline,
extrose . i.m. Administration 1 mL (10 units) of OXT | .
cals, LLC of a diluent. . . with 10 units of OXT added, should
can be administered post-delivery of the L
be administered.
placenta
Aquettant NS or 5% I.V. Infusion by 5 IU of | 5 IU gradually iv., in severe cases by iv | Administer 5 IU slowly via IV,
EMA Lt% Dextroseo OXT be mixed with | infusion of a solution comprising 5 to 20 1U of | followed in severe cases by an IV

0.5L of a physiological

OXT in 500 mL diluent.

infusion of a solution containing 5
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Regulatory . . During labour Treatment of incomplete
Market Particulars | Diluents induction Control of postpartum or inevitable abortion
electrolyte solution or | Caesarean section: 5 IU by slow iv injection | to 20 IU of OXT in 500 mL of
5% dextrose instantly subsequently delivery diluent, adjusted to a rate sufficient
to manage uterine atony
Caesarean section & prevention of postpartum
. uterine haemorrhage: 5 IU by i.v. infusion.
SHEEe; Treatment of postpartum uterine haemorrhage:
0, i H o
MEET el i to_be B Gl Administer 5 IU in 500 mL of diluent via IV | 5 IU in 500 mL by i.v. infusion
Products Dextrose | 500ml diluent infusi .
Ltd infusion, followed_ in severe cases by an IV
N infusion of a solution containing 5 to 20 U of
OXT in 500 mL of diluent
ITSeagtmarl‘r?g;‘:redgs\flfl\? 51U by i.v. infusion (5 1U mixed in
Pan Pharma | NSor5% | . X : . 5 IU by i.v. infusion (5 IU mixed with | 500 mL) diluent, if necessary,
infusion, mixed in 500 . . .
UK Ltd Dextrose . : physiological electrolyte solution) followed at a rate of 20 to 40
mL of a physiological e .
. milliunits per minute.
electrolyte solution
Caesarean section: Administer 5 IU via slow
Add 5 1U of OXT to 500 v injection |mm](ced|ately after delivery _
mL of a physiological Prevention 0 postpartum uterine
EVER . haemorrhage: The usual dose is 5 1U gradually
electrolyte solution. For | . 3 .
Neuro - . | Iv post-delivery of the placentas. 5 IU gradually iv, if needed
NS or 5% | patients who must avoid . ) . .
Pharma . . Treatment of postpartum uterine haemorrhage: | followed by iv infusion at a rate of
Dextrose | sodium chloride . ; ) . .
GmbH, ) . Administer 5 IU slowly via IV, followed in | 20 to 40 mU per min or higher
. infusion, a 5% dextrose d . .
Austria severe cases by an IV infusion of a solution

solution can be used as
an alternative diluent

containing 5 to 20 IU of OXT in 500 mL of
diluent, infused at a rate required to control
uterine atony.
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Regulatory . . During labour Treatment of incomplete
Market Particulars | Diluents induction Control of postpartum or inevitable abortion
Add 5 IU of OXT to 500 | Caesarean section: Administer 5 IU via IV
mL of norm_al saline | infusion, with 5_IU dlluteq in a phyS|oIog|c§I ST 5 U vk 1 e
Hameln (NS). For patients who | electrolyte solution and given as an IV drip | _ . . . : .
. | NS or 5% . . A with 5 U diluted in a physiological
pharmaceuti need to avoid sodium | infusion ) .
Dextrose e . . electrolyte solution and delivered
cals Itd chloride infusion, a 5% | Prevention of postpartum uterine as an IV dri infusion
dextrose solution can be | haemorrhage: 5 IU by i.v. infusion (5 IU P
used as the diluent diluted 500 diluent)
5-10 IU by i.m. injection or 5 IU by slow bolus
1.v. injection. In patients given OXT by drip to
Apotex Pty | NS or 5% _10 IL_J OXT per 1 Iltr_e induce or stlmulqte Iabour,_ the infusion should 5-10 U by i.m. injection or 5 IU by
infusion fluid IS | be continued during the third stage. oA
Ltd Dextrose S M slow bolus i.v. injection
recommended. Caesarean Section: 5 IU by i.v. infusion or
slow bolus i.v. injection after delivery of the
foetus
5-10 IU by i.m. injection
Generic NS or5% | O 5 IU by slow bolus | Caesarean Section: 5 IU by i.v. infusion or
TGA Health Pty Dextrose I.v. injection. (10 IU | slow bolus i.v. injection after delivery of the | Not Available
Ltd OXT per 1 litre infusion | foetus
fluid is recommended.)
Rympa
Injection
OXT/ergom
etrine NA e Active management of the third stage of labour.
maleate e Prevention and treatment of post-partum haemorrhage associated with uterine atony
ImL
injection
ampoule
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Rf\%l;l::(té)try Particulars | Diluents Dlé;lggclte;sgur Control of postpartum T;ﬁg:\?ﬂ;g{;gg%ﬂ%ite
Syntometrin | NA Active management of | Prevention and treatment of post-partum
® Phebra2 third stage of labour: 1 | haemorrhage:
Pty Ltd mL im. following | Administer 1 mL intramuscularly following
(OXT5 delivery of the anterior | the expulsion of the placenta, or if bleeding
IU/mL and shoulder, or | occurs. If necessary, the 1 mL injection may be | Not given
ergometrine immediately after | repeated after an interval of at least two hours.
maleate 500 delivery of the child The total dose within 24 hours should not
microgram/ exceed 3 mL.
mL)
Fresenius NS, NS in | i.vinfusion by 1 mL (10 | To control postpartum bleeding: 10 - 40 IU of
Kabi 5% units) is  combined | OXT may be mixed to 1L of a diluent and run | i.v. infusion with physiologic
Canada Ltd | Dextrose | aseptically with 1,000 | at a rate needed to control uterine atony. saline solution, 500 mL, or 5%
mL of a diluent i.m. Administration of 1 mL (10 units) of OXT | dextrose in physiologic saline
Canada can be administered post-delivery of the | solution
placenta
Pfizer NS 5% 10 IU of OXT are |i.v.infusion. Administer 5 to 10 USP units via
Canada Inc. | Dextrose | dissolved in 1000 mL of | slow IV injection. Additionally, administer 5 | NA

5% dextrose solution

to 10 USP units via IM injection.
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2.3.1.4 Cardiovascular protective properties

In animal research, OXT has become a quite effective cardioprotective agent. Often
accompanying cardiovascular illnesses is disturbance of OXT and/or OXT receptor signalling.
Commonly causing cardiovascular diseases, endoplasmic reticulum stress drastically lowered
the OXT levels. By stopping the growth of atherosclerosis and healing the damaged heart,
OXT can show cardiovascular preventive effect [25]. Moreover, cardiovascular problems help
to explain the amazing morbidity and death among COVID-19 patients [26—-28]. Notably, apart
from the prevention of metabolic ailments accompanying diabetes mellitus and atherosclerosis.
Reducing brain-heart syndrome and hypertension encouraging the regeneration of damaged
cardiomyocytes helps OXT safeguard the heart and vasculature. Targeting different essential
pathogenetic events in COVID-19, reports showed the cardiovascular protective properties of
OXT [27]. OXT overcomes inflammatory cytokine release and neutrophil infiltration,
stimulates T-lymphocytes, and counteracts the detrimental effects of angiotensin Il as well as
several significant pathogenic processes associated with COVID-19. Furthermore, OXT can
reduce heparin and heparan sulphate fragmentation by increasing superoxide dismutase
expression and stimulating y-interferon expression to inhibit cathepsin L. Through these
pathways, OXT can prevent viral invasion, inhibit the progression of multiple organ failure
and ARDS (acute respiratory distress syndrome), decrease cytokine storm, and reverse
lymphocytopenia. Exogenous OXT, in contrast to other treatment drugs, can be administered

safely and does not cause the side effects observed in corticosteroid therapy or remdesivir.

Most importantly, OXT can be mobilised endogenously to stop COVID-19 from pathogenicity
[29]. Among the several prospective therapies, OXT a typical hypothalamic neuropeptide with
pleiotropic effects has become a powerful contender in the fight against COVID-19 [30].

2.3.1.5 Oxytocin in Brain Disorders

One alternative designation for the oxytocin receptor (OXTR) is a G protein-coupled receptor
(GPCR), which plays an essential role in the intricate process of cellular signaling. It achieves
this by binding to guanosine triphosphate (GTP), a key molecular player, and subsequently
triggering a cascade of enzyme activities involving phospholipase C. The OXTR can be found

throughout various regions of the human body, highlighting its significant presence and
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functionality. In the brain, this receptor is particularly concentrated in several critical areas,
each with specialized roles: the hippocampus, which is vital for the processes of memory
formation; the head of the caudate-putamen, which governs the complexities of movement
control; the ventromedial nucleus of the hypothalamus, important for regulating appetite and
managing stress responses; and the central nucleus of the amygdala, which is a pivotal player

in emotional processing [31].

As a neuromodulator, OXT exerts a profound influence over a wide array of central nervous
system processes in both males and females, intricately shaping behaviors and physiological
responses. The investigation into the role of OXT within the central nervous system has
emerged as a fascinating area of research, capturing the attention of scientists. A growing body
of preclinical and clinical studies highlights that the mechanisms of neurotransmission may
have vital connections to the exploration and management of various neurological disorders,
suggesting a promising avenue for future therapeutic interventions. OXT has shown benefit in
some neuropsychiatric and degenerative conditions. These include social [32], non-social [33],
emotional [34], sexual activity, behaviour, mating [35], sexual [31], epilepsy [36], affiliative
[37], schizophrenia [38], obsessive-compulsive disorder (OCD) [39], mood disorders [40],
Parkinson’s disease, Alzheimer’s disease (AD) [41], hypoxia, neuropathy, and others [42].

At the moment, 5 to 10 units/mL of OXT are offered in different regulatory markets for use by
gynaecologists and obstetricians for treatment through intravenous (i.v) or intramuscular (i.m)
injection. Because the molecule is hydrophilic and has a short half-life, only a small amount
of OXT gets to the brain after being injected. Several clinical and animal studies have shown
that giving OXT through the nose can help with a number of neurological diseases [43]. The
reason for intranasal (i.n.) treatment is that it breaks down BBB. To fix the issues with BBB
pervasion, different techniques have been tested to boost pharmacological reaction [44].
Strategies involving customised nano drug deliveries are important for getting OXT into the
brain because they can lower its toxicity and boost its therapeutic effectiveness there [45]. In
the next part, we'll talk about how OXT can be used to treat neurological disorders using both
old and new carrier systems, and we'll also talk about what the future holds.
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2.3.1.6 Neuropsychiatric disorders

Generalized social anxiety disorder & post-traumatic stress disorder

People have seen that OXT can help with anxiety, especially when it comes to social anxiety
and fear. So, anxiety disorder is now another medical condition being looked into in OXT study
[46, 47]. According to Hoge et al., plasma levels of OXT were seen to vary between individuals
with healthy control (HC) and Generalised Social Anxiety Disorder (GSAD) [48).

The GSAD sample revealed a notable and beneficial connection between the heightened
intensity of social anxiety symptoms, the participants' age, their gender, and the corresponding
elevated stages of oxytocin (OXT). The authors of this report identified that individuals who
experience significantly lower social satisfaction levels are more likely to have increased OXT
levels circulating in their systems. The previously mentioned studies were specifically
designed to assess and measure the peripheral levels of oxytocin in the participants [48].

Some studies looked at how i.n. OXT could help treat soldiers with post-traumatic stress
disorder (PTSD) [48,49]. OXT was able to lessen the intensity of thinking that happened a lot
during traumatic events. The patient's mood got better, and their worry level went down [48]
[50]. Patients who got OXT treatment said they felt better about how they looked and how well
they did in tests, especially when it came to public speaking. According to studies, giving OXT
to people with social anxiety disease has been shown to help lower their levels of social stress.
This decrease in social stress might have a bigger effect than just making anxiety feelings
better. Because of this, people with anxiety problems may be more likely to get more out of

psychotherapeutic exposure treatments [51,52].

Antidepressant effect

Many preclinical studies have been done since the first report of OXT's depressive effects and
have found similar results. There is some evidence that OXT might help with depression, but
this is only a guess because it controls neural activity by changing neurotransmitter release,
reducing inflammation, and down-regulating the hypothalamic-pituitary-adrenal axis [53].
Central OXT can turn on GABAA receptors in the paraventricular nucleus and stop the stress
that is caused by mRNA expression and corticotrophin-releasing hormone [54]. OXT also

reduces depression and the negative consequences of excessively high glucocorticoid levels
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[54]. OXT lowers immobility time in both chronic and acute clinical settings for the forced
swim test [55]. Blocking antagonists of OXTR linked OXT antidepressant effect to this activity
not evident in OXT receptor mutant animals [56-58]. The antidepressant activity of OXT was
also validated in the tail suspension model. Consequently, the aforementioned trials validated

the significant antidepressant impact of OXT [59].

Autism spectral disorder

OXT has demonstrated a beneficial influence on behaviors characterized by repetition,
improvements in social connections, and the ability to recognize social cues in individuals
diagnosed with autism spectrum disorder (ASD) [60]. A range of animal models has been
carefully developed, and extensive preclinical studies have been conducted to thoroughly
investigate the effects of OXT on human subjects with ASD [61,62]. Additionally, extensive
research has been conducted using animal subjects to investigate the potential implications of
OXT in understanding the underlying biological processes of ASD, revealing a substantial
correlation with promising treatment targets for addressing this complex condition [63]. This
notion is further reinforced by the widely acknowledged presence of social deficits, which are
regarded as a fundamental aspect of ASD [64].

Initial study indicates that individuals with autism exhibit reduced plasma amounts of OXT.
Numerous genetic studies indicate the significant significance of OXT in ASD. The OXTR
genetic component is a significant candidate for future research due to its potential associations
with ASDs. Within the framework of OXT, the CD38 gene emerges as a significant candidate
gene for ASD. CD38's role in the production of OXT within the CNS is well established, and
it has been noted to affect social conduct in mice [65,66]. The aforementioned reports regarding

OXT and its impact on ASD are based on intravenous delivery [67].

Major depressive disorder & mood disorders

Clinical investigations have revealed a significant relationship between plasma OXT levels
and the manifestation of depressive indications. In individuals diagnosed with Major
Depressive Disorder (MDD), OXT concentrations were found to be markedly diminished
when compared to those in control groups without depression [68,69]. This observation was

further validated by multiple analogous studies focused on MDD patients, reinforcing the
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findings [70,71]. Initial explorations into this association primarily aimed at evaluating OXT
levels in individuals grappling with mood disorders, with a particular focus on depression [72].
Findings from these studies indicate that female patients tend to exhibit reduced OXT levels,
whereas male patients may exhibit elevated concentrations. The connection between OXT
levels and the experience of depression is intricate, heavily influenced by the interplay with
other neurotransmitter systems, notably serotonin and dopamine (DA) [53,73]. There exists a
noteworthy correlation between plasma levels of OXT and the diagnosis of MDD [40].
Following these initial findings, researchers sought to investigate how this correlation might
relate to anxiety and other mood disorders, uncovering a similar impact of oxytocin in these

contexts as well [74].

Couple bonding and sexual behaviour

Numerous studies have used rats as a preclinical model to explore the neurological connection
of pair affinity. In these studies, OXT demonstrated enhanced community functioning in
positive behaviours and improved, enduring connections following coupling [75]. The limbic
system’s robust links to the prefrontal cortex, which regulates intricate cognitive functions,
significantly contribute to social attachment behaviours, such as couple bonding [76]. In
individuals diagnosed with MDD who displayed sexual responses during night-time hours,
their plasma OXT levels were significantly lesser than those observed in the control group.
Even though there may be a surge of excitement during intimate and mating encounters, both
anecdotal experiences and technical studies reveal that persons often feel a profound sense of
drowsiness and tranquillity in the hours that follow sexual activity [75, 76].

Another experiment revealed that the release of OXT in the paraventricular nucleus of the
central nervous system facilitated anxiolysis in male rats during sexual motivation and mating.
One study indicated that OXT enhanced sexual and mating activity behaviour in male mice
due to its antidepressant effects [56]. When a male and female were placed together in a cage
with a perforated acrylic barrier, no direct physical interaction was seen; however, visual,
auditory, olfactory communication occurred. The aforementioned investigations clearly

indicate that OXT significantly influences sexual behaviour and tranquilly [57].
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Schizophrenia & Obsessive-compulsive disorder (OCD)

Numerous researches have established that OXT significantly influences the pathophysiology
of schizophrenia, particularly regarding memory function and social behaviours. Nonetheless,
the precise mechanism behind its anti-schizophrenia action remains inadequately elucidated
[77-79]. Alongside the goal of improving schizophrenia treatment through the investigation of
novel molecular pathways, there is considerable interest in understanding the biological and

clinical ramifications of OXT [38].

From a biological perspective, considering the dominant role of DA justification of psychosis,
the obvious interaction between the DA and OXT systems suggests that OXT may have a role
in this illness. OXT neurons have dopamine receptors in a variety of brain areas [79].
Additionally, it is noteworthy that OXT and DA receptors co-localize in mesolimbic system
regions in relation to psychotic symptoms [80]. While early research suggested that people
with schizophrenia had greater plasma levels of OXT, subsequent investigations were unable
to replicate these results. Actually, recent research found no differences in OXT concentrations
in CSF [80,81].

OCD is a persistent neuropsychiatric condition associated with varying degrees of depression
[39]. Furthermore, OCD encompasses other subcategories of symptoms, including diminished
insight, coexisting tics, and autistic behaviours [82,83]. It was brought to light in a case study
involving hospitalized patients with severe OCD who, following four weeks of daily i.n
OXT therapy, witnessed a marked improvement in OCD symptoms [84]. Additionally, the
function of OXT in OCD patients was documented, and elevated OXT plasma levels in CSF
were observed. These results suggest that OXT has a prospective function in OCD
neutralization [82,83].

Epilepsy

Recently, OXT has been utilized in the brain through delivery methods based on nanoparticles
(NPs), demonstrating encouraging outcomes in both in vitro (lab) tests and in vivo (animal)
investigations [85]. The multidisciplinary field of nanomedicine holds great potential for
assisting in this endeavour. When administered via i.n., OXT encapsulated in NPs proved more
effective in treating epileptic animals than OXT administered alone in mice [86]. Exogenous

OXT injection via the intranetural route has demonstrated some beneficial specific effects on
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seizures [87,88], indicating that OXT's therapeutic benefits in the CNS of the brain may be
enhanced by nano-based delivery methods.

In one study, the long-term use of OXT and OXT-loaded NPs prevented pentylenetetrazole-
induced seizures. Apart from their anti-seizure properties, OXT-NPs also lessen hippocampus
damage, apoptosis, and memory alteration. These results have demonstrated more effective
ways to boost the therapeutic efficacy of OXT in animal models of epilepsy by employing
nanocarriers via i.n. delivery [85]. On the other hand, there is currently a dearth of information
about the therapeutic benefits of OXT-loaded NPs in epilepsy.

2.3.1.7 Neurodegenerative disorders

Alzheimer’s disease

In meticulous evaluations conducted both in laboratory settings and within living organisms,
OXT has revealed its remarkable ability to modulate the activation of microglia triggered by
lipopolysaccharide, serving as a protective factor during the early phases of Alzheimer's
disease [84,86]. Research has pinpointed a potential role for OXT as an anti-inflammatory
agent within the brain, particularly relevant in the later stages of the disease, where
inflammation often exacerbates cognitive decline. Pre-clinical investigations involving a
variety of animal models have demonstrated that OXT not only enhances memory functions
but also supports the assumption that it may show a vital role in the pathology of Alzheimer's
disease. In studies involving two distinct cohorts of Alzheimer's patients, it was observed that
the number of hypothalamic cells expressing OXT remained within normal ranges; however,
intriguingly, there was a notable increase in OXT concentrations within the hippocampus and
temporal cortex of these individuals [85,86]. Furthermore, elevated levels of oxytocin found
in cerebrospinal fluid have been linked to a more favorable prognosis for those affected by
Alzheimer's disease, suggesting a potential biomarker for monitoring disease progression [86].

Parkinson’s disease

A deficiency in social interaction, coupled with an imbalance in the biological activities of
OXT and/or DA, has been related to a variability of serious health conditions, comprising the
eating disorder anorexia and the neurodegenerative disorder Parkinson's disease (PD). In

individuals diagnosed with neurological conditions such as PD, the pathways governing central
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dopamine and potentially OXT neurotransmission are profoundly compromised [89]. A
growing body of research suggests that the cytoprotective effects of OXT could be mediated
through multiple mechanisms, which include anti-inflammatory responses, prevention of
programmed cell death (apoptosis), and protection against oxidative stress. In recent years, the
rotenone-induced model of Parkinson's disease in rats has gained popularity among researchers
as a valuable tool for exploring the intricate degenerative mechanisms associated with this
disorder. Remarkably, OXT has been found to exert a robust cytoprotective influence,
significantly reducing the occurrence of cell death in dopaminergic neurons that has been
triggered by rotenone toxicity [87].

In a particular study that employed immunohistochemical assessment techniques, it was
observed that rats with PD, which received saline treatments, displayed a notable reduction in
the immunoreactivity of tyrosine hydroxylase a key enzyme in dopamine synthesis [90]. In
stark contrast, a subsequent investigation revealed that the administration of OXT through the
intranasal route caused in an upsurge in the appearance of tyrosine hydroxylase within the
striatal neurons. Considering the critical involvement of caspase events in the mechanism of
rotenone-induced cell mortality, the results from this research suggest that OXT plays a pivotal
role in inhibiting apoptosis by modulating the caspase pathways and the death signals
originating from the mitochondria. Comprehensive studies conducted in vitro and in vivo have
underscored the significance of OXT in initiating neurogenesis and promoting cellular
proliferation, as well as highlighting its pharmacological effects in alleviating the symptoms
associated with PD [88].

Neuropathy

Researchers conducted a thorough investigation into the therapeutic potential of OXT when
used in combination with liraglutide, a long-acting analogue of the human glucagon-like
peptide-1 (GLP-1), utilizing an animal model specifically designed to study vincristine-
induced neuropathy. Vincristine (VCR), a member of the vinca alkaloid family, is notorious
for inducing a wide array of neurological deficits and is considered the most neurotoxic drug
within its category due to its damaging effects on the nervous system. In their study, rats that
were administered VCR underwent detailed histological and biochemical evaluations,

revealing that both liraglutide and OXT significantly mitigated neuronal injury. This protective
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response was attributed to a reduction in lipid peroxidation, a harmful process that damages
cell membranes, alongside an enhancement in the expression levels of nerve growth factor,
which plays a crucial role in the survival and growth of neurons [42]. The objective of the
investigation directed by Erbas and co-workers was to assess the neurorestorative and
neuroprotective effects of OXT administered i.p. on diabetic neuropathy in mice [71]. A
comprehensive array of parameters, which included detailed electrophysiological evaluations,
precise biochemical analyses, thorough histological examinations, and advanced
immunohistochemical techniques, were meticulously analyzed to conduct this study. The
results underscored the remarkable antioxidative and anti-inflammatory effects exhibited by
various doses of OXT in the context of sepsis-induced neuropathy within rodent models.
Findings from electromyography indicated that treatment with OXT could effectively rescue
or restore neuromuscular function, with the outcome being contingent on the specific dosage
applied. Following the administration of OXT, there was a significant increase in glutathione
levels, while malondialdehyde levels demonstrated a notable decline, reflecting the treatment's

efficacy.

The outcomes of the experiments reveal that OXT may effectively mitigate the detrimental
effects caused by high blood sugar levels on peripheral neuronal cells. This protective action
occurs through the inhibition of oxidative stress, inflammation, and programmed cell death

pathways, particularly when OXT is delivered via intraperitoneal injection [91-93].

Hypoxia

Hypoxia refers to a condition where there is an insufficient supply of oxygen at the cellular
level, leading to impaired functioning of mitochondria and consequently triggering
neurodegeneration. This damage disrupts normal brain activity, which is closely allied with
cognitive decline [94]. In a noteworthy study by Panaitescu and co-workers, it was discovered
that administering OXT to rats experiencing seizures induced by hypoxia caused in a
significant lessening in the total number of seizures the animals experienced [87]. OXT exerts
a profound influence on the brain's neurotransmitter system, particularly on gamma-
aminobutyric acid (GABA), which is known for its role in inhibiting neuronal excitability. By

regulating the activity of GABAergic neurons, OXT helps to navigate the delicate balance
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between depolarization and hyperpolarization, which can facilitate the typical low-oxygen
environment experienced during labor and delivery. Furthermore, OXT has been revealed to
show a vital role in alleviating inflammation within the central nervous system.

In one investigative study, researchers found that OXT therapy, when administered during a
critical phase of severe hypoxia, resulted in long-lasting rehabilitative effects on seizures
triggered by pentylenetetrazol, a substance that turns as an antagonist of the GABA (A)
receptor. The study also observed a significant reduction in the levels of tumor necrosis factor-
alpha (TNF-a) in both groups of hypoxic rats that received OXT treatment. This decrease in
inflammation, along with the reduction in hippocampal gliosis, coupled with an enhancement
in GABAergic activity, may provide insights into the mechanisms underlying these therapeutic
effects [95-97]. The evidence was further supported by the considerable decline in TNF-a
levels observed in both hypoxic groups treated with OXT, highlighting the hormone's potential
neuroprotective properties. In the context of lipopolysaccharide (LPS)-induced brain
inflammation, characterized by neuronal loss and the activation of microglia, the findings
indicated that OXT effectively inhibited the activation of microglia, suggesting its protective
role against neuroinflammatory processes [89,98].

2.3.1.8 Clinical Studies in Neurological Disorders

Presently, OXT has been used in various human clinical trials both alone and in conjunction
with other treatments to treat a range of neuroleptic conditions. Various neural behaviours have
been examined in clinical investigations with varying OXT doses (Table 2.3). Remarkably,
scientists have reported a number of beneficial effects related to concurrent usage of OXT in
neurodegenerative illnesses. The findings provide a new line of investigation for examining
dose-dependent brain activity in relation to neurological conditions. Table 2.3 provides a
concise summary of clinical research that provide insights into the effective interaction
between OXT and the human neurological system in the treatment of neuropsychiatric
diseases. In the same way, numerous patent applications that show the scientific evidence have
been filed so far on OXT in relation to neurological complaints. Table 2.4 summarises key
patent accounts detailing the efficacy of OXT in psychological diseases.
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2.3.2 Vasopressin

Vasopressin (VP), a nonapeptide is a single linear chain molecule of nine amino acids,
produced from enormous precursor proteins (propeptides), which in turn were derived from
"prepropeptides,” and comes under the class of macromolecules [110]. VP got first recognition
in individuals and demonstrated high levels of blood pressure when administered with pituitary
extract intravenously in the 19" century. Today, VP has recognition in major physiological
events from maintenance of arterial pressure to edema in brain to restoration of kidney
functions and management of neurological disorders [111]. The central nervous system (CNS)
is affected by neurohypophyseal hormones i.e., VP, plays prominent role in learning,
nociception, memory, central cardiovascular system regulation, social recognition, and stress
response [112]. It has been challenging to pinpoint the precise target receptor responsible for
the complex VP activities in the CNS. Possible targets reported are OTX-receptor gene, and
three G-protein-coupled receptors (GPCRs) based i.e., V1a, V1b, and V2. Gq heterotrimeric
GTP binding protein is activated by V1a, V1b, and OT receptors, and V2 excites Gs protein
[113]. The primary VP receptors in the brain may be of the V1 type. However, some
investigations have shown that the CNS may have a V2-like receptor. mRNA transcript
autoradiographic distribution for the VV1a and binding site autoradiographic distribution for the
V1 were largely associated with receptors presence in CNS [114]. VP1 manages two important
functions: body fluid content and preserves blood pressure. Two kinds of cell-surface receptors
are involved in mediating the biological effects of VP. Adenylyl cyclase is connected to the
renal receptor, i.e., V2, which is important in water reabsorption. The liver and vascular smooth

muscle express the vascular receptor V1a [115].
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Table 2.3: OXT to manage neurological ailments: Clinical summary

S.No.

Disorder/condition

Subjects

Method of study

Main Findings

Ref

Schizophrenia

27 Schizophrenia
patients and 21 healthy
controls

OXT levels in CSF

The patient and control groups had similar
CSF OXT levels. OXT was inversely linked
with second-generation antipsychotic dose
and unpleasant symptoms.

[90]

Autism Spectrum
Disorders (ASD)

10 ASD and 14 Healthy
controls

OXT level in plasma pre and
post psychosocial stressor

Adults with ASD exhibited elevated plasma
levels of basal OXT

[99]

Schizophrenia

The study included 29
subjects (22 with
schizophrenia and 7 with
schizoaffective disorder)
and 31 age-matched
healthy controls

A self-administered
intranasal dose of 40 IU of
OXT or saline was given,
followed by a structured
clinical interview

Asingle i.n. OXT dose significantly improved
the patient's social cognitive scores. However,
healthy people did not experience the effect.

[100]

Schizophrenia

15 patients who are
receiving regular
antipsychotic treatment

The Positive and Negative
Symptom Scale (PANSS)
was assessed after adjunct
daily doses of OXT (up to a
maximum of 40 IU)

After receiving OXT for three weeks, patients'
PANSS ratings significantly improved as
compared to those receiving a placebo.

[101]

Schizophrenia

21 patients who are
undergoing regular
antipsychotic therapy

An emotion recognition test
was conducted after adjunct
daily doses of OXT (24 1U)

It was found that patients who got OXT were
more adept at identifying emotions on both
morphed and unmorphed faces.

[102]

Schizophrenia

21 patients
polydipsia)

(5 with

Emotion identification was
assessed after receiving 10
IU or 20 IU of OXT, or a
placebo, on three separate
occasions

Emotional deficiencies at the basal level were
negatively affected in patients who received
10 1U adjunct OXT. Conversely, 20 IU OXT
reduced impairments in polydipsic individuals
but not in a group of polydipsic individuals.

[102]
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S.No.| Disorder/condition Subjects Method of study Main Findings Ref
. . L Patients' neural activity during the RMET was
7 | Depression %galLtJr?;nceodr:fr?)tfs o il Fé;:gl?gstt(hsml\é%d I G enhanced by a 40 1U dosage of OXT. [94]
8 Postnatal 25 mothers with | Self-assessment and  5- | Mothers reported improved relations with [95]
depression depression minute speech sample their newborns after receiving 24 1U i.n. OXT
Patients with schizophrenia experienced lower
levels of neural activity following 40 IU OXT.
: : : Functional magnetic | When a person with schizophrenia makes
| Sk A Bl e resonance imaging (FMRI) | emotionally valenced social decisions, OXT [96]
reduces their perception of risk and/or
aversion.
. OXT reduced the frequency and severity of
PSS thoughts related to the stressful incident
10 | stress disorder 18 PTSD Subjects PTSD Symptoms Scale Anxiet lessened and  mood was: [50]
(PTSD) nxiety was lesse
enhanced.
Children with ASD who received repeated
11 Autism Spectrum 29 children with ASD, 32 Frequency-tagging EEG intranasal doses of OXT (12 IU, twice a day [97]
Disorders (ASD) healthy children for 4 weeks) showed a significant
improvement in neural sensitivity.
Autism Spectrum 40 male subjects with _Self-assessment and The_ study rgvealed a decline in social
12 Di informant-based avoidance.  improvement of repeated [103]
isorders (ASD) ASD . ) .
questionnaires behaviours and mood.
IU: International Units
© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 43




CHAPTER- 2

Table 2.4: Patent insights on use of OXT in neurological disorders

S.No. Patent No. Disorder/condition Main Findings References
12 of the 21 patients treated with this invention exhibited an instant
improvement, increasing their scores from 3 to 50 points; three more
patients showed an increase from 50 to 100 points; three more patients had

1 US3274060A Multiple sclerosis | an improvement above 100 points; and only 3 patients exhibited no change [104]
or regression.
It should be noted that a score increase of 100 points is represented, for
example, by a shift from -300 to -200
Controlled release OXT formulation has been developed and evaluated for
Neuroleptic effectiveness, particularly in conditions involving neuroleptic disorders. It
2| WO disorders was stated that formulation would improve OXT transit across the blood- e,
brain barrier and increase stability
3 | WO2008042452A1 Autlsm spectrum The use of_OXT and its analogs in the prevention an_d treatment of autism [106]
disorders spectrum disorders has been demonstrated by invention
Neurological The invention describes a drug delivery device for intranasal
4 | US11291626B2 conditions and administration of OXT to the upper posterior nasal airway, aimed at [107]
disorders treating neurological conditions.
Social cognitive The current invention proposed that administering individuals 24 1U of
< e behaviours OXT intravenously would enhance their social and cognitive behaviours e
A method was developed to treat mental illnesses in humans by giving
5 US20130085106A1 | Psychiatric disorder i.n. OXT at a dose yvh!ch is effectl\_/e: Furth_er_more, rese_arch sugg_ested_a [109]
method to prevent individuals receiving opioid medication for pain relief
from developing opioid dependence, tolerance, or withdrawal symptoms
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V1b, a third VP receptor, is thought to be expressed only in pituitary cells. These freshly
discovered receptors all belong to the "seven membrane-spanning™ receptors that communicate
with G proteins [116]. V1b receptor is localised in Cornu Ammonis (CA2) pyramidal neurons
in the olfactory bulb, suprachiasmatic, hippocampus, dorsomedial hypothalamic nuclei,
supraoptic, entorhinal cortices, piriform, substantia nigra, dorsal motor nucleus of the vagus
brain regions. It has been demonstrated that VP/OT peptides interaction with their receptors

offer a variety of chances to modify the effectiveness of sensory transmission [117].

Within minutes of VP binding, cells experience homologous desensitization. From the cell
surface, VP receptors are ingested and recycled. It is still debatable how receptor
internalization affects VP signalling. Recent research has shown that the activation of some
signalling pathways depends on the receptor internalization of other receptors that are
signalling through G-proteins [118]. VP has been demonstrated to be a strong vasoconstrictor
in VSMC as depicted in in vivo and cultured cell preparations. Following exposure to the
hormone, increase in contractile force are seen within seconds to minutes and are mediated
through the V1a receptor [119].

2.3.2.1 Chemistry, biogenesis and pharmacology

VP is produced as a precursor hormone of substantial size within the supraoptic nuclei and
paraventricular located in hypothalamus. Approximately 10 to 20% of overall VP reservoir
located in the posterior pituitary is promptly discharged initially, followed by a subsequent
secretion in response to suitable stimuli. The complete sequence of VP synthesis,
transportation, and storage within the posterior pituitary gland requires around 1 to 2 hours
[120]. The primary factors that elicit the release of VP are heightened plasma osmolality and
significant hypovolemia. The release of VP is also augmented by CNS input triggered by pain,
nausea, hypoxia, pharyngeal stimulation, as well as endogenous and exogenous substances.
The release of VP is strongly stimulated by hyperosmolality, which is detected by both central

and peripheral osmoreceptors [121].

The exogenous VP, is available as a sterile solution intended for administration through i.m.,

I.v. and s.c. routes. VP does not exhibit protein binding and possesses a volume of distribution
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measuring 140 mL/Kg and half-life of 24 mins [122]. It undergoes renal elimination,
accounting for 65% of its clearance while the remaining 35% is attributed to its metabolism by
tissue peptidases [123]. The presence of VP deficit may be a contributing factor to occurrence
of hypotension in patients who exhibit cardiac arrest and shock due to post-cardiotomy and
catecholamine resistance. The administration of VP infusions results in plasma concentrations
ranging from 20 to 30 pg.mL* that can elicit a pressor response while minimising the
occurrence of organ hypoperfusion [124]. The i.v. administration of low dosages of VP
effectively restores vasomotor tone while causing little ischemic effects on renal, mesenteric,
pulmonary, and cardiac systems. Nevertheless, it is imperative to conduct clinical trials to
ascertain the impact of VP in clinics to evaluate organ failure, long-term prognosis, and

mortality rates [125].

The release of VP is effectively inhibited by afferent vagal impulses initiating from the stretch
receptors in the left atrial, carotid sinus and aortic arch. Atrial receptors are activated in reply
to elevations in blood volume. In contrast, the receptors located in the aortic arch and carotid
sinuses are stimulated by rises in arterial blood pressure [126]. The release of VP is increased
during severe hypotension as a result of decreased activity in arterial baroreceptors. The impact
of central venous pressure levels doesn’t lift VP release until there is a decrease in mean arterial
pressure [127]. The production of VP is transiently inhibited by volume expansion and
significant rises in blood pressure, which is mediated via the atrial stretch receptors. Various
neurotransmitters and hormones, such as acetylcholine (acting through nicotinic receptors),
dopamine, histamine, prostaglandins, other catecholamines, and angiotensin, can induce the
production of VP directly [128]. Elevated levels of partial pressure of carbon dioxide (PaCO,)
serve as a stimulus for the activation of carotid body chemoreceptors, thereby leading to an
elevation in VP levels [129]. The inhibition of VP is observed by the action of atrial natriuretic
peptide, c-aminobutyric acid, and opioids via a1-adrenoreceptors [130]. On the other hand, the
inhibition of VP and oxytocin production is mediated by a2-adrenoreceptors and B-adrenergic
receptors. The typical fasting VP concentration in humans is less than 4 pg.mL™. Minor
elevations in plasma osmolality are promptly detected, leading to a subsequent rise in
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concentration of VP 10 pg. mL™. The levels of VP equal to or greater than 20 pg.mL™* elicits
the maximum rise in urine osmolality. The duration of VVP's half-life ranges from 10 to 35
minutes. The compound undergoes fast metabolism by hepatic and renal passes [131]. The
ultimate shared route of VP release is in the paraventricular nuclei, specifically in the cell
bodies of magnocellular neurons. Subsequently, VP is transported to posterior pituitary glands
pars nervosa via supraoptic-hypophyseal tract (Figure 2.2). Plasma hypertonicity leads to the
depolarization of magnocellular neurons in the hypothalamus, resulting in an increased release
of VP. Hypovolemia results in a significant rise in VP levels, which is facilitated by the
presence of hypotension and reduced intravascular volume. VP release is elevated through a
shift of the osmolality-VP response curve in an upward and leftward direction. In hypovolemic
situations, it is necessary to have elevated amounts of plasma VP in order to uphold appropriate
osmolality [132].

2.3.2.2 Pharmacokinetics of Vasopressin

Animal research has revealed that vasopressin undergoes metabolism through the action of
specific enzymes, including serine proteases, carboxypeptidases, and disulfide
oxidoreductases. This metabolic process primarily takes place within the liver and kidneys,
two vital organs known for their role in processing substances in the body. These enzymes
cleave the vasopressin molecule at strategic sites that are critical for its biological activity. As
a result, the metabolites generated from this breakdown are anticipated to be inactive, meaning
they do not exert the same physiological effects as the original hormone. Ultimately, the body
eliminates vasopressin through the urine, with a mere 6% of the administered dose being
excreted in its unchanged form, highlighting the efficiency of the metabolic process in breaking

down this important hormone.
2.3.2.3 Role of V1 and V2 receptors

The potential pharmacological effects of VP receptors can be attributed to the distribution and
density of VP receptors, which exist in three distinct subtypes [133]. V1 or V1a are vascular
receptors with wide presence on vascular smooth muscle and initiates vasoconstriction. V1

receptors are present in various anatomical locations, including the kidney, bladder,

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 47



CHAPTER- 2

myometrium, spleen, hepatocytes, adipocytes, platelets. Vasoconstriction mediated by V1
receptors involves the activation of Gq proteins, which in turn activate phospholipase C (PLC).
This enzyme releases calcium ions (Ca*™) from intracellular reserves through production of

inositol triphosphate and diacylglycerol [130,134].

V2 renal receptors initiates antidiuretic effects due to VP presence [135,136]. V3 receptors
show a vital part in mediating effects of VP presence on the CNS. These receptors function as
neurotransmitters or modulators, regulating several physiological processes such as blood
pressure, memory, body temperature, and pituitary hormone release [137]. V2 is responsible
for maintaining homeostasis, participating in thermoregulation, facilitates memory, sleep
processes, and release of ACTH [138]. In typical physiological circumstances, the primary
physiological function of VVP is management of homeostasis for water [139]. In the context of
normal physiological conditions and at concentrations within expected range, VP does not

exert a substantial influence on regulation of blood pressure in vasculature [140].
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Figure 2.2: A) Chemistry of vasopressin and B) site of its release from the pituitary gland

VP exhibits little vasopressor activity in animals possessing an intact autonomic nervous

system. The administration of substance induces a shift towards left in the baroreflex curve of
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heart rate-arterial pressure, mostly through its interaction with V1 receptors located in brain
[141,142]. VP additionally enhances vasculature's responsiveness to norepinephrine. The
action of VP involves inhibition of potassium-sensitive adenosine triphosphate (K-ATP)
channels, with degree of inhibition being depending on dosage administered [143]. Induction
of vasodilation is due to inhibition of Ca*™" channels and K-ATP channel activation.
Furthermore, it has been observed that at physiological doses below 10 pg. mL™?, this substance
exhibits vasoconstrictive effects on mesenteric circulation. This phenomenon is believed to be
mediated through V1 receptor [144]. In addition to its other effects, VP also augments urine
concentration by many processes [145,146]. These include the activation of a specific urea
transporter, which leads to an upsurge in the medullary concentration gradient. The
administration of pharmacological amounts of VP in male’s results in a rapid elevation of

cortisol levels in the bloodstream [147].

The key factors influencing the effects of neuromodulators are modulator chemical properties,
concentration, and receptor spatial arrangement in brain. By virtue of the ability of VP and
other neuropeptides to access any target neuron, the capacity of neurons to process and handle
information is significantly augmented. The heuristic importance of differentiating VVP's roles
as a neuromodulator, neurotransmitter, and hormone lies in its ability to elucidate the
mechanisms behind spatial accuracy, and potentially limitless flexibility in signalling [148].
The receptors of brain V1 type exhibit positive coupling with PLC, hence exerting their effects
through activation of phosphoinositol turnover and intracellular mobilisation of Ca** [149]. On
the other hand, V1b subtype was observed in the anterior pituitary and genesis of ACTH
secretion. V1a is considered as the brain's primary VP receptor. The presence of V1b and V1a
receptor transcripts was observed in the supraoptic nucleus (SON) of the hypothalamus, as
well as in both parvocellular and magnocellular neurons (MCN) of the paraventricular nucleus
(PVN) [40].

The V1 receptor in brain is unaffected by alterations in circulating ovarian hormones or plasma
osmolality, especially in context of brain. Conversely, empirical data suggests that the
upregulation of V1b receptor mRNA occurs subsequent to prolonged exposure to stressors
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[150]. The involvement of endogenous VP in stress coping and stress-related diseases is
contingent upon two factors. Firstly, it must be released within certain brain regions,
particularly in response to exposure to stressors. Secondly, its effects mediated through
receptors should be likely to contribute to effective stress-coping techniques. This
neuropeptide satisfies both of the conditions [151]. Hypothalamic neurons release of VP occurs
from both their dendrites and somata [152]. Various factors influence the specific source of
VP outside hypothalamus. These factors include the density and activity of dendritic and
axonal fibres [153]. VP levels in amygdala are regulated by the process of dendritic release
and subsequent diffusion, potentially influenced by local axonal release. Although the synaptic
release from axonal terminals may not be quantitatively equivalent to dendritic release under
basal conditions, it plays a crucial role in neuromodulation [154]. This is due to its ability to
provide a greater quantity of ligands for receptor binding and promote temporal and spatial
signalling. For instance, when subjected to forced swimming, which serves as a stressor that
encompasses both emotional and physical aspects, VP release occurs in the SON and PVN
through dendritic mechanisms [155]. Notably, this neuropeptide's systemic secretion is
unaffected by forced swimming. The experience of social defeat, which is a very distressing
emotional stimulus, induces the secretion of VP specifically within PVN of the brain rather

than in SON, septum, or posterior pituitary gland for systemic circulation [156, 157].

Thapsigargin and cyclopianzonic acid are compounds that induce calcium ions (Ca?*) release
from the intracellular stores of the endoplasmic reticulum. These compounds have been found
to stimulate the release of VP from magnocellular neurons. Additionally, thapsigargin has been
observed to significantly enhance the release of VP from dendrites, particularly when
stimulated by osmotic or high potassium conditions. The observed effect exhibited a prolonged
duration, was contingent upon the passage of time, and showed specificity towards
cyclopianzonic acid and thapsigargin. These findings indicate a priming process of dendritic
VP, which enables future release upon electrical and depolarization-induced activation.

Surprisingly, the administration of thapsigargin did not result in enhancing secretion from the
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axon terminals. While VP demonstrates efficacy in triggering the release of dendritic VP, it

does not effectively produce priming [158].
2.3.2.4 Cerebrospinal fluid and Vasopressin

VP has the potential to access the ventricular cerebrospinal fluid (CSF) through a minimum of
three distinct pathways. There are three potential mechanisms by which VP may be distributed
within the body [159]. Firstly, via bloodstream transportation; secondly, VP is directly released
into CSF through VP-ergic endings; and thirdly, VP is released from ventricles via
transependymal routes [160]. In research reports it was observed that administration of
concentrated human CSF intravenously containing VP and OXT to rats resulted in release of

both hormones in brain [161].

Jenkins and Mather et al. have revealed elevated concentrations of VP in CSF of the patient's
diagnosed with subarachnoid haemorrhage [162]. These studies found that CSF VP levels were
particularly elevated in patients who had altered levels of consciousness, which may indicate
an underlying rise in intracranial pressure [163]. The potential involvement of CSF atrial
ventricular protein modulates water content and intracranial pressure (ICP). CSF VP levels in
individuals diagnosed with pseudotumor cerebri or benign intracranial hypertension was
prompted due to the potential involvement of alterations in water content leading to high ICP
in patients [164]. Sorensen and colleagues conducted a study in which they assessed CSF and
plasma VP concentrations in a group of 10 patients who met the standard criteria for benign
intracranial hypertension. These measurements were then compared to the values obtained
from a control group of 28 patients who had cervical or lumbar disc syndromes. The average
concentration of VP in CSF was found to be considerably greater in patients diagnosed with
benign intracranial hypertension (2.2+0.3 pg/mL) compared to the control group (1.3£0.1
pg/mL). However, no significant difference in mean plasma VP concentrations was seen
between the two groups. The study did not provide a definitive response regarding whether the
elevated CSF VP observed in benign intracranial hypertension is a causal factor or a
consequence of the heightened intracranial pressure [126]. Reid and Morton also observed
increased CSF VP levels in individuals with benign intracranial hypertension [165].
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Sorensen and colleagues conducted a study to examine levels of CSF VP in two distinct groups
of patients affected by dementia. The first group consisted of 16 patients diagnosed with
primary symptoms of degenerative dementia of Alzheimer's disease (AD) type. In comparison,
the second group comprised of 18 patients with normal hydrocephalus and reversible dementia.
The concentration of VP in CSF was lowered in patients diagnosed with degenerative dementia
in comparison to patients with normal hydrocephalus and individuals without any neurological
disorders [166,167]. Sundquist et al. studied patients with alcohol-induced dementia have been
found to exhibit decreased levels of VP in their CSF [168]. Tsuji et al. discovered that
individuals diagnosed with dementia had elevated levels of CSF VP compared to a control
group. It is worth noting that all control participants had CSF VP concentrations that fell below
the detection threshold. The observation of reduced CSF levels of VP in individuals with
degenerative dementia may appear to support the hypothesis implicating VP in learning and

memory functions [169].

Similarly, the identification of reduced CSF VP levels in Parkinson's disease also aligns with
this line of evidence [170]. Necropsy examinations conducted on the brains of individuals who
passed away with a confirmed diagnosis of AD revealed minimal or negligible variations in
VP levels across several brain regions in comparison to the brains of control subjects. There
were no remarkable variances observed in the stages of VP immunoreactivity in the locus
coeruleus and substantia nigra between post-mortem samples from individuals with

Parkinson's disease and control brains [171,172].

The studies revealed that CSF concentrations of VP in individuals with multiple sclerosis did
not exhibit any significant variances when equated to the values observed in control groups.
Pedersen et al. conducted a study to assess CSF VP levels in patients diagnosed with CNS
metastases originating from bronchiolar carcinoma of small cells. The study revealed a notable
rise in the ratio of CSF to plasma VP, as well as raised concentrations in individuals suffering
from leptomeningeal carcinomatosis. Nevertheless, it should be noted that elevated plasma
levels did not consistently correspond to elevated CSF levels [173]. Additionally, the ratio of
VP in CSF to plasma in patients with a syndrome of unsuitable antidiuretic hormone secretion
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(SIADH) did not differ from that observed in control individuals [174]. The observation above
was earlier documented by Luerssen and Robertson, who additionally discovered a statistically
significant elevation in the concentration of VP in CSF of individuals diagnosed with diabetes
insipidus. Sorensen et al. conducted a study in which they observed a significant elevation in

CSF VP levels in a patient ten days following hypophysectomy [129].

Gold et al. proposed a hypothesis signifying the potential participation of VP in the
pathophysiology of effective ailments. Subsequently, they conducted a study and showed that
individuals diagnosed with bipolar manic-depressive psychosis exhibited significantly lower
levels of CSF VP during depressive episodes compared to manic episodes. CSF amyloid-beta
(AP) precursor protein levels were found to be considerably lesser in the depressed group as a
whole in comparison to the control group. Sorensen et al. provided empirical evidence that
suggests alterations in the central release of VP may be associated with effective disorders.
Authors also observed a decrease in the plasma VP response when individuals with depression
were administered with hypertonic saline, as compared to those with mania. Within this
particular framework, it is important to highlight the findings of Sorensen et al., who
discovered that electroconvulsive therapy (ECT) elicited a significant, although temporary,
release of VP. Furthermore, they observed that patients who exhibited a satisfactory response
to therapy saw an elevation in their baseline plasma VP levels [175]. The observed correlation
between impairments in several peptides and hormone activities in individuals with depressive
illness may perhaps be a coincidental parallel event. Sorensen and colleagues conducted a
study examining CSF VP concentrations in individuals diagnosed with schizophrenia,
including those with acute or chronic illness [129]. Higher levels of CSF VP have been seen
in various cohorts of individuals with brain diseases characterised by heightened intracranial
pressure. Furthermore, the concentration of VP in CSF exhibits a direct correlation with the
magnitude of ICP. Nevertheless, it is imperative to evaluate the potential impact of elevated
amounts of CSF VP on intracranial pressure. Degenerative disorders have been associated with
diminished levels of CSF VP, likely due to widespread neuronal loss, including the VVPergic
systems [168].

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 53



CHAPTER- 2

2.3.2.5 Vasopressin in neurological disorders: Clinical and preclinical studies of

Vasopressin

Alzheimer's disease (AD)

Vasopressin (VP), a crucial neuropeptide, is synthesized in the hypothalamus, a part of the
brain that plays a vital role in various regulatory functions. The distribution of VP receptors is
noteworthy, as they are predominantly located in specific brain regions, including the
amygdala, which is integral to emotional processing; the hippocampus, essential for memory
formation; and the bed nucleus of the stria terminalis, allied with stress responses.
Additionally, VP receptors can also be found in selective areas of the prefrontal cortex, tangled
in decision-making and advanced cognitive functions, as well as the cingulate cortex, which is

linked to emotional regulation and pain.

Extensive research has revealed that VP actively blocks the process of memory extinction,
which is the gradual loss of a conditioned response, and it has the capability to reverse amnestic
effects caused by various experimental interventions. Notably, the administration of peripheral
doses of VP has been shown to enhance memory acquisition, illuminating a potential
therapeutic avenue for memory-related disorders. However, this increase in memory
performance often comes with a notable side effect: systemic hypertension, or elevated blood
pressure, which raises concerns about the safety of such treatments. The mechanism behind
VP's positive influence on memory may stem from its ability to indirectly heighten levels of
arousal, creating a more conducive environment for memory formation and retrieval.
Intriguingly, the antihypertensive effects of VP its capacity to lower blood pressure are
obstructed by centrally acting anticholinergic medications, which target the central nervous
system. In contrast, peripherally acting anticholinergic drugs do not exhibit the same blocking
effect. This distinction indicates that VP’s enhancement of memory might primarily involve
central nervous mechanisms, underlining the complex interplay between hormonal activity,

memory processes, and cardiovascular responses within the brain.

VP has been identified as a regulator of male-typical social behaviours, scent marking,

encompassing paternal care, pair bond formation, selective aggressiveness, and social
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recognition memory. Elevated concentrations of VP in the CSF have been linked to heightened
aggression among individuals with psychiatric disorders [176]. VP may have the ability to
influence the neural networks involved in the regulation of emotions, particularly fear [177].
Post mortem study of 12 patients diagnosed with AD and 13 normal patients, showed lower
levels of VP in AD brain tissues, especially regions of hippocampus, globus pallidus and
nucleus accumbens [177]. In a study by Zhang and coworkers, i.n. VP administration with a
dose of 2 pg/Kg (tid) for 4 weeks in amyloid precursor protein (APP)/PS1 mice AD model
revealed enhancement in spatial and working memory in the mice [179].

In brief, the findings from preclinical investigations indicate that VP has the potential to
facilitate the process of memory acquisition and retrieval. The role of VVasopressin in various

neurological disorders is compiled in Table 2.5 with preclinical or clinical inferences.

Obsessive-compulsive disorders (OCD)

Significant anatomical interactions between VP and serotonin (5-HT) have been documented.
The neurotransmitter 5-HT is likely to induce the secretion of VP through activating 5-HT2A
and 5-HT2C receptors. The administration of VP congeners has been found to be correlated
with the improvement of memory in both individuals who are in good health and those who
have minor cognitive impairment. Although the observation of this phenomena has not been
consistent across all studies, variations in the results may be attributed to the specific type of
VP used, as well as variations in dosage and method of administration. Des-amino-8-D-
arginine VP (DDVP), a synthetic analogue of VP, has demonstrated the ability to modify
memory retrieval in children diagnosed with attention and learning impairments. However, a
significant difference in cognition was not observed when i.n. administration was studied
clinically [180]. The administration of VP through the intranasal route results in a significant
elevation of mismatch negativity observed in event-related potentials among individuals
without any medical conditions. This increase signifies an enhancement in the automatic

processing of stimulus deviance [185].
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Table 2.5: Clinical and preclinical studies of Vasopressin

S Dose/Route of
S.No. Title of study (Preclinical - . Inference Reference
- administration
/ Clinical)
i i Acceleration of the processing of sexual cues
1. D_ouble-bllnd SO Clinical 20 1U/ i.n. and an elevation in salivary cortisol levels during [176]
trial on 41 males . .
the Trier Social Stress test
2. 40 Males and Females Clinical 40 1U/ Nasally Influen_ce g ”e““’?" networl_<s mplvEd i dre [177]
regulation of emotions, particularly fear
3 Pos:_tm(_)rtem of patient Clinical i Patients suffering from AD reported lower brain [178]
brain tissue levels of VP
" APP/PS2 mouse AD Preclinical 2 ug/Kg (tu_j) for | Enhancement in spatial and working memory [179]
model 4 weeks/ i.n.
Paraventricular hypothalamic vasopressin
5. Rat grooming behaviour Preclinical - activation was observed with self-grooming [180]
behavior
Comparison of plasma VP Levels of VP in basal plasma was higher in OCD
6. in OCD and healthy Clinical - patients administered with hypersaline solution [181]
individuals
Study of molecule Elevated levels of VV1a-binding sites in the lateral
7. SSR149415 in murine Preclinical - septum [182]
model
Plasma VP levels in social VP potentially beneficial impact on mitigating
8. active and depressed Clinical - the cognitive impairments frequently observed in [183]
patients individuals with depression
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Sty Dose/Route of
S.No. Title of study (Preclinical - . . Inference Reference
- administration
/ Clinical)

VPrib gene expression in SNPs in the VVPr1b gene among individuals

9. g XP Clinical - diagnosed with mood disorders and mutation in [183]
depressed patients > X

amino acid

Investigation of SNPs in - Significant correlation was observed in Swedish [184]
the VPrlb gene in - (SNP VPR1b-s3) and Belgian (SNP VPR1b-s5)

10. . . Clinical : .
Belgium and Swedish with recurrent patients
depressed patients
9 patients administered 40 pg/day for 10 | Administration of DDVP did not result in an

11. | with DDVP diagnosed Clinical days/ i.n. improvement in Word List Memory [185]
with Downs syndrome
V/P receptors in - Studies revealed a noteworthy correlation

12 individuals with ASD Clinical between ASD and SNPs RS1 and RS3, which [183]

" | within the Korean are located in the 50 flanking areas of the V1aR

population receptor
VP administration in men . 4 week/ i.n. VP has potential in amalgamation of ASD

ek and children with ASD Sl [61]
Social behaviour in V1aR - Post-mortem investigations have indicated a

14. | knockout mice and VP- Preclinical decrease in VP levels inside the temporal brain [186]
deficient rats of individuals diagnosed with schizophrenia
DDVP in 40 patients with - 20 pg/day for 8 | Effective treatment was observed and

15. . : Clinical . L ) . : [187]
schizophrenia weeks/ i.n. neutralization of chronic schizophrenia
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The injection of VP has been found to increase self-grooming behaviour. The studies were
done preclinically in which hypothalamic vasopressin was administered to mice, and it was
observed that self-grooming behaviour was increased manifold times and significantly [188].
This finding serves as an additional piece of evidence that suggests a possible involvement of
the neuropeptide in the regulation of certain symptoms linked with OCD. The recurrent act of
handwashing and the strict adherence to personal hygiene rituals, which are frequently
observed in individuals with OCD, can be analogized to the self-grooming behaviour exhibited
by animals. The self-grooming behaviour in rats is observed to enhance following the
administration of VP through both intraventricular and intraamygdala infusions. As per clinical
investigations, it has been shown that individuals diagnosed with OCD may have irregularities
in VP functioning. In their study, Altemus et al. (1992) conducted a comparison between adult
patients diagnosed with OCD and a group of healthy individuals. The researchers studied the
levels of VP in the basal plasma and CSF, as well as the alteration in plasma VP resulting from
the administration of hypertonic saline. It was observed that patients exhibited a considerably
higher secretion of VP into the plasma following the administration of hypertonic saline
compared to the control group [188].

Additionally, another research unveiled a noteworthy positive association between CSF
concentrations of VP and homovanillic acid (HVA), which serves as the principal metabolite
of dopamine (DA) in the central nervous system [189]. In contrast, the study conducted by
Leckman and coworkers found no statistically significant variation in CSF levels of VP among
a sample of 39 people diagnosed with OCD, 33 patients diagnosed with Tourette syndrome
(TS) (including 14 individuals with comorbid OCD and TS), and 44 individuals without any
psychiatric disorders serving as the control group. Nevertheless, a notable increase in CSF
concentrations of oxytocin was observed in individuals with OCD who did not have a personal
or familial background of disorders in comparison to the remaining cohorts [190]. Swedo et
al. (1992) conducted a study on adolescents and children diagnosed with OCD and found a
statistically significant reverse relationship between the intensity of obsessive-compulsive

symptoms and the levels of VP in the CSF. There was a adverse connection observed between
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the ratio of CSF, VP, to OXT and the severity of OC symptoms. When taken into account
alongside the discovery of increased CSF levels of VP in certain adults diagnosed with OCD.
The findings indicate that significant developmental alterations may take place in CSF markers
of VP in individuals with OCD. Although the precise impact of VP on OC symptoms has yet
to be determined [191].

Depression and anxiety

Anxiety frequently manifests as a fundamental symptom in individuals diagnosed with
depression, and there exists a notable prevalence of co-occurrence between anxiety and
depressive disorders. Furthermore, it has been observed that anxiety disorders often occur
before the onset of depression, indicating a potential connection between both diseases and
shared underlying physiological characteristics. Since both diseases involve maladaptive
responses to stimuli, they are considered stress-related disorders, indicating a potential causal
relationship with dysregulation of the hypothalamic-pituitary-adrenal (HPA) system. Animal
models are frequently employed in research to understand the underlying causes of depression
better [49].

Consequently, these models often exhibit changes in behaviour that are associated with
anxiety. With CRF neural circuits, it is plausible that CRF may primarily be associated with
the manifestation of anxiety symptoms observed in a significant number of individuals with
depression. The observed heterogeneity in depressed patients’ HPA system function may be
attributed to the varying presence of anxiety symptoms among individuals [192]. In addition
to the excessive activity observed in central corticotropin-releasing hormone (CRH)
neuropeptidergic circuits, it is supposed that VP neuronal systems add causally to the
development and manifestation of anxiety disorders. The administration of VP has been
observed to produce various behavioural effects, including heightened anxiety levels after

being administered intracerebroventricularly [193].

Additionally, VP has been found to enhance the release of ACTH from pituitary corticotrope
cells when triggered by CRH. Following extended periods of stress, VP has an augmented

expression and release from hypothalamus neurons in both human and rodent subjects. In a
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study successfully demonstrated the role of hypothalamic VP in the dampening of the HPA
system mediated by benzodiazepines [181]. The results of clinical trials indicated a substantial
correlation between plasma VP concentrations and anxiety-related symptoms in healthy
volunteers who were subjected to an anxiogenic drug challenge. Additionally, increased levels
of plasma VP were observed in individuals diagnosed with depression. Consequently, the
utilization of the non-peptide VP 1b (V1b) receptor antagonist SSR149415 showed anxiolytic
and antidepressant-like properties in animals [182]. The VP 1a (V1a) receptor, recognized for
its significant expression in the lateral septum, thalamic nuclei, and the amygdalo striatal
transition area in rats, has been broadly considered for its involvement in several behavioural
processes, including the regulation of emotionality and stress coping mechanisms. The
experimental findings by Gal indicate that the administration of septal VP has been
demonstrated to elicit an elevation in anxiety-related behaviours among rats. Consequently,
rats who exhibited an intrinsic predisposition towards higher levels of anxiety demonstrated
elevated levels of VV1a-binding sites in the lateral septum in comparison to rats with lower
levels of anxiety. Elevated levels of intra-PVN VP were observed in the rats exhibiting high
levels of anxiety. Furthermore, the injection of paroxetine, an antidepressant widely used in
clinical practice, effectively restored abnormal behavioural and neuroendocrine patterns in this
animal model of psychopathology. This study provides evidence that an upregulation of
hypothalamic VVPergic activity, resulting from a compromised repression at an VP promoter
polymorphism, contributes to the dysregulation of the hypothalamic-pituitary-adrenal (HPA)
system. Moreover, the observed decrease in VVPergic overexpression following treatment with
paroxetine suggests that this neuropeptidergic system plays a vital part in the mechanism of
action of antidepressant medications known for their efficacy in treating anxiety disorders
[182].

Patients diagnosed with either generalized anxiety disorder (GAD) or severe depressive
disorder were subjected to the administration of the VPr1b antagonist, SSR149415. The results
of this clinical research indicate that the administration of SSR149415 did not yield significant
improvements in persons diagnosed with generalized anxiety disorder (GAD) [182]. However,
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it was observed that after 8 weeks, the medication did exhibit antidepressant benefits in patients
diagnosed with major depressive disorder. Although numerous research studies have
documented increased levels of VP plasma concentrations in individuals with depression, there
exists a lack of consensus within the scientific community regarding this phenomenon. In a
study directed by Sorensen and Gjerris et al., it was witnessed that there were no discernible
variations in the plasma concentrations of VP between those diagnosed with depression and

those who were deemed healthy controls [153].

The subsequent investigations have endeavoured to ascertain the particular characteristics
linked to depression that exhibit a correlation with concentrations of VP. An instance of
heightened plasma VP has been identified in individuals experiencing depression accompanied
by psychomotor slowness during daytime and increased motor activity during night time [194].
Moreover, a subset of individuals experiencing depression exhibits a significant association
between memory function and concentrations of VVP. This finding implies that VP may have a
potentially beneficial impact on mitigating the cognitive impairments frequently observed in
individuals with depression [194]. The studies indicate that the basic concept proposed by Gold
regarding the decrease of VP levels in depression and increase in mania may not be entirely
accurate. Although there is evidence suggesting that various subgroups of individuals with

depression exhibit abnormalities in the VVPergic system [175].

Genetic association studies have been employed to establish a potential correlation between
alterations in the VP system and depression. Dempster and co-workers assessed the impact of
single nucleotide polymorphisms (SNPs) in the VPr1b gene among individuals diagnosed with
mood disorders that originated during childhood. The discoveries of this study demonstrate
alterations in the amino acid Lys65Asn. The authors hypothesized that this modification
influences the activation of PLC, leading to a disruption in the ability of corticotropin to modify
VP binding [195]. Van West et al. conducted a study on depressed individuals from two
distinct populations (Belgian and Swedish) to investigate more SNPs in the VVPrlb gene. The
above observation further supports the notion that the signalling of VP may play a role in the
development of a protective phenotype. The findings from these genetic association studies
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specify that variations in the VPrlb gene may have a role in the development of distinct types

of depression among individuals [196].

Down syndrome

Down syndrome is the prevailing autosomal trisomy, representing the most frequently
encountered recognized etiology of cognitive impairment. This condition is an illness affecting
many systems, characterized by a diverse array of physical traits, health issues, and
developmental challenges. Individuals with Down syndrome exhibit a range of cognitive
abilities. The intelligence quotient (IQ) is often measured on a scale that spans from 20 to 80.
There is a suggestion that the rate of cognitive growth exhibits a deceleration as children
progress in age. For instance, whereas the average 1Q at one year is reported to be 70, it is
projected to decrease to approximately 50 by the time they reach school age. One possible
explanation for this phenomenon could be attributed to the administration of tests at varying
stages of development, which may assess distinct skill sets. Specifically, it is plausible that the

tests employed during later stages of development rely excessively on language proficiency.

In a study conducted by Eisenberg et al. (1984), a group of nine individuals ranging from 10
to 42 years of age diagnosed with Down syndrome were administered VP treatment. The
researchers assessed the participants' cognitive function using word lists and visual-verbal
paired related tasks. A derivative of VP was supplied over 10 days, with a daily dosage of 40
Mg, using a double-blind randomized crossover design. The results of a visual-verbal paired
association learning test did not demonstrate a statistically significant improvement with the
administration of VP. The administration of VP did not result in an improvement in Word List

memory [197].

Parkinson’s disorder (PD)

PD is categorized by the impairment of various peptidergic systems in specific regions of the
brain, particularly the basal ganglia (including cholecystokinin-8 (CCK-8), Met-enkephalin
(MET-ENK), substance-P (SP), and Leu-enkephalin (LEU-ENK)), as well as the cerebral
cortex (SRIF). However, certain peptidergic systems, such as thyrotropin-releasing hormone
(TRH) and potentially VP, may remain anatomically intact in individuals with Parkinson's
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disease [133]. In brain of PD patients several peptide systems appear to remain intact. The
peptide concentrations in many brain regions, including the caudate nucleus, nucleus
accumbens, putamen, pallidum, ventral tegmental area, substantia nigra, hypothalamus,
periaqueductal grey, amygdala, red nucleus, do not exhibit significant differences compared to
control samples [170]. In a comparative analysis between the Parkinsonian brain and control
subjects, no significant alterations were observed in VP-like immunoreactivity within the

substantia nigra, periaqueductal grey matter, locus coeruleus, and pallidum regions [171].

Autism

Autism spectrum disorder (ASD) prognosis can be linked with VP dysregulation in brain with
handful of clinical evidence. The concentrations of VP in the CSF were seen to be diminished
in children diagnosed with autism. Furthermore, there was a discernible correlation between
symptoms observed in individuals and VP levels. Furthermore, the measurement of VP levels
in the CSF of neonates has enabled the prediction of future autism diagnoses [61]. The levels
of V1aR mRNA were shown to be decreased in individuals diagnosed with autism. Research
conducted on the gene polymorphism of VP receptors in individuals with ASD within the
Korean population revealed a noteworthy correlation between ASD and SNPs RS1 and RS3,
which are located in the 50 flanking areas of the VV1aR receptor [183]. The researchers have
indicated noteworthy association between ASD and VP V1b receptor (VP V1bR) the
polymorphism in SNPs rs28632197 and rs35369693. Parker et al. observed that i.n.
administration of VP for 4-5 weeks resulted in enhanced social skills and decreased symptoms
of anxiety, demonstrating the beneficial impact of VP on social behaviour in individuals with
ASD [198].

Schizophrenia (SCZ)

Empirical evidence from both clinical and experimental investigations suggests that the
dysregulation of VP may be implicated in the etiology of schizophrenia. The study documented
by Egashira and coworkers the presence of symptoms resembling schizophrenia, characterized
by impaired social behaviour, in V1aR knockout mice and VP-deficient rats. Schizophrenia

based preclinical rat model generated by methylazoxymethanol acetate (MAM) prenatal
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exposure exhibits reduced concentration of VVP receptor in hypothalamus and prefrontal cortex
[186]. Certain individuals diagnosed with schizophrenia who have abnormally elevated levels
of VP in their blood exhibit symptoms such as excessive thirst (polydipsia), low osmolality
(hypoosmolality), and low sodium levels (hyponatremia). The administration of antipsychotic
medications exacerbates these symptoms. DDVP i.n. administration of risperidone mitigates
schizophrenia related pathophysiological events. The study identified noteworthy correlations
between specific variations in VP genes and schizophrenia within the 20p13 chromosomal
region. These correlations were specifically observed in the 50 promoters of OT gene and
rs3011589, situated in the second intron of the VP gene promoter [199].

2.3.3 Angiotensin

The origin of Renin Angiotensin System (RAS) phenomenon may be traced back to its initial
identification in 1898 by Bergman and Tiegerstedt, who bestowed upon it the designation of a
renal hormone [200]. RAS plays a crucial role in maintaining electrolyte balance, regulating
volume of body fluid, and controlling cardiovascular function in the peripheral circulation. The
enzyme renin, which is expressed in the kidney, catalyzes the hydrolysis of angiotensinogen
(AGT), a precursor expressed in the liver, and results in Angiotensin | (Ang 1) release with
limited biological activity [201]. Angiotensin-converting enzyme (ACE), facilitates the
cleavage of Ang | into the active octapeptide Ang Il that plays significant role in different
physiological activities. The persistent activation of RAS and elevation of angiotensin 11 (Ang
I1) levels can potentially impact angiotensin Il type 1 receptor (AT1R) and can initiate

inflammation, vasoconstriction, fibrosis, and augmented renal salt reabsorption [202].

Apart from above pharmacological effects, RAS exhibits neurological impacts also. The
effects of brain renin have been extensively investigated and documented through a diverse
array of studies and methodologies over 50 years. When Detlev Ganten postulated the
existence of renin in the brain that is distinct from renal renin, it necessitated the application
of rigorous evidentiary criteria [203]. Upon intracerebral administration, Ang Il shows

hypertensive effect and, in the presence of accessible water, prompts a consumptive response.
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It was postulated that the impact of Ang Il on CNS (central nervous system) was restricted to
the brain due to BBB (blood-brain barrier) presence [204].

The compiled literature mainly examines RAS, with a specific emphasis on its potential
implications in neurological illnesses. The literature review section subsequently engages in a
discussion of the apparent disruption of RAS functions in various brain ailments,
encompassing mental illnesses, neurodegenerative, neuroinflammation, disorders, and brain
deformities. Apart from that preclinical, clinical and intellectual testimonies pose a potential
of Ang in neurological disorders.

2.3.3.1 Pharmacology of Angiotensin

RAS is a complex system with multiple regulatory mechanisms. It serves crucial functions in
renal and cardiovascular physiology, primarily by modulating blood pressure (BP) and
maintaining hydroelectrolyte balance. The role of RAS in the CNS holds significant
physiological importance. The various brain regions within the BBB of mammals have been
found to include all the necessary elements of the RAS (Figure 2.3). Nevertheless, a recent
investigation has proposed that cerebral Ang Il is derived via the uptake of Ang Il from the
bloodstream rather than being locally produced within brain [205]. AGT serves as a paternal
precursor peptide within the RAS, from which other angiotensin peptides are derived.
Numerous empirical studies have provided substantial evidence supporting the existence of
AGT molecule, which consists of 485 amino acids, within the brain. However, the specific
biological origin of this molecule remains undetermined. Multiple studies have documented
that a majority exceeding 90% of AGT peptides are generated inside astrocytes. Additionally,
there have been reports indicating that the synthesis of these peptides also occurs to some

extent in glial and neuronal cells [206].

However, a limited number of researches have documented that the regulation of hypertension
and fluid balance in rats and mice is influenced by AGT modulation. The observed
phenomenon can be elucidated by considering the location of AGT inside the brain regions
that are responsible for regulating circulatory activities [207]. Ang |, a peptide with little
physiological activity, has been detected in the brain, albeit in relatively low concentrations.
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Ang Il presence and its corresponding receptors in the brain are also well documented in
referred testimonials. Moreover, it has been observed that the expression of AT1R is abundant
in the brain, but the expression of AT2R is limited and comparatively lower. The AT1R
primarily mediates Ang Il detrimental effects, whereas the AT2R opposes the actions of AT1R.
The administration of Ang Il inside cerebral region leads to AT1R activation, hence controlling
over activity of brain's RAS. The activation of AT1R leads to cellular damage, which is
facilitated by the activation of INK and MAPK signalling pathways [208]. Ang Il modulates
brain neurophysiology, especially cardiovascular centres. This effect mediates Ang Il
interaction with GABAergic as well as glutamatergic neurons in hypothalamus [209]. In an

investigation, one researcher connected angiotensin peptide to AD management [210].

Ang Il activation through AT2R pathway was found to promote an augmentation in brain size
and the growth of neural connections. Ang Il can undergo enzymatic conversion into Ang 11
(Angiotensin I1). This conversion is facilitated by the enzyme amino peptidase M (AMN),
which acts by removing aspartic acid residue located on Ang Il amino terminal. Furthermore,
it has been empirically shown that Ang Il has a binding affinity towards AT1R, AT2R, and
non-AT receptors. Ang Il has been demonstrated to possess significant relevance in BP
regulation. Ang Il can undergo enzymatic conversion by AMN, resulting in Ang IV
(Angiotensin 1V) genesis [211]. However, Ang Il can directly generate Ang IV through the
catalytic activity of dipeptidyl amino peptidase. Angiotensin 1V exerts its effects via binding
to AT4R, hence facilitating neuroprotective mechanisms [212].

The primary site of Angiotensinogen production is the liver, where it undergoes hydrolysis by
renin. This hydrolysis results in the formation of a decapeptide known as Ang |, which consists
of the amino acid sequence Asp!-Arg?-Val®-Tyr*-1le®>-His®-Pro’-Phe®-His®-Leu®®. Ang 1
undergo conversion by ACE (Angiotensin Converting Enzyme). This enzymatic process
results in Ang Il genesis, an octapeptide with biological activity. Ang Il is Asp*-Arg?-Val®-
Tyr*-1le>-Hisb-Pro’-Phe®. Ang Il effects facilitate GPCR that possess ATIR and AT2R [213].
In recent decades, there has been a delineation of novel constituents within the RAS. A
homologous enzyme to ACE, known as ACE2, was identified and demonstrated to cleave the
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C-terminal phenylalanine residue from Ang 11, resulting in the formation of Ang (1-7) is (Asp*-
Arg?-Val3-Tyr*-11e%-His®-Pro’).

N ¥
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Figure 2.3: Signalling mechanism of angiotensin in body
Ang-(1-7) can be synthesized through the enzymatic actions of PEP (Prolyl Endopeptidase)
and NEP (Neutral Endopeptidase) on Ang I. The aforementioned heptapeptide functions as a
ligand for the GPCR-Mas, which exhibits expression in brain, heart, kidney, and blood vessels.
In one study, two compounds, Ang A (Alal-Arg>Val®-Tyr*-Ile>-His®-Pro’-Phe®) and
Alamandine (Ala'-Arg?-Val3-Tyr*-1le%-His®-Pro’), were introduced into the existing complex

system. Angiotensin A can be generated through the process of decarboxylation of the Aspl
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residue to Alal from Angiotensin Il. Its biological activity is mediated by binding to the
particular AT1R [214]. See Figure 2.3 for pictorial representation. In contrast, Alamandine, a
peptide that specifically relates with the MrgD (Mas-related-G protein-coupled receptor), is
produced through enzymatic activity [215].

Extensive research has been conducted to identify and investigate many RAS components
within brain, particularly about its role in neuroprotection [216]. The excessive activation of
classical axis, which involves ACE-Ang Il and AT1 receptors, within CNS has been associated
with various detrimental effects. These effects include cerebral blood flow decrease,
occurrence of neuroinflammation, heightened oxidative stress, and impaired cognitive
functions. In contrast, the alternate RAS axis, comprised of Mas and ACE2-Ang-(1-7)
receptors, elicits neuroprotective effects [217]. Mogi et al. observed that the activation of Ang
Il signalling through AT1R resulted in neurotoxic effects and disruption of BBB [218].
Activation of Ang Il pathway through AT2R receptor was found to promote an augmentation
in brain size and growth of neuronal system. Ang IV can also be produced directly from Ang
Il through the enzymatic activity of dipeptidyl amino peptidase. Angiotensin IV exerts its
effects via interacting with the AT4R, hence facilitating protective mechanisms [219].

In the brain, affinity of pro-renin for pro-renin receptors (PRRS) is higher than renin, resulting
in cleavage of AGT. Therefore, the activation of angiotensin receptors through stimulation of
renin/pro-renin signalling leads to cognitive impairment [220]. To establish the existence of a
brain RAS, it was necessary to employ neurophysiological techniques. Researchers observed
that Ang Il-induced activity in neurons was effectively blocked by the administration of
saralasin, an Ang Il antagonist [221]. Expanding upon the notion, it was postulated that if Ang
I, which is produced by cerebral renin, had a role in hypertension generation, then the
suppression of cerebral RAS activity would result in a BP reduction.

The administration of saralasin as a sole intervention within the cerebral region of stroke-prone
hypertensive rats (SpSHR) resulted in a transient reduction in systemic hypertension. This
phenomenon was observed even in cases when kidney renin was absent, as demonstrated by

bilateral nephrectomy performed on spSHR rats [222]. Subsequently, the veracity was
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substantiated by employment of molecular inhibitory techniques targeting Ang Il genesis in
CNS. The application of immunocytochemistry utilizing renin antibodies revealed its presence
in neuronal cells. The activity related to renin was observed in pituitary, hypothalamus, and
pineal glands. The utilization of antibodies targeting Ang 11 has provided valuable insights into
its localization inside the hypothalamus and CVOs, with a particularly pronounced presence
observed in spontaneously hypertensive rats (SHR) [223]. The brain Ang Il levels were
elevated in comparison to levels of Ang Il present in circulation, indicating a potential
dissociation between the two systems. After establishing brain Ang Il presence, the subsequent
step in substantiating this claim necessitated the demonstration of its endogenous synthesis
within the brain [224]. The application of molecular biology techniques facilitated the
quantification and spatial determination of messenger RNA (mRNA) molecules encoding for
AGT and renin within the brain. Stornetta and colleagues employed the technique of in situ
hybridization mRNA to localize the synthesis of AGT to glial cells [225].

2.3.3.2 Pharmacokinetics of Angiotensin-I1

Following an intravenous infusion of angiotensin 11 in adult patients, the blood concentrations
of angiotensin Il observed were similar to those at baseline. After three hours of treatment, the
serum level of angiotensin | the precursor peptide for angiotensin Il decreases by nearly forty
percent. In plasma, erythrocytes, and various major organs (including the gut, lung, liver, and
kidney), aminopeptidase A and angiotensin-converting enzyme 2 metabolize it respectively.
Approximately 40% of the activity mediated by the angiotensin Il type 1 receptor (AT1) is
associated with angiotensin I11; the activity related to aldosterone production is somewhat akin
to that of angiotensin 1. Ang-(1-7) promotes vasodilation and exhibits effects opposite to those
of angiotensin 1l on AT1 receptors. Nevertheless, the official prescribing guidelines explicitly
state that no formal studies on the metabolism of angiotensin Il have been conducted.

2.3.3.3 Preclinical applications of RAS in neurological disorders

Alzheimer’s disease (AD)
Cognitive decline is connected with shortfalls in cerebral blood flow, which have adverse
consequences for the outcome of ischemia. Cerebral hypoperfusion is closely linked to the
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deterioration of cognitive function observed in both ageing process and vascular dementia.
Ang-(1-7) administration has been found to protect against cognitive impairment in rats that
have been exposed to cerebral hypoperfusion. The observed neuroprotective effect was found
to be linked with an elevation in formation of nitric oxide (NO), a reduction in neuronal loss,
and a suppression of astrocyte proliferation, specifically in hippocampus [226]. The findings
indicate that a loss in ACE-2 leads to compromised cognitive performance, potentially due to
heightened oxidative stress and a reduction in BDNF (brain-derived neurotrophic factor).
Table 2.6 highlights the major preclinical studies related to Angiotensin.

Studies conducted on rats treated with ACE inhibitors (ACEi) have yielded inconsistent
findings on the impact on amyloid-beta (AB) levels in the brain. Although the precise
mechanism remains uncertain, there is substantial evidence suggesting that therapies based on
the RAS could be highly beneficial in the treatment of AD. The levels of Ang-(1-7) were
observed to be decreased in both hippocampus and cerebral cortex of a mouse model
representing sporadic AD. This reduction in Ang (1-7) levels was found to be correlated with
hyperphosphorylation of tau [227]. In a study examining the effects of Ang (1-7) treatment on
cognitive deficits induced by diabetes, it was observed that this treatment mitigated cognitive
impairments and improved the integrity of hippocampal synapses at the ultrastructural level.
Additionally, marked reduction in levels of AP oligomers, soluble AB42, and insoluble AB40
provided substantial anti-alzheimer activity. The observed protective effects were shown to be
significantly attenuated when the Mas receptor antagonist was co-administered, suggesting that
the Mas receptor mediated the effects [228].
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Table 2.6: Preclinical studies of Angiotensin for neurological disorders

S.No. Neu_rologlcal Preclinical studies & Model Inference
disorder
: L . Neuroprotective effect was found to be linked with an elevation
Chronic cerebral hypoperfusion induced model in Male | . . o ) .
1. . .2 . . in the formation of nitric oxide, and a suppression of astrocyte
., | wistar rats & administered with Ang-(1-7) using ICV X . - . .
Alzheimer’s proliferation, specifically in the hippocampus.
disease Male SAMP8 mice (Sporadic AD) and Male P301S | Hyperphosphorylation in brain
2. transgenic mice (Expression of microtubule-binding
protein tau human based)
Administration of AT1R antagonists or ACEi demonstrates a
3. . MPTP o
Parkinson noteworthy reduction in neuronal cell death
4 disease Haloperidol induced dvskinesia murine model Neuroprotective impact of AT1R antagonists is linked to the
' P y creation of heterodimers consisting of AT2R/ AT1R
. . . Reduced iINOS expression, as well as the downregulation of
5. Stroke %erebral SEBEITIE L el 2 A ieee] A LW Mgl various proinflammatory cytokines such as ILla, chemokine
receptor type 4, IL6.
6. Forced swimming test-based model in Male CD-1 mice TPl [Pl O IR R MES QEpIESEEn ERsHE
7 Shock induced model in Male wistar rats Perindopril mediates antidepressant effects verified via learning
helplessness
Depression L . . . Losartan reported antidepressant effect with single dose
8. Forced swimming test in male albino mice L
subcutaneously administered 20 mg/kg
Unpredictable chronic mild stress model induced in Male Va_Isartgn reporteq antldeprgssant Sliectwnen StUd'ed. via forc_;ed
9. swimming test, tail suspension test, novelty suppressing feeding

C57BL mice

test and sucrose preference test
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S.No. Neu_rologlcal Preclinical studies & Model Inference
disorder
Unpredictable chronic mild stress model induced in swiss Irb(_esartan (Drges 40 mg/_k_g Via per oral for 4 We_eks) linked
10. ' . antidepressant effects verified using forced swimming test and
albino mice . :
tail suspension test
11 Forced swimming test-based model in Male wistar rats Losartan (Dose: 45 mg/kg; single intraperitoneal administration)
) exhibit antidepressant effects
12 Forced swimming test-based model in Male wistar rats Losartan (Dose: 10 nmole/side; ventral hippocampus
' administration) exhibit antidepressant effects
13 LPS induced model with 1 mg/kg dose continuous for 7 | Losartan (Dose: 3 mg/kg; intraperitoneal administration for 24
' days in Male wistar rats days) exhibit antidepressant effects
14 LPS induced model with 0.5 mg/kg dose continuous for 7 | Candesartan (Dose: 1 mg/kg; Peroral administration for 2
' days in Male SD rats weeks) exhibit antidepressant effects
15 Rats (Lister Hooded; male) studied for social test, elevated | Captopril (Dose: 1/10/50 mg/kg; intraperitoneal administration)
' plus maze test exhibit anxiolytic
16 Male wistar rats studied for elevated plus maze test Losartan (Dose: 0.001/0.01/1 mg/kg; per oral administration)
' exhibit anxiolytic
17 Male wistar rats studied for elevated plus maze test Losar;[an (Dose: 2 nmol; intracerebral administration) exhibit
' . anxiolytic
18 DS LPS induced model with 50 pg/kg dose; intraperitoneal in | Candesartan (Dose: 1 mg/kg; sub cutaneous administration)
) spontaneous hypertensive rats anxiolytic activity
19 Ang-(5-8) induce wistar male rats Valsartan (Dose: 100, 400, 1000 and 10000 pmol/uL directly
' administered into brain) as anxiolytic
20 LPS induced model with 250 pg/kg dose; intraperitoneal | Candesartan (Dose: 1 mg/kg; per oral administration) anxiolytic

in SD male rats

activity
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Parkinson disease (PD)

The occurrence of PD is linked to dopaminergic neurons, and its degeneration in substantia
nigra region especially pars compacta. The gradual deterioration and impairment of several
neurotransmitter systems, both classical and nonclassical, such as RAS, accompanies disease
progression [229]. The aggregation of a-synuclein, which contributes to microglial activation
in PD, is linked to the upregulation of AT1Rs and activation of NADPH oxidase [230]. AT1Rs
inhibition through the administration of candesartan and telmisartan effectively mitigates the
adverse consequences associated with a-synuclein in dopaminergic and microglia. MPTP (1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine) injection in rodent model with administration of
ATI1R antagonists or ACEi demonstrated a noteworthy reduction in neuronal cell death.

Comparable outcomes were achieved in cultures of primary mesencephalic cells [231].

Additionally, ACEi or ATI1R antagonists beneficial effects are achieved by inhibiting
microglial and NADPH activation, as well as proinflammatory effects and prooxidative
suppression mediated by cytokines. Subsequent investigations have revealed that the
administration of candesartan does not exert an impact on motor efficiency or the levels of
dopamine and serotonin in the striatum. However, it does result in an upregulation of D1 &
downregulation of D2 receptors. In preclinical studies of rat models, neuroprotective impact
of AT1R antagonists is linked to the creation of heterodimers consisting of AT2R/ AT1R. It is
noteworthy to mention that the treatment of lisinopril and candesartan has decreased pro-
inflammatory (IL-1, TNF-a) release and glutamate haloperidol dyskinesia murine model [232].
This particular condition is classified as a dopaminergic disorder that arises from the
impairment of striatal neurons. Significantly, the utilization of an ATR1 antagonist,
hypothesized to exert its mechanism of action via glial cells, demonstrates considerable
efficacy in preserving neuronal health and preventing the demise of dopaminergic cells in a
murine model of PD. Dopamine has been observed to limit the activation of microglial RAS
by modulating the ATR1/ATR2 ratio in these cells. Apart from that free Ang (1-7) effectively
reduce levels of NADPH and cytokines. This modulation results in the suppression of the pro-
inflammatory path of RAS, as demonstrated in in vitro cell cultures [233].
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Stroke

Increased activity of the ATIR is linked to cerebrovascular disease associated with
hypertension. The excessive ACE/Ang II/AT1 receptor axis activation is believed to have a
role in development of acute ischemic stroke. This is due to its ability to constrict cerebral
blood vessels and profibrotic and proinflammatory effects in the brain tissue [234]. Sumners
in initial findings indicates therapeutic benefits of Ang-(1-7) in mitigating neurological
impairments and CNS damage resulting from stroke, especially in cerebral ischemic. In the
cerebral ischemia murine model, cerebral artery blockage demonstrated that injection of Ang-
(1-7) activates ACE2 resulted in a considerable reduction in cerebral infarct size and
improvement in neurological impairments, as after 72 h of administration. The researchers
above have demonstrated that administering Ang-(1-7) orally after a stroke reduces cerebral
damage and enhances neurological functions in rats. Ang-(1-7) protective effect is facilitated
through activation of Mas receptor. This mechanism involves suppression of iINOS expression,
as well as downregulation of various proinflammatory cytokines such as IL1a, chemokine

receptor type 4, and IL6 [235].

Additionally, the reduction in microglial activation is indicated by the decreased expression of
CD11b, a marker associated with macrophage/microglial activation. In stroke, blockage of
middle cerebral artery resulted in high BP [236]. Additionally, there was an increase in
signaling of CCR2 (chemokine receptor 2) and MCP-1 (monocyte chemoattractant protein-1),
along with presence of neuroinflammation in the RVLM (rostral ventrolateral medulla), which
is a brain stem region and regulates BP. Furthermore, the pressor response induced by stroke
and signaling of MCP-1/CCR2 stimulated by stroke was abolished with the administration of
Ang-(1-7) into RVLM. Ang-(1-7) administration resulted in lowering of oxidative stress
levels and a suppression of NF-«xB activity [237]. Additionally, this treatment led to a reduction
in microglial cell count in the striatum, suggesting a potential mitigation of cerebral
inflammation and a propensity for increased neuronal survival within the same region. The

observed protective effect was found to be associated with Mas receptor activation [238].
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Schizophrenia (SCZ2)

Schizophrenia is a highly debilitating psychiatric disorder characterized by intricate factors
contributing to its development and progression. The involvement of RAS in schizophrenia
etiology has been proposed due to its direct modulation of GABA, glutamate, inflammation,
dopamine, peroxisome, all of which have been connected with development of schizophrenia
[239].

Furthermore, previous studies have indicated that ACE exhibits an interaction with
dopaminergic processes inside the brain, hence influencing the modulation of prepulse
inhibition in mice [240]. This particular behavioral measure is often regarded as gold standard
in animal studies investigating schizophrenia. The presence of immune-inflammatory reactions
has been documented in individuals with SCZ and has been linked to the advancement of
disease and cognitive deficits. It is worth mentioning that there exists a noteworthy and
substantial positive linkage between ACE activity and the levels of IL-17a and IFN-y in
individuals diagnosed with SCZ [241].

Depression

Preclinical studies effectively paved the way for RAS dominance in depression. In 1989,
Giardina studied Captopril’s antidepressant effects using forced swimming test-based model
in male CD-1 mice [242]. In 1990, Martin and coworkers studied Perindopril, a prominent
ACE inhibitor with antidepressant efficacy in shock based male wistar rat model [243].
Similarly, in 1999 Gard and coworkers reported AT1 blocker i.e., Losartan antidepressant
effects in male albino mice using forced swimming test [244]. In 2014, Ping and coworkers
reported Valsartan another AT1 blocker in male C57BL mice induced by unpredictable chronic
mild stress model and verified using forced swimming test, tail suspension test, novelty
suppressing feeding test and sucrose preference test [245]. In 2017, Ayuub and coworkers
studied Irbesartan linked antidepressant effects in Swiss albino mice induced by unpredictable
chronic mild stress model and verified using forced swimming test and tail suspension test
[246]. In 2018, Diniz and coworkers reported two research methodologies about Losartan
exhibiting antidepressant effects in Male wistar rats when administered with intraperitoneal

and ventral hippocampus [247]. Similarly, Salmani reported antidepressant effect of Losartan
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in lipopolysaccharide (LPS) depressant model in male wistar rats [248]. In 2019, Gong

reported Candesartan antidepressant property in LPS induced male wistar model [249].

Anxiety

Several preclinical evidences paved the way for RAS in mitigation of Anxiety. In 1990, Costall
reported the anxiolytic activity of Captopril in rats (Lister Hooded; male) when studied using
social test, elevated plus maze test [250]. Similarly, Kaiser et al, in 1992 reported Losartan
(AT1 blocker) prominent anxiolytic activity when studied via elevated plus maze test in male
wistar rats [251]. Continuing this hypothesis, Braszko in 2003 reported anxiolytic activity in
male wistar rats when Losartan was intracerebral administered to them [252]. In 2011, Benicky
reported Candesartan anxiolytic activity in LPS induced spontaneous hypertensive rats [253].
Lopez and coworkers studied, Losartan anxiolytic activity by direct amygdala administration
in male rats [254]. Ping et al, in 2014 reported Valsartan anxiolytic activity in C57BL/6J male
mice [245]. Genaro in 2017 reported Losartan (directly administered into brain) as anxiolytic

in Ang-(5-8) induce wistar male rats [255].
2.3.3.4 Clinical applications of RAS in neurological disorders

Alzheimer’s disease (AD)

AD is a neurological illness that is allied with aging and has a prevalence rate of 5-10% among
those who are 65 years or older. Dementia manifests as a significant sign categorized by the
existence of memory loss, accompanied by a gradual decline in cognitive functioning and
alterations in personality. Two ideas have been postulated to elucidate the pathophysiology of
AD. The amyloid B (AB) hypothesis posits that the generation of AP is a result of proteolytic
activity carried out by the B- and y-secretase enzymes during the processing of APP [256]. The
presenilin theory is supported by evidence suggesting that it can lead to neurodegenerative and
behavioral effects that are not dependent on amyloid precursor protein (APP) [257]. There are
several consequences associated with decreased activity of Ang Il, including BP reduction,
acetylcholine reduction, and an increase in substance P levels. Substance P is a substrate of
ACE and has been found to enhance the activity of neprilysin, that degrades amyloid 3 [258].
Table 2.7 highlights the major clinical studies related to RAS.
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Role of RAS in AD was proposed based on the elevated serum angiotensin-converting enzyme
(SACE] activity in deceased AD patients when compared to a control group without AD. Both
Ang Il and Ang Il were markedly elevated in brain tissue obtained from the midfrontal cortex
of individuals with AD in comparison to age-matched control subjects after post mortem.
Notably, the findings indicated a strong correlation between Ang Il1l, rather than Ang Il, and

the accumulation of A and tau proteins [259].

National Alzheimer Coordinating Center database consisted of 29 AD centers with a total
sample size of 890 males in US. The brains of hypertension patients who received ARBS
exhibited reduced levels of AP deposition indicators in comparison to those who were treated
with other antihypertensive drugs. The study utilized a database from the U.S. Veteran Affairs,
consisting of a sample size of 819,491 individuals. The findings suggested that ARBs use was
linked to a noteworthy decrease in both the occurrence (55% reduction) and advancement (70%
reduction) of dementia and AD. This reduction was observed when comparing ARBs to the
ACE inhibitor lisinopril, as well as other cardiovascular medications [260]. A research group
in Taiwan has provided evidence indicating that ARBs use is allied with a decreased risk of
evolving dementia. The use of ARBs has been found to potentially decrease the likelihood of
developing dementia in those with a high risk of vascular complications. Patients treated with
higher ARBs doses had a greater degree of protection against dementia and its various forms.
ARBs have demonstrated efficacy in preventing AD, irrespective of their specific
pharmacological class [261].

Additionally, the effects of ACEi may be similar to those of ARBs. Though, the benefits vary
depending on the drug classes used to treat cognitive impairment in aging. Specifically, the
usage of ARBs (angiotensin receptor blockers) may be more active than ACEi in lowering the
occurrence of cognitive impairment in aging individuals. Phase Il multi-center RADAR
(Reducing Pathology in Alzheimer's Disease through Angiotensin Targeting) trial, which is
based in the United Kingdom and aims to recruit a total of 228 participants. This trial focuses
on comparing the effects of losartan with placebo in individuals with Alzheimer's disease who
have either hypertension or normal blood pressure [262]. A Phase Il experiment, known as

SARTAN-AD, will be conducted to assess perindopril and telmisartan safety in AD and
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hypertensive patients. The trial will focus on evaluating the similarities in design and size
between the two treatment options. The initial pilot Phase, | of the HEART trial, consisting of
66 participants, aims to examine the impact of two different dosages of telmisartan compared
to a placebo on the levels of RAS components in the cerebrospinal fluid of African Americans
with prone to AD. A study of comparable size, consisting of 72 participants, known as the
CEDAR study, will examine and compare the impact of candesartan and placebo on various

cardiovascular indicators in individuals with mild cognitive impairment [263].

The observed reduction in ACE2 activity was found to be linked with elevated A levels and
phosphorylated tau. The ratio of Ang Il: Ang (1-7) in midfrontal cortex was shown to be higher
in individuals with AD compared to a control group of individuals of same age [264].
Specifically, levels of Ang Il were significantly elevated, whereas levels of Ang (1-7) remained
unaltered. In AD, there is an observed increase in the ratio of Ang Il to Ang-(1-7), which
serves as a proxy measure for ACE2 activity. Moreover, it was shown that individuals with
AD had a notable decrease in the plasma levels of Ang-(1-7) in comparison to a control group
that was carefully matched. This finding implies that measuring plasma Ang-(1-7) could serve
as a promising biomarker for diagnosing AD [226].

Parkinson disease (PD)

Both ACE and ACE2 have an impact on dopamine and are reciprocally influenced by it. The
literature has demonstrated that the reduction in dopamine levels leads to an upregulation of
Ang Il expression [265]. Consequently, this upregulation can either promote or hinder
dopamine synthesis and facilitate dopamine release via modulating the activity of ATR1 and
ATR2 receptors. The ATR1 molecule can exert allosteric inhibition on the activation of the
dopamine D1 receptor [266]. A reduction in the number of ARBs has also been observed in
striatum and substantia nigra of deceased individuals with PD, as evidenced by post-mortem
brain examinations. The activation of glial cells is linked to the death of dopaminergic cells in
PD, and there is a notable increase in RAS activity within these cells among individuals with
PD [267].
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Table 2.7: Clinical studies of Angiotensin for neurological disorders

S.No. Neu_rologlcal Clinical studies Inference
disorder
1 Assessment of SACE activity !EIe_vqted sAC_E activity levels when compared to a control group of
individuals without AD
5 Post mortem brain tissue of individuals with AD | Ang Il and Ang Il were markedly elevated in AD patients in
' in comparison to age-matched control subjects | comparison to control subjects
. Brains of hypertension patients who received ARBs exhibited reduced
3. Database of 890 males brain autopsy from 29 levels of AP deposition indicators in comparison to those who were
AD centers. treated with other antihypertensive drugs.
Bemtese fon e UGS e AR Use of ARBs was linked to a noteworthy c_iecrea_se in bpth the
P F : occurrence and advancement of AD and dementia. This reduction was
4. Alzheimer’s | consisting of a sample size of 819,491 . O Y
e individuals observed when comparing ARBs to the ACE inhibitor lisinopril, as
' well as other cardiovascular medications.
ARBs are more effective than ACEi in lowering the occurrence of
5. RADAR o L T
cognitive impairment in aging individuals.
6. Phase Il experiment as SARTAN-AD Data awaited
7. Initial pilot Phase | of the HEART trial Data awaited
8. CEDAR Data awaited
CALIBREX study aims to investigate and | Higher ratio of Ang Il:Ang (1-7) in AD patients
9. compare the effects of cognitive impairment and
hypertension in post mortem brains.
. , : s 1 . | Reduction in the number of ARBs has also been observed in
Parkinson Post mortem of Parkinson’s disease brain | . :°. . . .
10. . L individuals with PD, as evidenced by post-mortem brain
disease individuals N
examinations.
. 5 - —
11 HOPE Fmd_ln_gs revealed a 32% decrease in Stroke when ramipril was
administered
Stroke Observed reduction in recurrence rates ranged from 5% to 43%. As
12. PROGRESS per the findings of the PROGRESS investigators, it is anticipated that

a reduction of 10 mm Hg in systolic BP will result in a modest
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S.No. Nedu_rologlcal Clinical studies Inference
isorder
decrease of 28% in the likelihood of stroke recurrence within this
particular cohort.
Finding suggests that the ACE functional polymorphism may be
considered a risk factor for several psychiatric illnesses and potential
13. | Schizophrenia | Patients with either the 1/D or D/D genotype association between specific antihypertensive medications, namely

the ACE inhibitor captopril and the ARB losartan, and an increased
susceptibility to SCZ and psychotic episodes

1805 patients suffering from hypertension and

Patients suffering with both of these disorders reported high renin

L depression levels
Patients represents healthy mental life due to AT1 and ACE receptor
Patients prescribed with ACE and ARBs | genes association with emotional diseases, while ACE gene
15. inhibitors  employed  for  hypertension | polymorphic association with senile linked depression and
management histopathological examinations of these patients depicted smaller
Depression frontal gyri and larger temporal regions of brain.
Polymorphic gene comparison studies were | Patients reveal high and speedy antidepressant effect
16 done in females in respect to ACE gene when
' prescribed  with  SSRI  or tricyclic
antidepressants
17 CHMBESAITE MITIAEIEIED 5 [FEiens s Patients reported enhance scores for depression response
' depression and diabetes type 2
. - .| No significance difference in AT1 and Ang receptor genes was
18. Anglo_tensm Imke_d genes (A.‘CE’ g, 71 O observed, but ACE gene reported polymorphic changes in significant
men diagnosed with panic disorder . .
manner in terms of enhanced levels of ACE in serum and Ang Il
10, Anxiety @?twrfggzno?;?g ?gaslbvl\f[g?s Z:dsgagfe;?;]bneedl !_ov_v stress symptoms in PTSD patients prescribed with ARBs or ACE
inhibitors
or B blockers
20. Pliiigiis” METEMAENG 07 r2 0o b Empeel Losartan administration decrease the anxiety response

stimulus to fear
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Stroke

The CAPPP (Captopril Prevention Project) randomized study provided evidence indicating
that the administration of captopril, as opposed to diuretics or B-blockers, resulted in a
significant decrease in the incidence of stroke, with a reduction rate of 25%. The HOPE (Heart
Outcome Prevention Evaluation) experiment was carried out on a cohort of 9297 patients who
had vascular disease or diabetes, together with an extra vascular risk factor. These patients
were monitored for 4.5 years. The study findings revealed a significant reduction in the overall
risk of stroke by 32% when the ACE inhibitor ramipril was administered [268]. The LIFE
(Losartan Intervention for Endpoint reduction in hypertension) randomized trial demonstrated
a notable discrepancy in stroke incidence between losartan and atenolol in a sample of 9193
individuals aged 55-80 years with essential hypertension. Despite comparable reductions in
blood pressure, losartan exhibited a more favourable outcome in terms of stroke rate [269]. In
PROGRESS (Perindopril Protection Against Recurrent Stroke Study) examination for the
efficacy of an ACE inhibitor in preventing the recurrence of stroke in individuals who had
previously experienced a stroke. The research was conducted using a sample size of 6105
individuals. The findings indicated that the administration of the ACE inhibitor perindopril,
either alone or in conjunction with indapamide, reduces stroke recurrence in both hypertensive
and normotensive patients. The observed reduction in recurrence rates ranged from 5% to 43%.
As per the findings of the PROGRESS investigators, it is anticipated that a reduction of 10 mm
Hg in systolic blood pressure will result in a modest decrease of 28% in the likelihood of stroke

recurrence within this particular cohort [270].

The SCOPE trial, which involved a sample of 4937 senior hypertension patients, demonstrated
that administration of candesartan resulted in a 28% reduction in non-fatal stroke occurrences.
The findings of ACCESS trial, which stands for Acute Candesartan Cilexetil Therapy in Stroke
Survivors, indicate that use of an angiotensin receptor blocker (ARB) is a safe approach during
hypertensive acute phase in individuals who have experienced a stroke. Furthermore, the study
suggests that ARB treatment may lead to a reduction in death rates, regardless of its impact on
blood pressure regulation. There is a lack of antihypertensive trials in the context of secondary
stroke prevention [271]. The study conducted in Taiwan involved a population-based follow-

up, with a total of 5445 people who were included based on Taiwan's National Health Insurance
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data. The study's outcomes advocate that ARBs may be measured as a first choice for
antihypertensive therapy in patients with both hypertension and diabetes, to prevent strokes.
The group receiving ARBs demonstrated a 26% reduction in stroke incidence compared to
group receiving ACEi [272]. Collectively, many trials have demonstrated that administration
of an ACEi or an ARBs may yield a favourable effect on occurrence of stroke. Clinical and
experimental observations support the concept that AT2 receptors may influence stroke.

Consequently, it is posited that ARBs may be more effective in the prevention of stroke [273].

Schizophrenia (SCZ2)

According to a meta-analysis study, there exists a correlation between decreased levels of ACE
gene expression and elevated susceptibility to SCZ. On the contrary, other research has
demonstrated elevated ACE activity in individuals diagnosed with SCZ compared to those
without the condition, particularly among carriers of the D-allele [274]. In individuals
experiencing their first episode of psychosis and who have not been previously treated with
antipsychotic medications, an elevation in ACE activity was observed following a two-month
course of treatment with the atypical antipsychotic risperidone [275]. However, this rise was
only evident in individuals with the D/D genotype subgroup. In individuals experiencing their
initial episode of psychosis and having no prior exposure to drugs, the presence of the D/D
genotype was found to be linked to a decrease in symptoms related to psychopathology. This
association was determined by evaluating the scores obtained from the Positive and Negative
Syndrome Scale (PANSS) [276].

Furthermore, patients with either the 1/D or D/D genotype exhibited a more pronounced
reduction in various symptoms after receiving antipsychotic medication. On the contrary,
additional research has yielded findings that support the notion that possessing at least one D-
allele may confer a protective effect against SCZ, either in a general sense or particularly
among women. However, in a Croatian population, this polymorphism was not found to be
linked to SCZ. Instead, it was observed to have a notable influence on the clinical manifestation
of the illness [277]. Furthermore, a study has discovered a correlation between the ACE I/D
polymorphism and the development of SCZ. This finding suggests that the ACE functional

polymorphism may be considered a risk factor for several psychiatric illnesses. The studies
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indicated a potential association between specific antihypertensive medications, namely the
ACE inhibitor captopril and the ARB losartan, and an increased susceptibility to SCZ and
psychotic episodes [278].

Conversely, RAS modulators, particularly ARBs, have shown promise as supplementary
treatment options alongside existing antipsychotic medications for individuals with SCZ. The
present study examined the impact of gender on inflammatory and oxidative alterations within
a two-hit model for SCZ. Notably, the findings demonstrated the efficacy of the ARB

candesartan in mitigating these changes in both male and female subjects [241].

Depression

Depression linked with RAS proved in preclinical implications in above section. In this section
a brief discussion about clinical impressions is highlighted. In one study 1805 patients
suffering from hypertension and depression reported high renin levels [279]. One of the
metanalysis report discussed on patients prescribed with ACE and ARBSs inhibitors employed
for hypertension management tends to represent healthy mental life. The inference for this
statement is on the basis of AT1 and ACE receptor genes association with emotional diseases,
while ACE gene polymorphic association with senile linked depression [280]. ACE gene
modulates dopamine and serotonin levels in men which play a pivotal role in elimination of
depression. However, when polymorphic gene comparison studies were done in females in
respect to ACE gene, where SSRI or tricyclic antidepressants reveal high and speedy
antidepressant effect [281,282]. With the Candesartan administration to patients with

depression and diabetes type 2 tends to enhance scores for depression response [283].

Anxiety

Clinical implications about RAS and Anxiety have been reported with well versatile reports.
Olsson studied the angiotensin linked genes (ACE, Ang, AT1) in men diagnosed with panic
disorder. In this study, no significance difference in AT1 and Ang receptor genes was observed,
but ACE gene reported polymorphic changes in significant manner in terms of enhanced levels
of ACE in serum and Ang Il [284]. Khoury reported the comparison of patients with PTSD
i.e., Post traumatic stress disorder prescribed with ARBs or ACE inhibitors had low stress

symptoms in comparison to PTSD patients prescribed with Ca?* channel or B blockers [285].
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Reniecke studied the patient’s neuroimaging in relation to amygdala stimulus to fear where the

losartan administration decreases the anxiety response [286].
2.4 Recent advancement for enhanced neuronal delivery using various carrier systems

Treating illnesses of the CNS continues to pose challenges, mostly stemming from the limited
ability of therapeutic medicines to penetrate the brain effectively. The primary constraint for
the adoption of these agents is the BBB [287]. Innumerable strategies have been employed to
improve the transport of substances across the BBB. These approaches encompass augmenting
the lipophilicity of the substrate to facilitate passive permeability, enhancing carrier-facilitated
transport across the BBB by conjugating the substrate with an endogenous uptake transporter,

and reducing efflux by inhibiting transport or chemically modifying the substrate [288].

Furthermore, the utilization of nasal administration has been examined as a potential method
for transporting substances to the CNS. Transporters have varied expression on the cellular
surface across various cell types, and specific transporters are upregulated in certain cell types
during pathological circumstances [289]. The efficacy of medication delivery could be
enhanced through the utilization of targeted nano-drug delivery systems that are coupled with
specific ligands. Many transporters exhibit site-specific expression, making them attractive
targets for drug delivery strategies aimed at increasing absorption at specific locations or
enhancing permeability across biological barriers, such as the BBB. Transporters often exhibit
a wide range of substrate selectivity, in contrast to receptors, which display a higher degree of
specificity towards their ligands. The observed variations can potentially yield specific benefits
when considering cell-surface transporters for nano-drug delivery systems, as they give a range
of options for ligand modification on the surface of nanoparticles, enabling targeted interaction

with the transporters [290].

In one study, short-lived peptides for long term effects in brain regions were depicted. This
strategy has been successfully tested and confirmed for RAS peptides in rat brain area
especially RVLM. This approach integrates the benefits of three distinct methods, namely site-
specific microinjection, liposome encapsulation, telemetry [291]. The pressor effects of Ang-
(1-7) and Ang Il at the RVLM exhibited an extended duration when the peptides were

encapsulated, transitioning from a short duration on the order of minutes for free peptides to a

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 84



CHAPTER- 2

longer length on the order of days. By employing an innovative methodology, unique
perspectives on the impact of Ang-(1-7) on the diurnal fluctuations of blood pressure were
attained. There is a prevailing belief that this particular approach has the potential for extensive
utilization across many short-lived bioactive compounds and multiple regions of the brain,
hence presenting numerous opportunities for application within the realm of neurosciences.
Additionally, this technology might potentially be utilized in various protocols involving

several microinjections across distinct regions of the brain [292].

In the investigation of the variances between the intranasal (i.n) and intravenous (i.v) delivery
of Ang Il in human subjects, it was observed that Ang Il concentrations were elevated in both
scenarios. Nevertheless, the normalization of blood pressure occurred at a significantly faster
rate with intranasal treatment. The administration of Ang Il caused in a reduction in plasma
norepinephrine levels and an increase in plasma vasopressin levels as compared to the IV
administration group. In a subsequent investigation, Derard et al. observed that the
administration of intranasal Ang I, in conjunction with pre-treatment of the AT1R inhibitor
(valsartan), exhibited potential as a therapeutic approach for managing hypertension. These
variations may be accredited to the binding of IN Ang Il to angiotensin receptors in the brain
[293]. However, specific investigations have demonstrated that Ang Il can also induce an

increase in BBB permeability through mechanisms involving tight junctions and vesicles.
2.4.1 Recent therapeutic strategies for peptide delivery

However, the clinical usefulness of these peptides is limited by the absence of efficient delivery
mechanisms that deliver to the desired areas at therapeutically relevant concentrations. Drugs
can be delivered at particular sites and in the right quantities using specially designed drug
delivery systems, without any increasing systemic or local side effects or creating non-specific
toxicity. Furthermore, the development of nanotechnology has been crucial in overcoming
numerous pharmacological and therapeutic obstacles associated with peptide compounds and
enhancing their clinical efficacy [12]. The fate of peptide-based treatments will depend on the
possibilities of created delivery vehicles that selectively deliver them at the target site and
provide more stability to peptides from the biological environment. The range of therapeutic

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 85



CHAPTER- 2

targets for nanoengineered lipid and polymeric-based delivery systems has expanded recently
for peptide drugs to treat various medical conditions.

The most modern and efficient technique for creating therapeutic peptide analogues with the
intended and targeted structures is chemical modification. Following synthesis, modifications
must be made to the peptide using medicinal chemistry practices in order to replicate, stabilize,
or create a model secondary or tertiary structure. This will increase the biological activity of

the peptide medication and ensure its solubility, specificity, and stability.

A variety of methods are used to create stabilised peptides and proteins, including chemical
synthesis, peptide modification and peptidomimetics, cyclisation, backbone and side chain
modifications, peptide representing of a-helices and stabilisation, peptide imitating of P-
strands and [-sheets, recombinant technology, genetic code expansion, covalent
peptide/protein drug development, PEGylation of peptides and proteins, etc. [5].

2.4.1.1 Nanocarriers-based delivery approach

Nanocarriers as materials with diameters ranging from 1 to 100 nm, are frequently utilized as
delivery vehicles for pharmaceuticals and diagnostic agents. They have great features,
including tiny size, solubility, hydrophilicity, high selectivity, an appropriate drug-release
profile. Additionally, improved permeability and retention effect (EPR) of nanocarriers aids in
their accumulation in cancer tissue with leaky vasculature [294]. Many nanocarrier systems,
including as lipid-based, lipid-polymer hybrid systems, polymer-based, quantum dots, carbon
nanotubes, metallic nanoparticles, etc., have currently been investigated for the transport of

bioactive and diagnostic chemicals [295,296].

Biodegradable and biocompatible lipids comprise liposomes, solid lipid nanoparticles and
nanostructured lipid carriers (NLCs). For the administration of small-molecule drugs,
diagnostic agents, peptides, proteins, nucleic acids, etc., they are the subject of extensive
investigation [297]. Lipidic nanoparticles are defined by a solid lipid core sandwiched between
layers of lipid membrane. High melting point lipids form a matrix that can support a greater
concentration of weakly water-soluble medications in lipid-based systems, facilitating the
prolonged release of the bioactive. The management of cancer and liver illnesses has been

investigated by the production of electrostatic complexes with siRNA made possible by the
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integration of cationic lipids into lipidic nanoparticles [298]. The FDA approved Onpattro
(Patisiran), the first RNAI treatment, to treat adult hereditary transthyretin-mediated
amyloidosis. It is a formulation of siRNA based on lipidic nanoparticles. Moderna and
BioNTech/Pfizer recently used the potential of lipid nanoparticles to incorporate their mMRNA
vaccines against COVID-19 [299]. Polymeric nanoparticle systems for the targeted
administration of bioactives and theranostics in the treatment of different diseases have
attracted a lot of attention in the past 10 years. Biomolecules can be bonded, entrapped, or
encapsulated in polymeric NPs as a drug conjugate, nanosphere, or nanocapsule, depending on
the formulation technique used. Polymeric nanoparticles have several unique characteristics,
including easy synthesis, chemical flexibility, low manufacturing costs, and biocompatibility

(low immunogenicity, no mutagenesis) [300].

It's interesting to note that lipid-polymer hybrid nanoparticles (LPHNPs) combine the
beneficial properties of lipid and polymer nanoparticles. Typically, hybrid nanostructures have
a lipid shell that can be either monolayer or bilayer and a polymeric core that contains the
bioactive to be conveyed. LPHNPs have decreased toxicity, improved colloidal stability, and
high in vivo transfection efficacies. Furthermore, in certain cases, the lipid shell's facade may
be coated with an exterior PEG layer or a target ligand [301]. Polymeric micelles have lately
become interesting and useful drug carriers in dose form design. Usually with a size of 100
nm, polymeric micelles can readily fit poorly water-soluble medicines in their innermost core.

They also show an inclination to avoid mononucleated phagocyte system scavenging [302].

Nanovesicles are nanocolloids featuring an aqueous core encased in a lipid layer, utilised for
medication encapsulation in the food and cosmetics sectors. Nanovesicles are tiny structures
that self-assemble naturally (e.g., exosomes) and can also be synthetically produced.
Nanovesicles possess highly dynamic characteristics and are utilised for the delivery of
therapeutic compounds at both topical and systemic levels. The versatility of nanovesicular
structures facilitates the creation of customised drug delivery systems. In recent decades,
numerous nanovesicles, including transferosomes, liposomes, ethosomes, exosomes,
transethosomes, phytosomes, virosomes, niosomes, bilosomes, polymerosomes, and

ufasomes, have been produced and studied for drug administration and diagnostic purposes.
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Nanovesicles offer numerous advantages compared to conventional vesicles, such as superior
cell membrane permeability, enhanced biocompatibility and degradability, adaptive
deformation, and the capability to include both hydrophilic and lipophilic molecules. They
facilitate sustained drug release, address issues of drug insolubility, instability, and
degradation, enable targeted drug delivery, and improve bioavailability. The size of vesicles is
extremely adjustable, ranging from micrometres to nanometres, contingent upon the materials
and methods employed in their formation. Moreover, the vesicle surface can be tailored or
altered using functional components to meet specific delivery objectives. The materials that
compose vesicles dictate their physicochemical features, in vivo behaviour, and drug delivery
efficacy. The criteria encompass the degradability, gastrointestinal digestibility, and intestinal
absorbability of biomaterials. The administration of vesicles is versatile, allowing for

intravenous, oral, transdermal delivery methods.

Polymersomes, which are innovative nanocarriers formed from amphiphilic block copolymers,
exhibit remarkable potential for the precise and targeted delivery of therapeutic agents directly
into cells. This potential arises from their ability to circulate in the bloodstream for extended
periods, significantly reduce the degradation of macromolecules, and elicit minimal
immunological responses. The unique and flexible nature of copolymers allows researchers to
finely tune a variety of attributes, including size, surface characteristics, degrees of
functionalization, intricate architectures, and even the capacity to respond dynamically to
external stimuli [303]. In comparison to traditional liposomes, polymersomes present notable
advantages, including lower mobility and higher molecular weight due to their polymer chains.
As a result, polymersomes are able to form increasingly complex supramolecular structures
that are characterized by tightly woven polymeric membranes. This exceptional design
flexibility, in contrast to other polymeric carriers, has enabled the efficient incorporation of
macromolecules within both the hydrophilic core and the surrounding membranes,
significantly broadening their usage across diverse fields. Recently, there has been a focused
effort to explore the construction of polymersomes as a promising platform for both diagnostic
and therapeutic purposes, highlighting their potential to revolutionize treatment strategies
[304].
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Metallic nanoparticles (MNPs) have become a focal point of interest among investigators due
to their profound inferences in the area of imaging and targeted drug administration. These tiny
particles have emerged as promising alternatives for a variety of biological applications, thanks
to their unique properties. Their minuscule size enables MNPs to navigate through biological
and physiological barriers that are typically impenetrable to larger macromolecules, allowing

them to interact with cells and tissues in innovative ways [305].

To enhance their effectiveness in medical applications, the surface properties of MNPs can be
finely tuned and modified to alter their pharmacokinetic behavior, optimizing how they behave
within the body. In last decade, there has been significant advancement in exploring the
application of MNPs as sophisticated vehicles for drug delivery, particularly in the complex
and challenging field of cancer treatment. The most widely used therapeutic strategies for
combating cancer primarily involve either the application of radiation therapy or the surgical
excision of tumors. In contrast to conventional therapies, the deployment of therapeutic agents
provides a non-invasive method that has revealed capable outcomes in various clinical
scenarios. Nonetheless, several formidable challenges remain that obstruct the full realization
of this potential.

These hurdles include the difficulties in managing unwanted side effects, the incomplete
destruction of malignant cells, and the limitations regarding the selectivity of the treatments
available. To tackle these pressing issues, researchers are increasingly focusing on the
development of intelligent drug delivery systems based on MNPs, which are designed to
precisely direct therapeutic agents to the targeted cancer sites, potentially enhancing treatment
efficacy while minimizing the impact on healthy tissues [306]. Carbon nanotubes (CNTS) are
at the forefront of cutting-edge research in the biomedical arena, where they are exploring their
potential as innovative carriers for drug delivery and sophisticated probes for bioimaging. This
interest stems from their outstanding properties, which include exceptional chemical stability,
remarkable optical clarity, superior electrical conductivity, and impressive thermal resilience.
To facilitate precise delivery to designated cells and organs, researchers can chemically modify
the surface of CNTSs, incorporating a diverse array of functional groups such as bioactive

proteins, nucleic acids, peptides, and pharmaceuticals. This functionalization allows for the
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customization of CNTs to enhance their targeting capabilities, ultimately improving the

efficacy of therapeutic interventions and imaging techniques in medical applications [307].

Quantum dots (QDs) are tiny semiconductor nanocrystals that have become highly sought after
in the realm of chemotherapy due to their exceptional and distinctive properties. These
remarkable quantum dots showcase a wide array of captivating optical and electrical
characteristics that make them unique. Despite the rapid advancements in research and
technology, their practical applications are still largely in the developmental stages.
Furthermore, the extraordinary features of quantum dots including their unique physical
structure, vibrant optical capabilities, and advanced electrical functionalities enable their use
in a variety of innovative fields. These include medical diagnostics, tissue engineering, bio-
imaging for visualizing biological processes, targeted cancer therapies, effective photothermal
treatments, cutting-edge biosensing technologies, prevention measures against bioterrorism,

and, crucially, facilitating the targeted delivery of drugs [308].

Lipid-drug conjugates (LDCs) are innovative pharmaceutical entities that have been
structurally reformed through the covalent attachment of lipid molecules. This strategic
conjugation of lipids to therapeutic agents notably enhances the lipophilicity of the drugs and
alters several essential pharmacological characteristics. The resulting lipid-drug conjugates
present a multitude of advantages, including improved oral bioavailability allowing for better
absorption in the gastrointestinal tract customized distribution directed toward the lymphatic
system, enhanced targeting capabilities for tumors, and a significant reduction in overall
toxicity [309]. Low-Density Carriers have been extensively explored in a variety of research
studies aimed at advancing the delivery mechanisms of gene-based therapies. In particular,
lipid-siRNA conjugates have demonstrated remarkable improvements in their in vivo efficacy,
showcasing the potential of these advanced formulations. Natural compounds such as
cholesterol, palmitic acid, squalene, and a-tocopherol have been engaged in the creation of
these siRNA-lipid conjugates. The integration of small interfering RNA (siRNA) with lipids
not only helps in preventing degradation of the siRNA but also enhances its cellular uptake,
leading to significantly improved efficiency in gene silencing [309].
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In a detailed study, Wolfrum and colleagues investigated the effects of conjugating siRNA
with a range of lipophilic substances, including various fatty acids and bile acids. Their
findings revealed that this approach, which incorporated lipophilic compounds, resulted in
markedly enhanced gene silencing capabilities in vivo, as well as a greater uptake of sSiRNA

by cells, suggesting a promising avenue for future therapeutic developments [310].

The various nanotechnology-based carrier systems outlined earlier can be significantly
enhanced by incorporating high surface functionalities through the use of selective ligands.
This enhancement allows for more precise targeting in the delivery of cargo to specific cells
and organs within the body [311]. These advanced nanocarrier systems are designed to enable
highly selective and efficient absorption of the nanocarriers by diseased cells while minimizing
any harmful effects on healthy cells. The following discussion will delve into a range of
promising next-generation delivery technologies that have been proven effective in the targeted
distribution of macromolecules, showcasing their potential applications and benefits [311].
Table 2.8 enumerates several prevalent nanotechnology-based delivery vehicles for

macromolecules that have been investigated for the treatment of various illnesses.
2.4.1.2 Nanocarriers mediated delivery of peptide to brain

Drug delivery to brain

The three essential components that establish barriers between the brain's parenchyma and the
surrounding cerebrovascular tissue include the blood-brain barrier (BBB), the cerebrospinal
fluid-brain barrier, and the blood-cerebrospinal fluid barrier. The BBB is intricately composed
of several crucial elements, such as pericytes, which support capillary stability; astrocytes,
essential for neuronal health; and perivascular gaps that facilitate communication.
Additionally, the glycocalyx, a dense layer of glycoproteins, along with a sturdy basement
membrane, contributes to the robust architecture of the BBB, while the end feet of astrocytes
encase tightly interconnected capillary endothelial cells, closely surrounded by neurons and

microglia, all of which help to maintain the brain's unique environment.
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Table 2.8: Recent advancements in nanocarriers mediated delivery of biomacromolecules

Peptide Delivery system | Polymer/Material Remarks/Outcome Reference
MEP421-loaded PLGA microspheres released the
MEP421(Asn— Polv Lactic-co- encapsulated peptide in a sustained way for up to 30 days.
Leu—Pro-Arg . ylL . The study effectively recognized the in vitro-in vivo drug
b Microspheres Glycolic Acid o _ . [312]
acetate; brain (PLGA) release association (r = 0.9746). The formulated preparation
tide) may be employed for the regulated chronic administration of
MEP421 to patients afflicted with AD.
Cationic liposomes treated with insulin demonstrated
enhanced trapping of the hormone. In streptozotocin-
induced diabetic mice, the formulated preparation
Insulin Liposomes Chitosan (CS) demonstrated a significant decrease in blood glucose levels | [313]
one-hour post-administration, which was sustained for up to
eight hours, and was superior to both insulin solution and
uncoated liposomes.
. Rod-shaped In the U87 human glioblastoma astrocytoma cell line, a
Carnosine . . . s
superparamagnetic . carnosine-encapsulated nanoformulation inhibited cell
(beta-alanyl-L- | : . Iron oxide - S [8]
L iron oxide growth and motility after 48 hours of administration.
histidine) .
nanoparticle
Under various stress situations, such as NaCl concentration,
GWP-embedded Sl (B temperature, and pH, GWP-NS and GWP-LS exhibited
Goat milk whey | liposomes (GWP- | ". g ’ greater stability than ordinary GWP. In simulated
. : : sitosterol, and L > (el DT : L []
protein peptide | LS) and niosomes eraosterol gastrointestinal digestion, in vitro bioaccessibility, and
(GWP-NS) g ' hypoglycemic action, GWP-NS demonstrated a significant
enhancement in the retention rate of GWP.
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Peptide Delivery system | Polymer/Material Remarks/Outcome Reference
Oxytocin loaded Bovine Serum Intranasal delivery of OXT-nanoparticles (NP-OXTs)
Oxytocin Polymeric . exhibited protective benefits against PTZ-induced | [314]
. Albumin (BSA) . -
nanoparticles hippocampus neuronal injury.
Oxytocin loaded In an epl.lepsy mouse model, OXT-incorporated _pqumerlc
. . nanocarriers were discovered to be proficient of
Oxytocin Polymeric BSA X . . . ; [11,315]
. safeguarding the animal from seizure induction and re-
nanoparticles L ) . .
establishing normal socio-behavioral behaviour.
MWCNT-delivered OVA in bone marrow-derived dendritic
Mannose cells exhibited a higher uptake in the cellular vicinity than
Ovalbumin L conventional OVA, as confirmed by confocal images.
functionalized CNTs o L [315]
(OVA) MWCNTS Additionally, the extent of cellular uptake was significantly
enhanced when MWCNT-OVA was functionalised with
mannose.
PEGylated The CREKA peptide was linked to the outside of the
CREKA MWCNTSs CNTs MWCNTPEG, which caused some thrombosis in the blood | [294]
(MWCNTPEG) vessels of the tumour.
© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 93



CHAPTER- 2

Arachnoid granulations, specialized structures extending into the venous system, house the
blood-cerebrospinal fluid barrier [316]. This barrier is formed by an epithelium that is tightly
bound to a basement membrane, ensuring fluid and solute balance. The interface between
cerebrospinal fluid and brain tissue is layered with the pia mater a delicate membrane and a
glial barrier membrane crafted from astrocytes, delineating the brain's protective borders.
When arterioles transition into vessels and infiltrate deeply into the brain parenchyma, they
create perivascular gaps that play a vital role in nutrient and waste exchange. Within these
arterioles, the pia mater gradually evolves into a basement membrane, securing the structural

integrity of this intricate system [317].

A variety of treatments are applied in distinct manners to support individuals grappling with
neurological disorders, yet no ground breaking therapy has succeeded in creating an effective
model capable of overcoming the selective permeability of the BBB [45]. Serving as an active
interface junction, the BBB meticulously regulates the passive influx of medications and other
blood-derived molecules into the brain, achieving this through a multitude of pathways such
as paracellular transport, transcellular diffusion, solute carrier transport, adsorptive-mediated
transcytosis, and receptor-mediated transcytosis. The primary role of the BBB is to function as
a vigilant barrier that prevents the majority of substances within the bloodstream from
infiltrating brain tissue and simultaneously assists in the removal of metabolic by products

from the brain.

As previously discussed, the BBB is fortified by tight junctions between lipophilic endothelial
cells, creating a selective barrier whereby only molecules characterized by low molecular
weight and high lipid affinity are allowed passage into the brain. Consequently, the BBB poses
significant challenges for the therapeutic application of larger molecules or drugs, specifically
those exceeding 400 Da, as it effectively obstructs their ability to enter the brain via passive
mechanisms when administered through standard routes [318]. Even though OXT acts in many
ways in the brain and is involved in many neurological diseases, it is very hard to make it work

as a neuroprotective drug because it can't easily cross BBB. It is very hard to make peptide-
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based products that can treat neurological disorders in the brain, but it also gives us a chance

to make new carrier systems that can treat CNS disorders [50]. A number of studies have been
written on these fake nanoparticle drug delivery methods, focussing on the problems and unmet
needs [44,297,319].

Need for Intranasal route

The foremost challenge in the field of clinical development lies in the complex task of
delivering therapeutic drugs into the brain, a process hindered by the brain's limited absorption
capabilities and the intricate conditions that govern drug delivery. A major barrier to achieving
successful brain delivery is the formidable blood-brain barrier (BBB), a highly selective
structure that serves as a protective shield, preventing a wide range of active substances from
penetrating into the brain and the CNS [54]. According to a wealth of literature and published
reports from peer-reviewed studies, an astonishing 98% of drug molecules designed for CNS
applications are thwarted by these junctional barriers, primarily due to their specific
physicochemical and biopharmaceutical properties. Within the intricate architecture of the
CNS and adjacent circulating blood vessels, interstitial fluid acts as a critical obstruction,
further complicating the delivery of therapeutic agents.

Moreover, the BBB is intricately linked to various transporter systems that exert additional
control over the entry of drug molecules into the brain. Among these, the P-glycoprotein efflux
transporter stands out as a particularly significant player, actively pumping out substances and
thereby reducing their effectiveness. This limitation poses a considerable challenge,
prolonging treatment durations and diminishing the therapeutic potential for numerous CNS-
related conditions, including debilitating disorders such as migraines, meningitis, PD,
schizophrenia, AD, and brain tumors, all of which suffer from insufficient drug availability
and suboptimal therapeutic concentrations in the central nervous system.

In response to these formidable challenges, researchers have innovated a wide array of
approaches and alternative pathways, ranging from invasive techniques to non-invasive
strategies, all aimed at achieving therapeutic concentrations within the CNS. In the past decade,

there has been a marked surge of interest in exploring the nose-to-brain delivery route, a
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specialized subset of non-invasive methods designed specifically for CNS targeting. This novel

approach emphasizes the utilization of the olfactory and trigeminal pathways, offering a
promising solution to circumvent the significant barriers imposed by the BBB and facilitate
more effective treatment of CNS disorders [55]. The benefits of nasal delivery to the brain
include safety, effectiveness, non-invasiveness, lack of hepatic metabolism, ease of
administration, and, most importantly, the ability to be self-administered. Drug molecules can
enter the brain directly thanks to specific nasal areas. The trigeminal and olfactory regions of
the nasal anatomy are examples of regions. Because of olfactory receptors, neurons, and further
axon extensions into the olfactory bulb, the olfactory region has direct access to the central
nervous system. One of the body's only peripheral regions thought to have direct
communication with the brain is the olfactory area [54]. According to a number of pre-clinical
and clinical studies, the nose-to-brain pathway functions as a possible BBB by pass and

provides a non-invasive method of drug administration.

However, the nose-to-brain route only delivers 0.1% of the given amount to the CNS. The
formulation bypasses the blood-brain barrier by first coming into contact with the mucosa in
the nose before being delivered directly to the central nervous system. While nasal to brain
transport provides an extra benefit of dose reduction, it has several drawbacks such as restricted
dose administration (25-200 pL), nasal-based enzymatic degradation, and mucociliary
clearance. The commercial investigation of this route has been restricted by demerit in the nose
to the brain [54,56]. Alternatively, in an effort to overcome these drawbacks, scientists are
constantly working to improve accessibility to this route through the development of

sophisticated drugs delivery systems and the investigation of nanotechnology-based methods.

Physiology of Nasal route

Olfactory or trigeminal nerves are the routes by which smell reaches the brain. The olfactory
epithelium in an olfactory part is made up of three different cell types: olfactory neuron cells,
sustentacular cells, and basal cells. Olfactory neuron cells are the most important of all of these.
These are embedded in the gaps between supporting cells and are also referred to as axons.

They originate in the central nervous system's olfactory bulb and terminate at the apical surface
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of axons [54]. Under the epithelium, there is a bed of lamina propria that has glands that make

mucus and a lymphatic system with axonal bundles that connect to the nose and olfactory
systems. This system brings a lot of blood and nerve cells. Filia olfactoria is made up of
olfactory neurones that bind together and defend each other from glial cells. In mammals, the
olfactory plexus has twenty axons and a Schwann cell from the fascicles. The area between
axons, which measures between 10 and 15 nm, is a reservoir. This gap permits perineuronal
transfer from the nose to the olfactory bulb in the central nervous system. The cribriform plate
marks the end of the porous structure, which continues straight on to the olfactory tubercle
[54,57]. From there, the thalamus, hippocampus, amygdala, anterior olfactory nucleus,
prepyriform cortex, and entorhinal cortex retain the neuronal projection. Nevertheless, the
exact process by which medication molecules are transported to the brain remains uncertain.
Transport processes that unfold could be transcellular or involve any kind of engulfing process
[54]. As of right now, no appropriate clinical standards exist that can determine the method by

which this transit takes place.

Parenteral administration of OXT and other neuropeptide hormones has shown beneficial
effects in neurological diseases. To improve their clinical usage, however, they must have
greater bioavailability. The causes of this barrier include the peptide's size, which limits its
ability to cross the blood-brain barrier, its hydrophilic nature, and its short half-life because of
the presence of several enzymes, including proteases, which actively break them down
[320,321]. Future advancements in the treatment of neurological illnesses in the brain may
benefit greatly from the use of neuropeptide systems as medications. However, a number of
peptides and their analogues are unable to effectively penetrate the BBB [322]. Due to issues
with currently available traditional dosage forms, peptide-encapsulated targeted nanocarriers
that can pass the blood-brain barrier were developed [323]. These targeted nanoparticles not
only help peptides get to where they need to go, but they also make them more bioavailable at
the right places. This makes them more effective as medicines while causing the least amount

of harm to areas that aren't being targeted.
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In order to transfer loaded drugs over the blood-brain barrier and to their intended locations in

the central nervous system, drug delivery vehicles are essentially required. Their ability to
deliver bioactives in close proximity within the CNS to provide the best possible therapeutic
effect is demonstrated by their ability to modify their structure or their inherent qualities to
specifically target biological targets. To carry therapeutic peptides to the brain, nanocarriers
that are designed with polyethylene glycol and PEGylated dendrigraft poly-L-lysine have been
used [324,325]. When using nanocarriers in long-term therapeutic contexts, these methods
entail facilitating the nanostructured material's interaction with receptors or molecules to get
the advantage of receptor-mediated brain penetration over the blood-brain barrier [326,327].
Transferrin (Tf) is an endogenous system that carries iron, and in the past, many exploratory
investigations have tried to modify this endogenous scheme to incorporate medication
formulations into the brain. Tf-anchored delivery systems may enhance drug molecule
transport across the BBB since Tf-receptors are overexpressed in brain capillary endothelium.
Transferrin-bound candidates can cross the BBB through ligand receptor-mediated transcytosis
[328,329].

The Tf and Rabies Virus Glycoprotein ligands were anchored in PLGA and BSA polymer to
create OXT-loaded targeted NPs, as reported in the recently published study. For brain
delivery, abovementioned targeted nanometric drug delivery systems underwent additional in
vitro and ex vivo testing. It was found that the targeting ability of created NPs indicated promise
for brain delivery [330]. Additionally, OXT can penetrate the blood-brain barrier (BBB) by
means of endogenous secretory RAGE (Receptor for Advanced Glycation End-Products)
membrane receptor-mediated transport [44]. Many studies have been conducted on the
potential of drug carriers based on nanotechnology in the treatment of different neurological

illnesses; a summary of these studies is provided in Table 2.9.
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Table 2.9: Nanotechnologies used so far to target the brain and treat neurological conditions

SNo. | Ailments NEDEELL Co_mponents ] Ta.rge““g’ Cells/animal Outcome of the study Ref
ers delivery system ligand
'(rj[?)nzgedrrm BEND3 cell The results of both in vitro and in vivo studies
1 Socio- Polymeric | Bovine Serum Rabies Virus culture and Male | showed that OXT-incorporated polymeric [44]
' behaviour NPs Albumin (BSA) Glycoprotein Swiss-Webster nanocarriers could move OXT across the BBB and
(RVG) mice have stronger positive effects on society.
Dravet :
syndrome, g/l r"’rl]lgn%'; 1Or|rz;ce, In a model of epilepsy in mice, OXT- incorporated
2 epilepsy Polymeric | Bovine Serum i suscentible tc;6 polymeric nanocarriers were able to keep the [11]
' (Scnla- NPs Albumin (BSA) -€p animals from having seizures and get them back to
; Hz-induced . A
derived . normal social behaviour.
. seizures
epilepsy)
BBB In vitro tests were done on 4 unlike NPs made of
. 2 distinguise polymers and two different target
permeation .
) o . molecules. None of the nanoformulations were
bioavailabil . Transferrin . . .
. Bovine Serum found to be cytotoxic or immunogenic, and all of
ity through Pol . Albumin (BSA (Tf) and Murine dendriti h howed orol drel
3 active olymeric umin ( ) Rabies \/irus urine dendritic | them showed prolonged release. _ [331]
' NPs . cells The RVG-coated BSA NPs formulation was the
transport Glycoprotein L
PLGA smallest and showed the necessary in vitro release
and (RVG) file. This makes it the best formulation f
bioavailabil profile. This makes it the best formulation for
m targeting molecules in the brain and releasing
d them.
Temporal Pentylenetetrazo | Giving OXT-NPs (NP-OXTs) through the nose
4 lobe Polymeric BSA ) le-induced helped protect hippocampal neurones from [314]
' epilepsy NPs epilepsy models | damage caused by PTZ.
(TLE) (SD rats)
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SNo. | Ailments Nanocarri | Componentsof | Targeting/ Cells/animal Outcome of the study Ref
ers delivery system ligand
We checked the levels of OXT in the brain of SD
™ rats after injecting them with PBS and
Socio- Polymeric LEASZAN @ Trimethyl Female & male | TRIOZANTM nanocarriers that had already been
5. b . . - . made. When given through the TRIOZANTM | [332]
ehaviour NPs biomedicine chitosan SD rats latform. OXT levels in the hvoothalamus were
delivery platform ﬁ.a orm, yp us
igher. It was also seen that neurogenesis got
better in the lateral hippocampus.
Poly (lactic In CaCo-2 cells, OXT-NPs were better at getting
acid)-poly Caco-2 cells into the cells than free drugs. When OXT was
6 Not Polymeric | (ethylene glycol)- | C57Bl/ taken by mouth, its concentration in thg blood was [333]
' specified NPs Valine (PLA- 61 male mice much higher when it was encapsulated in Val-NPS
PEG-Val) co- than when it was free (as tested in mice).
block polymer
OXT-loaded chitosan nanoparticles (OXT-
CSNPs) released quickly at first and then slowly
Not Polymeric _ over time. It was said that O—CSNES coul_d be a
7. specified NPs Chitosan - - good way to deliver OXT and keep it working for | [334]
a long time, which would make OXT treatment
more effective while treating neurological
conditions.
3- Preclinical evaluation and preparation of OXT-
aminopropyltr incorporated targeted and non-targeted iron oxide
i Iron oxide iethoxysilane (Fe203). A potential delivery instrument for the
8. | Anxiety M;;a 'C | (Fe203)-NPs (APTES) & | MaleSDrats | transportation of a CRF-related peptide to the | [335]
Antisauvagine brain is represented by APTES-coated Fe,Os-NPs.
-30 (ASV-30)
conjugated
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2.4.2 Ready to Infuse (RTI) formulation

In situations where it is critical to achieve a swift therapeutic effect or maintain a precise
concentration of a drug in the bloodstream, or when medications are either unstable or
inadequately absorbed through the gastrointestinal tract, intravenous infusion becomes an
essential method of administration. This technique allows for the direct delivery of drugs into
the venous system, effectively bypassing the complexities involved in the absorption process
that occurs in the digestive system. Intravenous infusion is particularly beneficial for patients
who experience severe vertigo, vomiting, or altered mental status, making oral medication
intolerable. Moreover, this route is advantageous for administering drugs that could potentially
cause irritation if given through alternative methods. By injecting the medication straight into
a vein, it achieves rapid dilution within the bloodstream, quickly minimizing the concentration

at the site of injection.

However, rapidly administering certain compounds directly into the bloodstream can lead to
significant nonspecific effects on the cardiopulmonary system, which raises concerns about
patient safety. As a result, healthcare providers generally avoid delivering a medication as a
rapid intravenous bolus. Instead, they prefer to administer medications through a slow
intravenous infusion, which takes place gradually over a designated timeframe, usually

spanning several minutes, to ensure better tolerance and control of the therapeutic effect.

Following are the advantages and disadvantages of ready-to-infuse dosage forms:

Advantages
« Rapid onset of action
o Predictable mechanism of action and nearly complete bioavailability

e The gastrointestinal tract can be bypassed to eradicate the challenges of oral drug
administration

e The most effective method of administration for patients who are extremely ill and
comatose and are unable to ingest anything orally

Disadvantages

o Causes pain
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Various therapeutic dosage forms, including peptides and anticancer agents, exhibit instability
in aqueous and diluted form. Thus, these compounds are available in lyophilized and
concentrated injectable form accordingly. Before being administered, these formulations must
be diluted in appropriate diluents as lactate ringer's solution, dextrose, sodium chloride, or
dextrose plus sodium chloride injection. The dilution of injection involves aseptic
manipulation, which incorporate additional stage in delivery of medicine to patient. This is
very critical when drug is delivered in emergency situation. In addition, physicochemical
stability of such diluted formulation is limited up to 24 h at room temperature. These limitations
create a need for ready to administer formulation of peptide molecules which can be directly
administered to patient. Moreover, parenteral drug manufacturing of oxygen/photosensitive
drug in plastic infusion bag becomes critical due to the semipermeable nature of infusion bag,
as it allows oxygen to penetrate semipermeable layer of infusion bags. However, few infusion
bags are available which are made up of materials that restrict oxygen to permeate inside the

bag.

2.4.3 Conjugation of peptide molecules to enhance their pharmacokinetics and
pharmacodynamic attributes

Peptides represent a type of molecular diversity that has been shown to play a crucial role in
the treatment of various human ailments. Nonetheless, they represent only a small portion of
the overall market when compared to conventional small molecule therapies. The combination
of these two therapeutic approaches offers the potential to enhance and broaden
pharmacological options while minimizing toxic effects associated with higher doses. The
advantages of peptide-based pharmacology are enhanced by the use of conjugates of small
molecules and peptides [336]. The drug candidate's biophysical characteristics and the
resulting properties for patient use are comparable to the advancements in peptide and protein
therapeutics, as the outcome is a macromolecule. As a result, the development of this form of
medicinal chemistry has been more pronounced in the direction of adapting to small molecules
from the large molecule perspective, rather than the alternative [336]. Increased activity,
selectivity and stability are the primary advantages of peptide modification.
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A rich and varied assortment of conjugates has been meticulously identified and developed
across a broad spectrum of therapeutic areas, specifically designed to target an extensive range
of diseases originating from endocrine, infectious, and autoimmune factors. A multitude of
drug candidates have demonstrated intriguing and promising preclinical results, with a select
few progressing through the rigorous approval processes to become registered pharmaceutical
treatments, especially notable within the realm of cancer therapy. Among the most remarkable
examples are those that take advantage of the macromolecular structure of peptides, skilfully
engineered to deliver the potent effects of small molecules directly to the specific tissues where

the peptide exerts its unique biological influence.

In these scenarios, the peptide not only serves as a vehicle but also enhances the
pharmacological properties of the small molecule, leading to improved biological outcomes.
This synergistic approach often results in reduced off-target toxicity, minimizing adverse
effects on healthy tissues. Furthermore, the process of conjugating peptides can effectively
address common challenges encountered in the development of small molecule drugs,
especially issues related to high lipophilicity, inadequate solubility, and difficulties with cell
permeability. This innovative strategy thus holds significant promise for advancing therapeutic
efficacy while ensuring greater safety profiles for patients [336]. The best examples of the
results of chemical modification techniques that are now being used in clinical applications
include semaglutide, liraglutide, and selepressin. Certain chemical modifications, however, are
unable to simultaneously restore the selectivity, activity, and stability of the proteolytic
process. For example, using D-amino acid instead of L-amino acid can typically help to
prolong the therapeutic peptide's plasma half-life. Peptides that have undergone D-amino acid
modification, however, hardly ever show signs of biological activity [58-60]. Peptide
modifications enable peptides to become more drug like and to exhibit increased activity and

plasma stability.
* Advantages of peptide conjugates

A diverse array of conjugates has been identified and advanced across multiple therapeutic

domains, addressing a range of disorders of endocrine, infectious, and autoimmune origins.
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Numerous therapeutic candidates have demonstrated promising preclinical results, with
several progressing to become licensed pharmaceuticals, particularly in the treatment of
various cancers. The most compelling examples involve leveraging the macromolecular
properties of peptides to target small molecule effects to tissues where the peptide exhibits
biological activity. When the peptide enhances the pharmacological effects of the small
molecule, the biological outcomes are improved, frequently accompanied by a significant
reduction in off-target toxicity. Furthermore, peptide conjugation may effectively mitigate
common formulation challenges associated with small molecule pharmaceuticals, particularly
those pertaining to elevated lipophilicity, poor solubility, and limited cellular permeability
[337].

* Disadvantages of peptide conjugates

Significant hurdles persist with peptide-conjugate based medicinal compounds, resulting in a
higher incidence of failures than successes. The challenges are abundant, relating to both
biological and chemical dimensions of the method. The latter appears more controllable and is
finitely tied to biological uncertainty. Specificity continues to be a challenging objective, as it
is infrequent for an extracellular target to be present in only one tissue, making the technique
more appropriate for enhancing therapeutic index rather than achieving complete specificity.
To augment the therapeutic index tenfold, hence facilitating a tenfold increase in dose, it is
more effectively accomplished by enhancing the pharmacological action in specific tissues
[338].

The rate at which these fundamental issues are resolved will significantly influence efficiency
in molecular design and the prospects of forthcoming peptide-conjugate-based therapeutic
candidates. Until the molecular design is more precisely delineated, individual therapeutic
agents will persist in emerging by effectively overcoming existing challenges [338].

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 104



10.

11.

12.

13.

CHAPTER- 2

References

Haddadzadegan S, Dorkoosh F, Bernkop-Schniirch A. Oral delivery of therapeutic peptides
and proteins: Technology landscape of lipid-based nanocarriers. VVol. 182, Advanced Drug
Delivery Reviews. 2022.

Nie T, Wang W, Liu X, Wang Y, Li K, Song X, et al. Sustained Release Systems for Delivery
of Therapeutic Peptide/Protein. Vol. 22, Biomacromolecules. 2021.

Fan X, Jiang K, Geng F, Lu W, Wei G. Ocular therapies with biomacromolecules: From local
injection to eyedrop and emerging noninvasive delivery strategies. VVol. 197, Advanced Drug
Delivery Reviews. 2023.

Wang L, Wang N, Zhang W, Cheng X, Yan Z, Shao G, et al. Therapeutic peptides: current
applications and future directions. VVol. 7, Signal Transduction and Targeted Therapy. 2022.
Di L. Strategic Approaches to Optimizing Peptide ADME Properties. AAPS Journal.
2015;17(2).

Henninot A, Collins JC, Nuss JM. The Current State of Peptide Drug Discovery: Back to the
Future? Vol. 61, Journal of Medicinal Chemistry. 2018.

Mitragotri S, Burke PA, Langer R. Overcoming the challenges in administering
biopharmaceuticals: Formulation and delivery strategies. Vol. 13, Nature Reviews Drug
Discovery. 2014. p. 655-72.

Habra K, McArdle SEB, Morris RH, Cave GWV. Synthesis and functionalisation of
superparamagnetic nano-rods towards the treatment of glioblastoma brain tumours.
Nanomaterials. 2021;11(9).

Du X, Huang X, Wang L, Mo L, Jing H, Bai X, et al. Nanosized niosomes as effective delivery
device to improve the stability and bioaccessibility of goat milk whey protein peptide. Food
Research International. 2022;161.

Porello 1, Cellesi F. Intracellular delivery of therapeutic proteins. New advancements and
future directions. Vol. 11, Frontiers in Bioengineering and Biotechnology. 2023.

Wong JC, Shapiro L, Thelin JT, Heaton EC, Zaman RU, D’Souza MJ, et al. Nanoparticle
encapsulated oxytocin increases resistance to induced seizures and restores social behavior in
Scnla-derived epilepsy. Neurobiol Dis [Internet]. 2021 Jan;147:105147. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0969996120304228

Varanko AK, Chilkoti A. Molecular and Materials Engineering for Delivery of Peptide Drugs
to Treat Type 2 Diabetes. Vol. 8, Advanced Healthcare Materials. 2019.

Kaneko Y, Pappas C, Tajiri N, Borlongan C V. Oxytocin modulates GABAAR subunits to
confer neuroprotection in stroke in vitro. Sci Rep [Internet]. 2016 Oct 21;6(1):35659. Available
from: https://www.nature.com/articles/srep35659

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 105



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

CHAPTER- 2

Werner HM, Cabalteja CC, Horne WS. Peptide Backbone Composition and Protease
Susceptibility: Impact of Modification Type, Position, and Tandem Substitution.
ChemBioChem. 2016;17(8).

Taylor M, Moore S, Mayes J, Parkin E, Beeg M, Canovi M, et al. Development of a
proteolytically stable retro-inverso peptide inhibitor of [-amyloid oligomerization as a
potential novel treatment for Alzheimers Disease. Biochemistry. 2010;49(15).

Kimura T, Tanizawa O, Mori K, Brownstein MJ, Okayama H. Structure and expression of a
human oxytocin receptor. Nature. 1992;356(6369).

Ku CY, Qian A, Wen Y, Anwer K, Sanborn BM. Oxytocin stimulates myometrial guanosine
triphosphatase and phospholipase-C activities via coupling to Gag/11. Endocrinology.
1995;136(4).

Gimpl G, Fahrenholz F. The Oxytocin Receptor System: Structure, Function, and Regulation.
Physiol Rev [Internet]. 2001  Apr 1,81(2):629-83. Available  from:
https://www.physiology.org/doi/10.1152/physrev.2001.81.2.629

Sanborn BM, Dodge K, Monga M, Qian A, Wang W, Yue C. Molecular mechanisms
regulating the effects of oxytocin on myometrialintracellular calcium. Adv Exp Med Biol.
1998;449.

Magon N, Kalra S. The orgasmic history of oxytocin: Love, lust, and labor. Indian J Endocrinol
Metab. 2011;15(7).

Khan KS, Wojdyla D, Say L, Gilmezoglu AM, Van Look PF. WHO analysis of causes of
maternal death: a systematic review. Lancet. 2006;367(9516).

Haque M. Essential medicine utilization and situation in selected ten developing countries: A
compendious audit. Vol. 7, Journal of International Society of Preventive and Community
Dentistry. 2017.

Himani Chandna, Apoorva Mandhani. A life-saving drug for mothers but threat to cattle —
why oxytocin is in limbo in India. 2019 Aug 26;

Ford A. PITOCIN. In: Hormonal Theory: A Rebellious Glossary. 2024.

Wang P, Wang SC, Yang H, Lv C, Jia S, Liu X, et al. Therapeutic potential of oxytocin in
atherosclerotic cardiovascular disease: Mechanisms and signaling pathways. VVol. 13, Frontiers
in Neuroscience. 20109.

Duerr GD, Heine A, Hamiko M, Zimmer S, Luetkens JA, Nattermann J, et al. Parameters
predicting COVID-19-induced myocardial injury and mortality. Life Sci. 2020;260.

Luetkens JA, Isaak A, Zimmer S, Nattermann J, Sprinkart AM, Boesecke C, et al. Diffuse
Myocardial Inflammation in COVID-19 Associated Myocarditis Detected by Multiparametric
Cardiac Magnetic Resonance Imaging. Vol. 13, Circulation: Cardiovascular Imaging. 2020.

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 106



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

CHAPTER- 2

Lindner D, Fitzek A, Brauninger H, Aleshcheva G, Edler C, Meissner K, et al. Association of
Cardiac Infection with SARS-CoV-2 in Confirmed COVID-19 Autopsy Cases. JAMA Cardiol.
2020;5(11).

Wang SC, Wang YF. Cardiovascular protective properties of oxytocin against COVID-19.
Vol. 270, Life Sciences. 2021.

Yang HP, Wang L, Han L, Wang SC. Nonsocial Functions of Hypothalamic Oxytocin. ISRN
Neurosci. 2013;2013.

Baskerville TA, Douglas AJ. Dopamine and Oxytocin Interactions Underlying Behaviors:
Potential Contributions to Behavioral Disorders. CNS Neurosci Ther [Internet]. 2010 May
6;16(3):e92-123.  Available from: https://onlinelibrary.wiley.com/d0i/10.1111/j.1755-
5949.2010.00154.x

Steinman MQ, Duque-Wilckens N, Trainor BC. Complementary Neural Circuits for Divergent
Effects of Oxytocin: Social Approach Versus Social Anxiety. VVol. 85, Biological Psychiatry.
2019.

Quintana DS, Guastella AJ. An Allostatic Theory of Oxytocin. Trends Cogn Sci [Internet].
2020 Jul;24(7):515-28. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S1364661320300887

Neumann ID. Brain Oxytocin: A Key Regulator of Emotional and Social Behaviours in Both
Females and Males. J Neuroendocrinol [Internet]. 2008 Jun;20(6):858-65. Available from:
https://onlinelibrary.wiley.com/doi/10.1111/j.1365-2826.2008.01726.x

Waldherr M, Neumann ID. Centrally released oxytocin mediates mating-induced anxiolysis in
male rats. Proc Natl Acad Sci U S A. 2007;104(42).

Fares J, Bou Diab Z, Nabha S, Fares Y. Neurogenesis in the adult hippocampus: history,
regulation, and prospective roles. International Journal of Neuroscience [Internet]. 2019 Jun
3;129(6):598-611. Available from:
https://www.tandfonline.com/doi/full/10.1080/00207454.2018.1545771

Ross HE, Cole CD, Smith Y, Neumann ID, Landgraf R, Murphy AZ, et al. Characterization of
the oxytocin system regulating affiliative behavior in female prairie voles. Neuroscience.
2009;162(4).

Goh KK, Chen CH, Lane HY. Oxytocin in Schizophrenia: Pathophysiology and Implications
for Future Treatment. Int J Mol Sci [Internet]. 2021 Feb 21;22(4):2146. Available from:
https://www.mdpi.com/1422-0067/22/4/2146

Stein DJ. Obsessive-compulsive disorder 10.1016/S0140-6736(02)09620-4 : The Lancet |
ScienceDirect.com. The Lancet. 2002;360.

Neumann, Wigger, Torner, Holsboer, Landgraf. Brain Oxytocin Inhibits Basal and Stress-
Induced Activity of the Hypothalamo-Pituitary-Adrenal Axis in Male and Female Rats: Partial

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 107



41.

42.

43.

44,

45.

46.

47.

48.

49.

CHAPTER- 2

Action Within the Paraventricular Nucleus. J Neuroendocrinol [Internet]. 2001 Dec
24;12(3):235-43. Available from: http://doi.wiley.com/10.1046/j.1365-2826.2000.00442.x
Ahmad MH, Fatima M, Mondal AC. Influence of microglia and astrocyte activation in the
neuroinflammatory pathogenesis of Alzheimer’s disease: Rational insights for the therapeutic
approaches. Journal of Clinical Neuroscience [Internet]. 2019 Jan;59:6-11. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0967586818309214

Erdogan MA, Tagkiran E, Yigittiirk G, Erbas O, Taskiran D. The investigation of therapeutic
potential of oxytocin and liraglutide on vincristine-induced neuropathy in rats. J Biochem Mol
Toxicol [Internet]. 2020 Jan 4;34(1). Available from:
https://onlinelibrary.wiley.com/doi/10.1002/jbt.22415

Munesue T, Yokoyama S, Nakamura K, Anitha A, Yamada K, Hayashi K, et al. Two genetic
variants of CD38 in subjects with autism spectrum disorder and controls. Neurosci Res
[Internet]. 2010 Jun;67(2):181-91. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0168010210000714

Oppong-Damoah A, Zaman RU, D’Souza MJ, Murnane KS. Nanoparticle encapsulation
increases the brain penetrance and duration of action of intranasal oxytocin. Horm Behav
[Internet]. 2019 Feb;108:20-9. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0018506X18302617

Al-Suhaimi EA, Nawaz M, Khan FA, Aljafary MA, Baykal A, Homeida AM. Emerging trends
in the delivery of nanoformulated oxytocin across Blood-Brain barrier. Int J Pharm [Internet].
2021 Nov;609:121141. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0378517321009479

Yoon S, Kim YK. Possible oxytocin-related biomarkers in anxiety and mood disorders. Prog
Neuropsychopharmacol Biol Psychiatry [Internet]. 2022 Jun;116:110531. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0278584622000239

Yoon S, Kim YK. The Role of the Oxytocin System in Anxiety Disorders. In: Advances in
Experimental Medicine and Biology [Internet]. 2020. p. 103-20. Available from:
http://link.springer.com/10.1007/978-981-32-9705-0_7

Hoge EA, Pollack MH, Kaufman RE, Zak PJ, Simon NM. Oxytocin Levels in Social Anxiety
Disorder. CNS Neurosci Ther [Internet]. 2008 Sep;14(3):165-70. Available from:
https://onlinelibrary.wiley.com/doi/10.1111/j.1755-5949.2008.00051.x

Uzun N, Ak¢a OF, Kiling 1, Bale1 T. Oxytocin and Vasopressin Levels and Related Factors in
Adolescents with Social Phobia and Other Anxiety Disorders. Clinical Psychopharmacology
and Neuroscience [Internet]. 2022 May 31;20(2):330-42. Available from:
http://www.cpn.or.kr/journal/view.html?doi=10.9758/cpn.2022.20.2.330

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 108



50.

51.

52,

53.

54,

55.

56.

57,

58.

59.

CHAPTER- 2

Yatzkar U, Klein E. P.3.026 Intranasal oxytocin in patients with post traumatic stress disorder:
a single dose, pilot double blind crossover study. European Neuropsychopharmacology.
2010;20.

Voncken MJ, Dijk C, Stohr F, Niesten IJM, Schruers K, Kuypers KPC. The effect of
intranasally administered oxytocin on observed social behavior in social anxiety disorder.
European Neuropsychopharmacology [Internet]. 2021 Dec;53:25-33. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0924977X21002741

De Cagna F, Fusar-Poli L, Damiani S, Rocchetti M, Giovanna G, Mori A, et al. The Role of
Intranasal Oxytocin in Anxiety and Depressive Disorders: A Systematic Review of
Randomized Controlled Trials. Clinical Psychopharmacology and Neuroscience [Internet].
2019 Feb 28;17(1):1-11. Available from:
http://www.cpn.or.kr/journal/view.html?doi=10.9758/cpn.2019.17.1.1

Xie S, Hu Y, Fang L, Chen S, Botchway BOA, Tan X, et al. The association of oxytocin with
major depressive disorder: role of confounding effects of antidepressants. Rev Neurosci
[Internet]. 2022 Jan 27;33(1):59-77. Available from:
https://www.degruyter.com/document/doi/10.1515/revneuro-2020-0128/html

Caspers S, Rockner ME, Jockwitz C, Bittner N, Teumer A, Herms S, et al. Pathway-Specific
Genetic Risk for Alzheimer’s Disease Differentiates Regional Patterns of Cortical Atrophy in
Older Adults. Cerebral Cortex. 2020;30(2).

Nowakowska E, Kus K, Bobkiewicz-Koztowska T, Hertmanowska H. Role of neuropeptides
in antidepressant and memory improving effects of venlafaxine. Pol J Pharmacol. 2002;54(6).
Matsushita H, Tomizawa K, Okimoto N, Nishiki T ichi, Ohmori I, Matsui H. Oxytocin
mediates the antidepressant effects of mating behavior in male mice. Neurosci Res [Internet].
2010 Oct;68(2):151-3. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0168010210001641

Matsushita H, Matsuzaki M, Han XJ, Nishiki T1, Ohmori I, Michiue H, et al. Antidepressant-
like effect of sildenafil through oxytocin-dependent cyclic AMP response element-binding
protein phosphorylation. Neuroscience [Internet]. 2012 Jan;200:13-8. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S030645221101267X

Chaviaras S, Mak P, Ralph D, Krishnan L, Broadbear JH. Assessing the antidepressant-like
effects of carbetocin, an oxytocin agonist, using a modification of the forced swimming test.
Psychopharmacology (Berl) [Internet]. 2010 May 16;210(1):35-43. Available from:
http://link.springer.com/10.1007/s00213-010-1815-x

Ring RH, Schechter LE, Leonard SK, Dwyer JM, Platt BJ, Graf R, et al. Receptor and
behavioral pharmacology of WAY-267464, a non-peptide oxytocin receptor agonist.
Neuropharmacology [Internet]. 2010 Jan;58(1):69-77. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S002839080900224 X

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 109



60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

CHAPTER- 2

Benson BA, Aman MG. Disruptive Behavior Disorders in Children with Mental Retardation.
In: Handbook of Disruptive Behavior Disorders. 1999.

Insel TR, O’Brien DJ, Leckman JF. Oxytocin, vasopressin, and autism: is there a connection?
Biol Psychiatry [Internet]. 1999 Jan;45(2):145-57. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0006322398001425

Takayanagi Y, Onaka T. Roles of Oxytocin in Stress Responses, Allostasis and Resilience. Int
J Mol Sci [Internet]. 2021 Dec 23;23(1):150. Available from: https://www.mdpi.com/1422-
0067/23/1/150

YT, MY, IFB,HER, M K, T O, et al. Pervasive social deficits, but normal parturition, in
oxytocin receptor-deficient mice. Proc Natl Acad Sci U S A. 2005;102(44).

Guastella AJ, Hickie IB. Oxytocin Treatment, Circuitry, and Autism: A Critical Review of the
Literature Placing Oxytocin Into the Autism Context. Biol Psychiatry [Internet]. 2016
Feb;79(3):234-42. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0006322315005430

Hollander E, Bartz J, Chaplin W, Phillips A, Sumner J, Soorya L, et al. Oxytocin Increases
Retention of Social Cognition in Autism. Biol Psychiatry [Internet]. 2007 Feb;61(4):498-503.
Available from: https://linkinghub.elsevier.com/retrieve/pii/S0006322306007293

Andari E, Duhamel JR, Zalla T, Herbrecht E, Leboyer M, Sirigu A. Promoting social behavior
with oxytocin in high-functioning autism spectrum disorders. Proceedings of the National
Academy of Sciences [Internet]. 2010 Mar 2;107(9):4389-94. Awvailable from:
https://pnas.org/doi/full/10.1073/pnas.0910249107

Moerkerke M, Peeters M, de Vries L, Daniels N, Steyaert J, Alaerts K, et al. Endogenous
Oxytocin Levels in Autism—A Meta-Analysis. Brain Sci [Internet]. 2021 Nov
21;11(11):1545. Available from: https://www.mdpi.com/2076-3425/11/11/1545

Frasch A, Zetzsche T, Steiger A, Jirikowski GF. Reduction of plasma oxytocin levels in
patients suffering from major depression. Vol. 395, Advances in Experimental Medicine and
Biology. 1996.

Zetzsche T, Frasch A, Jirikowski G, Murck H, Steiger A. Nocturnal oxytocin secretion is
reduced in major depression. Biol Psychiatry. 1996;39(7).

Ozsoy Y, Gungor S, Cevher E. Nasal delivery of high molecular weight drugs. Molecules.
2009;14(9):3754-79.

Holt-Lunstad J, Birmingham W, Light KC. The influence of depressive symptomatology and
perceived stress on plasma and salivary oxytocin before, during and after a support
enhancement intervention. Psychoneuroendocrinology [Internet]. 2011 Sep;36(8):1249-56.
Available from: https://linkinghub.elsevier.com/retrieve/pii/S0306453011000965

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 110



72.

73.

74,

75.

76.

77,

78.

79.

80.

81.

CHAPTER- 2

McQuaid RJ, Mclnnis OA, Abizaid A, Anisman H. Making room for oxytocin in
understanding depression. Neurosci Biobehav Rev [Internet]. 2014 Sep;45:305-22. Available
from: https://linkinghub.elsevier.com/retrieve/pii/S0149763414001699

Engel S, Laufer S, Knaevelsrud C, Schumacher S. The endogenous oxytocin system in
depressive disorders: A systematic review and meta-analysis. Psychoneuroendocrinology
[Internet]. 2019 Mar;101:138-49. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0306453018305158

Slattery DA, Neumann ID. Oxytocin and Major Depressive Disorder: Experimental and
Clinical Evidence for Links to Aetiology and Possible Treatment. Pharmaceuticals [Internet].
2010 Mar 16;3(3):702-24. Available from: http://www.mdpi.com/1424-8247/3/3/702

Brody S. Blood pressure reactivity to stress is better for people who recently had penile—
vaginal intercourse than for people who had other or no sexual activity. Biol Psychol [Internet].
2006 Feb;71(2):214-22. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0301051105000736

KrAv.ger T. Orgasm-induced prolactin secretion: feedback control of sexual drive? Neurosci
Biobehav Rev [Internet]. 2002 Jan;26(1):31-44. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0149763401000367

Feifel D. Oxytocin as a Potential Therapeutic Target for Schizophrenia and Other
Neuropsychiatric Conditions Dysregulation of mTOR Signaling in Neuropsychiatric
Disorders : Therapeutic Implications. Neuropsychopharmacology. 2012;37(1).
Meyer-Lindenberg A, Tost H. Neural mechanisms of social risk for psychiatric disorders. Nat
Neurosci [Internet]. 2012 May 15;15(5):663-8. Available from:
https://www.nature.com/articles/nn.3083

Goh KK, Lu ML. Relationship between the domains of theory of mind, social dysfunction, and
oxytocin in schizophrenia. J Psychiatr Res [Internet]. 2022 Nov;155:420-9. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0022395622005040

Yilmaz S, Oner P, Tasc1 G, Kaya S. Low oxytocin levels in schizophrenia patients involved in
crime and the relationship of these levels to aggression, empathy and forgiveness. J Forens
Psychiatry ~ Psychol  [Internet]. 2023 Jan  2;34(1):1-19.  Available  from:
https://www.tandfonline.com/doi/full/10.1080/14789949.2022.2156378

Hernandez-Diaz Y, Gonzélez-Castro TB, Tovilla-Zarate CA, LOpez-Narvaez ML, Genis-
Mendoza AD, Castillo-Avila RG, et al. Oxytocin levels in individuals with schizophrenia are
high in cerebrospinal fluid but low in serum: A systematic review and meta-analysis. Metab
Brain Dis [Internet]. 2021 Dec 8;36(8):2415-24. Available from:
https://link.springer.com/10.1007/s11011-021-00836-y

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 111



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

CHAPTER- 2

Leckman JF. Elevated Cerebrospinal Fluid Levels of Oxytocin in Obsessive-compulsive
Disorder. Arch Gen Psychiatry [Internet]. 1994 Oct 1;51(10):782. Available from:
http://archpsyc.jamanetwork.com/article.aspx?doi=10.1001/archpsyc.1994.03950100030003
Leckman JF, Denys D, Simpson HB, Mataix-Cols D, Hollander E, Saxena S, et al. Obsessive-
compulsive disorder: a review of the diagnostic criteria and possible subtypes and dimensional
specifiers for DSM-V. Depress Anxiety [Internet]. 2010 Mar 9;27(6):507—-27. Available from:
https://onlinelibrary.wiley.com/doi/10.1002/da.20669

El-Ganainy SO, Soliman OA, Ghazy AA, Allam M, Elbahnasi Al, Mansour AM, et al.
Intranasal Oxytocin Attenuates Cognitive Impairment, -Amyloid Burden and Tau Deposition
in Female Rats with Alzheimer’s Disease: Interplay of ERKI1/2/GSK3p/Caspase-3.
Neurochem Res [Internet]. 2022 Aug 20;47(8):2345-56. Awvailable  from:
https://link.springer.com/10.1007/s11064-022-03624-x

Mazurek MF, Beal MF, Bird ED, Martin JB. Oxytocin in Alzheimer’s disease: Postmortem
brain levels. Neurology [Internet]. 1987 Jun 1;37(6):1001-1001. Available from:
https://www.neurology.org/lookup/doi/10.1212/WNL.37.6.1001

Takahashi J, Ueta Y, Yamada D, Sasaki-Hamada S, Iwai T, Akita T, et al.
Intracerebroventricular administration of oxytocin and intranasal administration of the
oxytocin derivative improve -amyloid peptide (25-35)-induced memory impairment in mice.
Neuropsychopharmacol Rep [Internet]. 2022 Dec 19;42(4):492-501. Available from:
https://onlinelibrary.wiley.com/doi/10.1002/npr2.12292

Amato S, Averna M, Guidolin D, Ceccoli C, Gatta E, Candiani S, et al. Heteromerization of
Dopamine D2 and Oxytocin Receptor in Adult Striatal Astrocytes. Int J Mol Sci [Internet].
2023 Feb 28;24(5):4677. Available from: https://www.mdpi.com/1422-0067/24/5/4677
Erbas O, Oltulu F, Taskiran D. Suppression of exaggerated neuronal oscillations by oxytocin
in arat model of Parkinson’s disease. Gen Physiol Biophys [Internet]. 2013;32(04):517-25.
Available from:
http://www.elis.sk/index.php?page=shop.product_details&flypage=Fflypage.tpl&product_id=
3627&category _id=106&option=com_virtuemart

Bari F, Enico RA, Louis TM, Busija DW. Influence of Hypoxia/lschemia on Cerebrovascular
Responses to Oxytocin in Piglets. J Vasc Res [Internet]. 1997;34(4):312-20. Available from:
https://www.karger.com/Article/FullText/159239

Sasayama D, Hattori K, Teraishi T, Hori H, Ota M, Yoshida S, et al. Negative correlation
between cerebrospinal fluid oxytocin levels and negative symptoms of male patients with
schizophrenia. Schizophr Res. 2012;139(1-3).

Erbas O, Tagkiran D, Oltulu F, Yavasoglu A, Bora S, Bilge O, et al. Oxytocin provides
protection against diabetic polyneuropathy in rats. Neurol Res [Internet]. 2017 Jan 2;39(1):45—
53. Available from: https://www.tandfonline.com/doi/full/10.1080/01616412.2016.1249630

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 112



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

CHAPTER- 2

Kobylinska L. Preliminary Insights in Oxytocin Association with the Onset of Diabetic
Neuropathy. Acta Endocrinologica (Bucharest) [Internet]. 2017;13(2):249-53. Available
from: http://www.acta-endo.ro/Archive/Abstract?doi=2017.249

Kobylinska L. Preliminary Insights in Oxytocin Association with the Onset of Diabetic
Neuropathy. Acta Endocrinologica (Bucharest) [Internet]. 2017;13(2):259-64. Available
from: http://www.acta-endo.ro/Archive/Abstract?doi=2017.X10

Pincus D. Inverse effects of oxytocin on attributing mental activity to others in depressed and
healthy subjects: a double-blind placebo controlled fMRI study. Front Psychiatry [Internet].
2010;1(OCT). Available from:
http://journal.frontiersin.org/article/10.3389/fpsyt.2010.00134/abstract

Mah BL, Van 1Jzendoorn MH, Smith R, Bakermans-Kranenburg MJ. Oxytocin in postnatally
depressed mothers: Its influence on mood and expressed emotion. Prog
Neuropsychopharmacol Biol Psychiatry [Internet]. 2013 Jan;40(1):267—72. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S027858461200259X

Wigton R, Tracy DK, Verneuil TM, Johns M, White T, Michalopoulou PG, et al. The
importance of pro-social processing, and ameliorating dysfunction in schizophrenia. An FMRI
study of oxytocin. Schizophr Res Cogn. 2022;27.

Moerkerke M, Daniels N, Van der Donck S, Tibermont L, Tang T, Debbaut E, et al. Can
repeated intranasal oxytocin administration affect reduced neural sensitivity towards
expressive faces in autism? A randomized controlled trial. Journal of Child Psychology and
Psychiatry [Internet]. 2023 Jun 6; Available from:
https://acamh.onlinelibrary.wiley.com/doi/10.1111/jcpp.13850

Denoix N, McCook O, Scheuerle A, Kapapa T, Hoffmann A, Giindel H, et al. Brain Histology
and Immunohistochemistry After Resuscitation From Hemorrhagic Shock in Swine With Pre-
Existing Atherosclerosis and Sodium Thiosulfate (Na2S203) Treatment. Front Med
(Lausanne) [Internet]. 2022 Jun 30;9. Available from:
https://www.frontiersin.org/articles/10.3389/fmed.2022.925433/full

Jansen LMC, Gispen-de Wied CC, Wiegant VM, Westenberg HGM, Lahuis BE, van Engeland
H. Autonomic and Neuroendocrine Responses to a Psychosocial Stressor in Adults with
Autistic Spectrum Disorder. J Autism Dev Disord [Internet]. 2006 Oct 25;36(7):891-9.
Available from: http://link.springer.com/10.1007/s10803-006-0124-z

Woolley JD, Chuang B, Lam O, Lai W, O’Donovan A, Rankin KP, et al. Oxytocin
administration enhances controlled social cognition in patients with schizophrenia.
Psychoneuroendocrinology. 2014;47.

Feifel D, Macdonald K, Nguyen A, Cobb P, Warlan H, Galangue B, et al. Adjunctive Intranasal
Oxytocin Reduces Symptoms in Schizophrenia Patients. Biol Psychiatry [Internet]. 2010

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 113



102.

103.

104.

105.

106.
107.
108.
109.
110.

111.

112.

113.

114.

115.

116.

CHAPTER- 2

Oct;68(7):678-80. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0006322310004798

Averbeck BB, Bobin T, Evans S, Shergill SS. Emotion recognition and oxytocin in patients
with schizophrenia. Psychol Med [Internet]. 2012 Feb 11;42(2):259-66. Available from:
https://www.cambridge.org/core/product/identifier/S0033291711001413/type/journal_article
Bernaerts S, Boets B, Bosmans G, Steyaert J, Alaerts K. Behavioral effects of multiple-dose
oxytocin treatment in autism: a randomized, placebo-controlled trial with long-term follow-
up. Mol  Autism  [Internet]. 2020 Dec  15;11(1):6.  Available  from:
https://molecularautism.biomedcentral.com/articles/10.1186/s13229-020-0313-1

Treatment of multiple sclerosis with oxytocin [Internet]. 1966 [cited 2023 Aug 7]. Available
from: https://patents.google.com/patent/US3274060A/en?0q=US3274060A

Paul S Hudnut. Oxytocin controlled release formulations and methods of using same [Internet].
2004 [cited 2023 Oct 6]. Available from:
https://patents.google.com/patent/W02004078147A3/en

Pharmaceutical compositions comprising oxytocin or an analog for the treatment of autism.
2007.

Nasal delivery of oxytocin. 2011.

Intranasal Administration. 2015.

Methods and formulations for oxytocin treatment of substance use, psychiatric and other
disorders. 2011.

Baska F, Boz0 E, Patdcs T. Vasopressin receptor antagonists: a patent summary (2018-2022).
Vol. 33, Expert Opinion on Therapeutic Patents. 2023.

Glavas M, Gitlin-Domagalska A, Dg¢bowski D, Ptaszynska N, Legowska A, Rolka K.
Vasopressin and Its Analogues: From Natural Hormones to Multitasking Peptides. Vol. 23,
International Journal of Molecular Sciences. 2022.

Demiselle J, Fage N, Radermacher P, Asfar P. VVasopressin and its analogues in shock states:
areview. Vol. 10, Annals of Intensive Care. 2020.

Berends YR, Tulen JHM, Wierdsma Al, van Pelt J, Kushner SA, van Marle HJC. Oxytocin,
vasopressin and trust: Associations with aggressive behavior in healthy young males. Physiol
Behav. 2019;204.

Lee RJ, Coccaro EF, Cremers H, McCarron R, Lu SF, Brownstein MJ, et al. A novel Vl1a
receptor antagonist blocks vasopressin-induced changes in the CNS response to emotional
stimuli: an fMRI study. Front Syst Neurosci. 2013;7.

Ryckmans T. Modulation of the vasopressin system for the treatment of CNS diseases. Vol.
13, Current Opinion in Drug Discovery and Development. 2010.

Kashiwazaki A, Fujiwara Y, Tsuchiya H, Sakai N, Shibata K, Koshimizu TA. Subcellular
localization and internalization of the vasopressin V1B receptor. Eur J Pharmacol. 2015;765.

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 114



117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

CHAPTER- 2

Szot P, Bale TL, Dorsa DM. Distribution of messenger RNA for the vasopressin VV1a receptor
in the CNS of male and female rats. Molecular Brain Research. 1994;24(1-4).

Kanes SJ, Dennie L, Perera P. Targeting the Arginine Vasopressin V1b Receptor System and
Stress Response in Depression and Other Neuropsychiatric Disorders. Vol. 19,
Neuropsychiatric Disease and Treatment. 2023.

Rauen K, Pop V, Trabold R, Badaut J, Plesnila N. Vasopressin V1a Receptors Regulate
Cerebral Aquaporin 1 after Traumatic Brain Injury. J Neurotrauma. 2020;37(4).

Gruber CW. Physiology of invertebrate oxytocin and vasopressin neuropeptides. Exp Physiol
[Internet]. 2014 Jan 24;99(1):55-61. Available from:
https://onlinelibrary.wiley.com/doi/10.1113/expphysiol.2013.072561

Girault-Sotias PE, Gerbier R, Flahault A, de Mota N, Llorens-Cortes C. Apelin and
Vasopressin: The Yin and Yang of Water Balance. VVol. 12, Frontiers in Endocrinology. 2021.
Rohr KE, Telega A, Savaglio A, Evans JA. Vasopressin regulates daily rhythms and circadian
clock circuits in a manner influenced by sex. Horm Behav. 2021;127.

Vallier DJ, Torrence AD, Stevens R, Arcinue PN, Johnson D. The effects of sternal and
intravenous vasopressin administration on pharmacokinetics. Am J Disaster Med. 2016;11(3).
Baribeau DA, Anagnostou E. Oxytocin and vasopressin: Linking pituitary neuropeptides and
their receptors to social neurocircuits. Vol. 9, Frontiers in Neuroscience. 2015.

Miyazaki M, Sawada Sl, Nishide T, lwanaga K, Morimoto K, Kakemi M. Bioavailability
assessment of arginine-vasopressin (AVP) using pharmacokinetic-pharmacodynamic (PK-PD)
modeling in the rat. Biol Pharm Bull. 2000;23(1).

Sarensen PS, Gjerris F, Hammer M. Cerebrospinal fluid vasopressin and increased intracranial
pressure. Ann Neurol. 1984;15(5).

Cotton MF, Donald PR, Aalbers C. Arginine vasopressin concentrations in the cerebrospinal
fluid of children. Child’s Nervous System. 1991;7(7).

Reppert SM, Schwartz WJ, Uhl GR. Arginine vasopressin: a novel peptide rhythm in
cerebrospinal fluid. Vol. 10, Trends in Neurosciences. 1987.

Sgrensen PS. Studies of vasopressin in the human cerebrospinal fluid. Vol. 74, Acta
Neurologica Scandinavica. 1986.

Faraci FM, Mayhan WG, Heistad DD. Effect of vasopressin on production of cerebrospinal
fluid: Possible role of vasopressin (V1)-receptors. Am J Physiol Regul Integr Comp Physiol.
1990;258(1 27-1).

Coccaro EF, Kavoussi RJ, Hauger RL, Cooper TB, Ferris CF. Cerebrospinal Fluid VVasopressin
Levels. Arch Gen Psychiatry. 1998;55(8).

Szczepanska-Sadowska E, Simon-Oppermann C, Gray DA, Simon E. Plasma and
cerebrospinal fluid vasopressin and osmolality in relation to thirst. Pflugers Arch. 1984;400(3).

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 115



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

CHAPTER- 2

Belokoskova SG, Tsikunov SG. Agonist of V 2 vasopressin receptor, 1-dezamino-8-D-
arginine-vasopressin, reduces parkinson’s disecase symptoms. Reviews on Clinical
Pharmacology and Drug Therapy. 2013;11(4).

Raskind MA, Peskind ER, Lampe TH, Risse SC, Taborsky GJ, Dorsa D. Cerebrospinal fluid
vasopressin, oxytocin, somatostatin, and beta-endorphin in Alzheimer’s disease. Arch Gen
Psychiatry. 1986;43(4).

Liu C, Xia L, Fu K, Cao X, Yan W, Cheng J, et al. Revisit ligand-receptor interaction at the
human vasopressin V2 receptor: A Kinetic perspective. Eur J Pharmacol. 2020;880.

Bous J, Fouillen A, Orcel H, Trapani S, Cong X, Fontanel S, et al. Structure of the vasopressin
hormone-V2 receptor-p-arrestinl ternary complex. Sci Adv. 2022;8(35).

Kagerbauer SM, Martin J, Schuster T, Blobner M, Kochs EF, Landgraf R. Plasma Oxytocin
and Vasopressin do not Predict Neuropeptide Concentrations in Human Cerebrospinal Fluid.
J Neuroendocrinol. 2013;25(7).

Wacker D, Ludwig M. The role of vasopressin in olfactory and visual processing. Vol. 375,
Cell and Tissue Research. 2019.

Meyer-Lindenberg A, Domes G, Kirsch P, Heinrichs M. Oxytocin and vasopressin in the
human brain: Social neuropeptides for translational medicine. Vol. 12, Nature Reviews
Neuroscience. 2011.

Voelckel WG, Lurie KG, Lindner KH, Zielinski T, McKbnite S, Krismer AC, et al. Vasopressin
improves survival after cardiac arrest in hypovolemic shock. Anesth Analg. 2000;91(3).
Russell JA. Vasopressor therapy in critically ill patients with shock. Intensive Care Med.
2019;45(11).

Hammer M, Olgaard K, Schapira A, Bredgaard Sorensen M, Jensen K, Bonde-Petersen F.
Hypovolemic stimuli and vasopressin secretion in man. Acta Endocrinol (Copenh).
1988;118(4).

Laycock JF, Hanoune J. From vasopressin receptor to water channel: Intracellular traffic,
constraint and by-pass. Vol. 159, Journal of Endocrinology. 1998.

Abel A, Wittau N, Wieland T, Schultz G, Kalkbrenner F. Cell cycle-dependent coupling of the
vasopressin V(1a) receptor to different G proteins. Journal of Biological Chemistry.
2000;275(42).

Pierce ML, French JA, Murray TF. Comparison of the pharmacologic profiles of arginine
vasopressin and oxytocin analogs at marmoset, titi monkey, macaque, and human oxytocin
receptors. Biomedicine and Pharmacotherapy. 2020;125.

Reymond-Marron |, Tribollet E, Raggenbass M. The vasopressin-induced excitation of
hypoglossal and facial motoneurons in young rats is mediated by V1a but not VV1b receptors,
and is independent of intracellular calcium signalling. European Journal of Neuroscience.
2006;24(6).

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 116



147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

CHAPTER- 2

Bellucci L, Felline A, Fanelli F. Dynamics and structural communication in the ternary
complex of fully phosphorylated V2 vasopressin receptor, vasopressin, and p-arrestin 1.
Biochim Biophys Acta Biomembr. 2020;1862(9).

Ono D, Honma S, Honma K ichi. Differential roles of AVP and VIP signaling in the postnatal
changes of neural networks for coherent circadian rhythms in the SCN. Sci Adv. 2016;2(9).
Paudel P, Shrestha S, Park SE, Seong SH, Fauzi FM, Jung HA, et al. Emodin derivatives as
multi-target-directed ligands inhibiting monoamine oxidase and antagonizing vasopressin
V1Areceptors. ACS Omega. 2020;5(41).

Busch JR, Jacobsen C, Lynnerup N, Banner J, Mgller M. Expression of vasopressin mRNA in
the hypothalamus of individuals with a diagnosis of schizophrenia. Brain Behav. 2019;9(9).
Vogt PM, Lehnhardt M, Wagner D, Jansen V, Krieg M, Steinau HU. Determination of
endogenous growth factors in human wound fluid: Temporal presence and profiles of
secretion. Plast Reconstr Surg. 1998;102(1):117-23.

Déméné H, Granier S, Muller D, Guillon G, Dufour MN, Delsuc MA, et al. Active peptidic
mimics of the second intracellular loop of the V1A vasopressin receptor are structurally related
to the second intracellular rhodopsin loop: A combined 1H NMR and biochemical study.
Biochemistry. 2003;42(27).

Sorensen PS, Gjerris A, Hammer M. Cerebrospinal fluid vasopressin in neurological and
psychiatric disorders. J Neurol Neurosurg Psychiatry. 1985;48(1).

Carson DS, Howerton CL, Garner JP, Hyde SA, Clark CL, Hardan AY, et al. Plasma
vasopressin concentrations positively predict cerebrospinal fluid vasopressin concentrations in
human neonates. Peptides (NY). 2014;61.

Cid-Jofré V, Moreno M, Reyes-Parada M, Renard GM. Role of oxytocin and vasopressin in
neuropsychiatric disorders: Therapeutic potential of agonists and antagonists. Vol. 22,
International Journal of Molecular Sciences. 2021.

Rubin LH, Sue Carter C, Bishop JR, Pournajafi-Nazarloo H, Drogos LL, Kristian Hill S, et al.
Reduced levels of vasopressin and reduced behavioral modulation of oxytocin in psychotic
disorders. Schizophr Bull. 2014;40(6).

Abramova O, Zorkina Y, Ushakova V, Zubkov E, Morozova A, Chekhonin V. The role of
oxytocin and vasopressin dysfunction in cognitive impairment and mental disorders. Vol. 83,
Neuropeptides. 2020.

Sekiguchi F, Shimamura K, Kawata K, Nakazawa Y, Saitoh R, Yanagitani Y, et al. Effects of
cyclopiazonic acid on contraction and intracellular Ca2+ in oesophageal striated muscle of
normotensive and spontaneously hypertensive rats. Br J Pharmacol. 1999;128(5).

MacLean EL, Gesquiere LR, Gee N, Levy K, Martin WL, Carter CS. Validation of salivary
oxytocin and vasopressin as biomarkers in domestic dogs. J Neurosci Methods. 2018;293.

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 117



160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.
171.

172.

173.

174.

CHAPTER- 2

Johanson CE, Duncan JA, Klinge PM, Brinker T, Stopa EG, Silverberg GD. Multiplicity of
cerebrospinal fluid functions: New challenges in health and disease. Cerebrospinal Fluid
Research. 2008.

Christen MA, Schweizer-Gorgas D, Richter H, Joerger FB, Dennler M. Quantification of
cerebrospinal fluid flow in dogs by cardiac-gated phase-contrast magnetic resonance imaging.
J Vet Intern Med. 2021;35(1).

Jenkins SA, Baxter JN, Corbett W, Devitt P, Ware J, Shields R. A prospective randomised
controlled clinical trial comparing somatostatin and vasopressin in controlling acute variceal
haemorrhage. Br Med J (Clin Res Ed). 1985;290(6464).

Bisceglia R, Jenkins JM, Wigg KG, O’Connor TG, Moran G, Barr CL. Arginine vasopressin
1a receptor gene and maternal behavior: Evidence of association and moderation. Genes Brain
Behav. 2012;11(3).

Mather HM, Ang V, Jenkins JS. Vasopressin in plasma and CSF of patients with subarachnoid
haemorrhage. J Neurol Neurosurg Psychiatry. 1981;44(3).

Reid AC, Morton JJ. Arginine vasopressin levels in cerebrospinal fluid in neurological disease.
J Neurol Sci. 1982;54(2).

Peskind ER, Pascualy M, Edland SD, Wingerson D, Dobie DJ, Raskind MA. Plasma arginine
vasopressin response to hypertonic saline infusion in Alzheimer disease. Alzheimer Dis Assoc
Disord. 1995;9(4).

Liu RY, Zhou JN, Hoogendijk WJG, Van Heerikhuize J, Kamphorst W, Unmehopa UA, et al.
Decreased vasopressin gene expression in the biological clock of Alzheimer disease patients
with and without depression. J Neuropathol Exp Neurol. 2000;59(4).

Sundquist J, Forsling ML, Olsson JE, Akerlund M. Cerebrospinal fluid arginine vasopressin
in degenerative disorders and other neurological diseases. J Neurol Neurosurg Psychiatry.
1983;46(1).

Tsuji M, Takahashi S, Akazawa S. CSF vasopressin and cyclic nucleotide concentrations in
senile dementia. Psychoneuroendocrinology. 1981;6(2).

Jensen JPA. Vasopressin therapy in Parkinson’s disease. Acta Neurol Scand. 1980;62(3).
Olsson JE, Forsling ML, Lindvall B, Akerlund M. Cerebrospinal fluid arginine vasopressin in
Parkinson’s disease, dementia, and other degenerative disorders. Adv Neurol. 1987;45.

Arai M. Increased plasma arginine vasopressin levels in dopamine agonist-treated Parkinson’s
disease patients. Neuroendocrinology Letters. 2011;32(1).

Pedersen AG, Hammer M, Hansen M, Sorensen PS. Cerebrospinal fluid vasopressin as a
marker of central nervous system metastases from small-cell bronchogenic carcinoma. Journal
of Clinical Oncology. 1985;3(1).

Cuesta M, Thompson CJ. The syndrome of inappropriate antidiuresis (SIAD). Vol. 30, Best
Practice and Research: Clinical Endocrinology and Metabolism. 2016.

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 118



175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

CHAPTER- 2

Gold PW, Kaye W, Robertson GL, Ebert M. Abnormalities in Plasma and Cerebrospinal-Fluid
Arginine Vasopressin in Patients with Anorexia Nervosa. New England Journal of Medicine.
1983;308(19).

Guastella AJ, Kenyon AR, Unkelbach C, Alvares GA, Hickie IB. Arginine Vasopressin
selectively enhances recognition of sexual cues in male humans. Psychoneuroendocrinology.
2011;36(2).

Rilling JK, Li T, Chen X, Gautam P, Haroon E, Thompson RR. Arginine vasopressin effects
on subjective Judgments and neural responses to same and other-sex Faces in men and women.
Front Endocrinol (Lausanne). 2017;8(AUG).

Mazurek MF, Bed MF, Bird ED, Martin JB. Vasopressin in Alzheimer’s disease: A study of
postmortem brain concentrations. Ann Neurol. 1986;20(6).

Zhang X, Zhao F, Wang C, Zhang J, Bai Y, Zhou F, et al. AVP(4-8) Improves Cognitive
Behaviors and Hippocampal Synaptic Plasticity in the APP/PS1 Mouse Model of Alzheimer’s
Disease. Neurosci Bull. 2020;36(3).

Islam MT, Maejima T, Matsui A, Mieda M. Paraventricular hypothalamic vasopressin neurons
induce self-grooming in mice. Mol Brain. 2022;15(1).

Swedo SE, Leonard HL, Kruesi MJP, Rettew DC, Listwak SJ, Berrettini W, et al.
Cerebrospinal Fluid Neurochemistry in Children and Adolescents With Obsessive-Compulsive
Disorder. Arch Gen Psychiatry. 1992;49(1).

Serradeil-Le Gal C, Wagnon J, Tonnerre B, Roux R, Garcia G, Griebel G, et al. An overview
of SSR149415, a selective nonpeptide vasopressin V1b receptor antagonist for the treatment
of stress-related disorders. Vol. 11, CNS Drug Reviews. 2005.

Meyer-Lindenberg A, Kolachana B, Gold B, Olsh A, Nicodemus KK, Mattay V, et al. Genetic
variants in AVPR1A linked to autism predict amygdala activation and personality traits in
healthy humans. Mol Psychiatry. 2009;14(10).

Broniarczyk-Czarniak M, Szemraj J, Smigielski J, Gatecki P. The Role of OXT, OXTR, AVP,
and AVPR1a Gene Expression in the Course of Schizophrenia. Curr Issues Mol Biol.
2022;44(1).

Peabody CA, Davies H, Berger PA, Tinklenberg JR. Desamino-D-arginine-vasopressin
(DDAVP) in Alzheimer’s disease. Neurobiol Aging. 1986;7(4).

Egashira N, Tanoue A, Matsuda T, Koushi E, Harada S, Takano Y, et al. Impaired social
interaction and reduced anxiety-related behavior in vasopressin V1a receptor knockout mice.
Behavioural Brain Research. 2007;178(1).

Torok B, Fodor A, Klausz B, Varga J, Zelena D. Ameliorating schizophrenia-like symptoms
in vasopressin deficient male Brattleboro rat by chronic antipsychotic treatment. Eur J
Pharmacol. 2021;909.

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 119



188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.
201.

CHAPTER- 2

Altemus M, Pigott T, Kalogeras KT, Demitrack M, Dubbert B, Murphy DL, et al.
Abnormalities in the Regulation of VVasopressin and Corticotropin Releasing Factor Secretion
in Obsessive-Compulsive Disorder. Arch Gen Psychiatry. 1992;49(1).

Leckman JF, Goodman WK, North WG, Chappell PB, Price LH, Pauls DL, et al. Elevated
Cerebrospinal Fluid Levels of Oxytocin in Obsessive-compulsive Disorder: Comparison with
Tourette’s Syndrome and Healthy Controls. Arch Gen Psychiatry. 1994;51(10).

Tobin VA, Hashimoto H, Wacker DW, Takayanagi Y, Langnaese K, Caquineau C, et al. An
intrinsic vasopressin system in the olfactory bulb is involved in social recognition. Nature.
2010;464(7287).

Salzberg AD, Swedo SE. Oxytocin and vasopressin in obsessive-compulsive disorder [11].
Vol. 149, American Journal of Psychiatry. 1992.

Bredewold R, Veenema AH. Sex differences in the regulation of social and anxiety-related
behaviors: insights from vasopressin and oxytocin brain systems. Vol. 49, Current Opinion in
Neurobiology. 2018.

Meynen G, Unmehopa UA, van Heerikhuize JJ, Hofman MA, Swaab DF, Hoogendijk WJG.
Increased Arginine Vasopressin mRNA Expression in the Human Hypothalamus in
Depression: A Preliminary Report. Biol Psychiatry. 2006;60(8).

Gouin JP, Carter CS, Pournajafi-Nazarloo H, Malarkey WB, Loving TJ, Stowell J, et al.
Plasma vasopressin and interpersonal functioning. Biol Psychol. 2012;91(2).

Dempster EL, Burcescu I, Wigg K, Kiss E, Baji |, Gadoros J, et al. Evidence of an association
between the vasopressin V1b receptor gene (AVPR1B) and childhood-onset mood disorders.
Arch Gen Psychiatry. 2007;64(10).

Van West D, Del-Favero J, Aulchenko Y, Oswald P, Souery D, Forsgren T, et al. A major SNP
haplotype of the arginine vasopressin 1B receptor protects against recurrent major depression.
Mol Psychiatry. 2004;9(3).

Eisenberg J, Hamburger-Bar R, Belmaker RH. The effect of vasopressin treatment on learning
in Down’s syndrome. J Neural Transm. 1984;60(2).

Parker KJ, Oztan O, Libove RA, Mohsin N, Karhson DS, Sumiyoshi RD, et al. A randomized
placebo-controlled pilot trial shows that intranasal vasopressin improves social deficits in
children with autism. Sci Transl Med. 2019;11(491).

Hosseini SMR, Farokhnia M, Rezaei F, Gougol A, Yekehtaz H, Iranpour N, et al. Intranasal
desmopressin as an adjunct to risperidone for negative symptoms of schizophrenia: A
randomized, double-blind, placebo-controlled, clinical trial. European
Neuropsychopharmacology. 2014;24(6).

Haber E, Slater EE. Purification of renin. Circ Res. 1977;40(5 ,Sup 1).

Jackson L, Eldahshan W, Fagan SC, Ergul A. Within the brain: The renin angiotensin system.
Int J Mol Sci. 2018;19(3).

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 120



202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

CHAPTER- 2

Reudelhuber TL, Mercure C, Theroux LL, Chu WN, Baxter JD, Seidah NG. Subcellular
sorting and processing of prorenin. In: Cellular and Molecular Biology of the Renin-
Angiotensin System. 2018.

Ganten D. The transition from experimental to clinical pharmacology: The renin-angiotensin
paradigm. J Cardiovasc Pharmacol. 1993;22.

Yasar S, Varma VR, Harris GC, Carlson MC. Associations of Angiotensin Converting
Enzyme-1 and Angiotensin II Blood Levels and Cognitive Function. Journal of Alzheimer’s
Disease. 2018;63(2).

Nguyen G, Contrepas A. Physiology and pharmacology of the (pro)renin receptor. Vol. 8,
Current Opinion in Pharmacology. 2008.

Johnston CI. Biochemistry and Pharmacology of the Renin-Angiotensin System. Drugs.
1990;39(1).

Bader M, Ganten D. It’s renin in the brain: Transgenic animals elucidate the brain renin-
angiotensin system. Vol. 90, Circulation Research. 2002.

Mccarthy CA, Widdop RE, Deliyanti D, Wilkinson-Berka JL. Brain and retinal microglia in
health and disease: An unrecognized target of the renin-angiotensin system. Vol. 40, Clinical
and Experimental Pharmacology and Physiology. 2013.

Wright JW, Harding JW. The brain renin-angiotensin system: A diversity of functions and
implications for CNS diseases. Vol. 465, Pflugers Archiv European Journal of Physiology.
2013.

Savaskan E, Hock C, Olivieri G, Bruttel S, Rosenberg C, Hulette C, et al. Cortical alterations
of angiotensin converting enzyme, angiotensin Il and AT receptor in Alzheimer’s dementia.
Neurobiol Aging. 2001;22(4).

Sumners C, Horiuchi M, Widdop RE, Mccarthy C, Unger T, Steckelings UM. Protective arms
of the renin-angiotensin-system in neurological disease. Vol. 40, Clinical and Experimental
Pharmacology and Physiology. 2013.

Le D, Brown L, Malik K, Murakami S. Two opposing functions of angiotensin-converting
enzyme (Ace) that links hypertension, dementia, and aging. Vol. 22, International Journal of
Molecular Sciences. 2021.

Rocha NP, Simoes e Silva AC, Prestes TRR, Feracin V, Machado CA, Ferreira RN, et al. RAS
in the Central Nervous System: Potential Role in Neuropsychiatric Disorders. Curr Med Chem.
2018;25(28).

Santiago TC, Parra L, Nani J V., Fidalgo TM, Bradshaw NJ, Hayashi MAF. Angiotensin-
converting enzymes as druggable features of psychiatric and neurodegenerative disorders. VVol.
166, Journal of Neurochemistry. 2023.

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 121



215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

CHAPTER- 2

Santos RAS, Sampaio WO, Alzamora AC, Motta-Santos D, Alenina N, Bader M, et al. The
ACE2/Angiotensin-(1-7)/Mas axis of the renin-angiotensin system: Focus on Angiotensin-(1-
7). Vol. 98, Physiological Reviews. 2018.

Kaur P, Muthuraman A, Kaur M. The Implications of Angiotensin-Converting Enzymes and
Their Modulators in Neurodegenerative Disorders: Current and Future Perspectives. Vol. 6,
ACS Chemical Neuroscience. 2015.

Ding Q, Shults N V., Gychka SG, Harris BT, Suzuki YJ. Protein expression of angiotensin-
converting enzyme 2 (ACE2) is upregulated in brains with alzheimer’s disease. Int J Mol Sci.
2021;22(4).

Naffah-Mazzacoratti M da G, Gouveia TLF, Simdes PSR, Perosa SR. What have we learned
about the kallikrein-kinin and renin-angiotensin systems in neurological disorders? World J
Biol Chem. 2014;5(2).

Gironacci MM, Vicario A, Cerezo G, Silva MG. The depressor axis of the renin-angiotensin
system and brain disorders: A translational approach. Vol. 132, Clinical Science. 2018.
Brito-Toscano EC, Rocha NP, Rachid MA, Teixeira AL, de Miranda AS. ACE2/angiotensin-
(1-7)/mas receptor axis in the central nervous system. In: Angiotensin: From the Kidney to
Coronavirus. 2023.

Fournier D, Luft FC, Bader M, Ganten D, Andrade-Navarro MA. Emergence and evolution of
the renin-angiotensin-aldosterone system. Vol. 90, Journal of Molecular Medicine. 2012.
McFall A, Nicklin SA, Work LM. The counter regulatory axis of the renin angiotensin system
in the brain and ischaemic stroke: Insight from preclinical stroke studies and therapeutic
potential. Vol. 76, Cellular Signalling. 2020.

Barzegar M, Vital S, Stokes KY, Wang Y, Yun JW, White LA, et al. Human placenta
mesenchymal stem cell protection in ischemic stroke is angiotensin converting enzyme-2 and
masR receptor-dependent. Stem Cells. 2021;39(10).

Bennion DM, Haltigan EA, Irwin AJ, Donnangelo LL, Regenhardt RW, Pioquinto DJ, et al.
Activation of the neuroprotective angiotensin-converting enzyme 2 in rat ischemic stroke.
Hypertension. 2015;66(1).

Bennion DM, Jones CH, Donnangelo LL, Graham JT, Isenberg JD, Dang AN, et al.
Neuroprotection by post-stroke administration of an oral formulation of angiotensin-(1-7) in
ischaemic stroke. Exp Physiol. 2018;103(6).

Hernandez AR, Banerjee A, Carter CS, Buford TW. Angiotensin (1-7) Expressing Probiotic
as a Potential Treatment for Dementia. Vol. 2, Frontiers in Aging. 2021.

Miners JS, Ashby E, Baig S, Harrison R, Tayler H, Speedy E, et al. Angiotensin-converting
enzyme levels and activity in Alzheimer’s disease: Differences in brain and CSF ACE and
association with ACEL1 genotypes. Am J Transl Res. 2009;1(2).

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 122



228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

CHAPTER- 2

Ciobica A, Bild W, Hritcu L, Haulica 1. Brain renin-angiotensin system in cognitive function:
Pre-clinical findings and implications for prevention and treatment of dementia. VVol. 109, Acta
Neurologica Belgica. 20009.

Kobiec T, Otero-Losada M, Chevalier G, Udovin L, Bordet S, Menéndez-Maissonave C, et al.
The Renin—Angiotensin System Modulates Dopaminergic Neurotransmission: A New Player
on the Scene. Vol. 13, Frontiers in Synaptic Neuroscience. 2021.

Ferreira SA, Romero-Ramos M. Microglia response during Parkinson’s disease: Alpha-
synuclein intervention. Vol. 12, Frontiers in Cellular Neuroscience. 2018.

Sonsalla PK, Coleman C, Wong LY, Harris SL, Richardson JR, Gadad BS, et al. The
angiotensin converting enzyme inhibitor captopril protects nigrostriatal dopamine neurons in
animal models of parkinsonism. Exp Neurol. 2013;250.

J.L. LG, J. RP, A.l. RP, P. GG, B. VC, R. V, et al. Brain angiotensin and dopaminergic
degeneration: Relevance to Parkinson’s disease. American Journal of Neurodegenerative
Diseases. 2012;1(3).

Pedrosa MA, Labandeira CM, Valenzuela R, Quijano A, Sanchez-Andrade M, Suarez-
Quintanilla JA, et al. AT1 receptor autoantibodies mediate effects of metabolic syndrome on
dopaminergic vulnerability. Brain Behav Immun. 2023;108.

Horiuchi M, Mogi M, lwai M. The angiotensin Il type 2 receptor in the brain. VVol. 11, JRAAS
- Journal of the Renin-Angiotensin-Aldosterone System. 2010.

Jiang F, Yang J, Zhang Y, Dong M, Wang S, Zhang Q, et al. Angiotensin-converting enzyme
2 and angiotensin 1-7: Novel therapeutic targets. Vol. 11, Nature Reviews Cardiology. 2014.
Ahmed HA, Ishrat T, Pillai B, Bunting KM, Vazdarjanova A, Waller JL, et al. Angiotensin
receptor (AT2R) agonist C21 prevents cognitive decline after permanent stroke in aged
animals—A randomized double- blind pre-clinical study. Behavioural Brain Research.
2019;359.

Regenhardt RW, Mecca AP, Desland F, Ritucci-Chinni PF, Ludin JA, Greenstein D, et al.
Centrally administered angiotensin-(1-7) increases the survival of stroke-prone spontaneously
hypertensive rats. Exp Physiol. 2014;99(2).

Bennion DM, Isenberg JD, Harmel AT, DeMars K, Dang AN, Jones CH, et al. Post-stroke
angiotensin 1l type 2 receptor activation provides long-term neuroprotection in aged rats. PLoS
One. 2017;12(7).

Macedo D. 37. NEUROIMMUNE DYSFUNCTION IN SCHIZOPHRENIA: FROM
BIOMARKERS TO DRUG REPURPOSING. Schizophr Bull. 2019;45(Supplement_2).
Basmadjian OM, Occhieppo VB, Marchese NA, Baiardi G, Bregonzio C. Brain Angiotensin
I Involvement in Chronic Mental Disorders. Protein Pept Lett. 2017;24(9).

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 123



241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

CHAPTER- 2

Occhieppo VB, Basmadjian OM, Marchese NA, Jaime A, Pérez MF, Baiardi G, et al.
Schizophrenia-like endurable behavioral and neuroadaptive changes induced by ketamine
administration involve Angiotensin Il AT1 receptor. Behavioural Brain Research. 2022;425.
Giardina WJ, Ebert DM. Positive effects of captopril in the behavioral despair swim test. Biol
Psychiatry. 1989;25(6).

Martin P, Massol J, Scalbert E, Puech AJ. Involvement of angiotensin-converting enzyme
inhibition in reversal of helpless behavior evoked by perindopril in rats. Eur J Pharmacol.
1990;187(2).

Gard PR, Mandy A, Sutcliffe MA. Evidence of a possible role of altered angiotensin function
in the treatment, but not etiology, of depression. Biol Psychiatry. 1999;45(8).

Ping G, Qian W, Song G, Zhaochun S. Valsartan reverses depressive/anxiety-like behavior and
induces hippocampal neurogenesis and expression of BDNF protein in unpredictable chronic
mild stress mice. Pharmacol Biochem Behav. 2014;124.

Ayyub M, Najmi AK, Akhtar M. Protective Effect of Irbesartan an Angiotensin (AT1)
Receptor Antagonist in Unpredictable Chronic Mild Stress Induced Depression in Mice. Drug
Res. 2017;67(1).

Diniz CRAF, Casarotto PC, Fred SM, Biojone C, Castrén E, Joca SRL. Antidepressant-like
effect of losartan involves TRKB transactivation from angiotensin receptor type 2 (AGTR2)
and recruitment of FYN. Neuropharmacology. 2018;135.

Salmani H, Hosseini M, Baghcheghi Y, Moradi-Marjaneh R, Mokhtari-Zaer A. Losartan
modulates brain inflammation and improves mood disorders and memory impairment induced
by innate immune activation: The role of PPAR-y activation. Cytokine. 2020;125.

Gong X, Hu H, Qiao Y, Xu P, Yang M, Dang R, et al. The involvement of renin-angiotensin
system in lipopolysaccharide-induced behavioral changes, neuroinflammation, and disturbed
insulin signaling. Front Pharmacol. 2019;10(APR).

Costall B, Domeney AM, Gerrard PA, Horovitz ZP, Kelly ME, Naylor RJ, et al. Effects of
captopril and SQ29,852 on anxiety-related behaviours in rodent and marmoset. Pharmacol
Biochem Behav. 1990;36(1).

Kaiser FC, Palmer GC, Wallace A V., Carr RD, Fraserrae L, Hallam C. Antianxiety properties
of the angiotensin ii antagonist, DUP 753, in the rat using the elevated plus-maze. Neuroreport.
1992;3(10).

Braszko JJ. AT2 but not AT1 receptor antagonism abolishes angiotensin Il increase of the
acquisition of conditioned avoidance responses in rats. Behavioural Brain Research.
2002;131(1-2).

Benicky J, Sanchez-Lemus E, Honda M, Pang T, Orecna M, Wang J, et al. Angiotensin Il AT1
receptor blockade ameliorates brain inflammation. Neuropsychopharmacology. 2011;36(4).

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 124



254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

CHAPTER- 2

Llano Lopez LH, Caif F, Garcia S, Fraile M, Landa Al, Baiardi G, et al. Anxiolytic-like effect
of losartan injected into amygdala of the acutely stressed rats. Pharmacological Reports.
2012;64(1).

Genaro K, Fabris D, Fachim HA, Prado WA. Angiotensin AT1 receptors modulate the
anxiogenic effects of angiotensin (5-8) injected into the rat ventrolateral periaqueductal gray.
Peptides (NY). 2017;96.

Handa M, Sanap SN, Bhatta RS, Patil GP, Palkhade R, Singh DP, et al. Simultaneous Intranasal
Codelivery of Donepezil and Memantine in a Nanocolloidal Carrier: Optimization,
Pharmacokinetics, and Pharmacodynamics Studies. Mol Pharm. 2023 Sep 4;

Ismael S, Mirzahosseini G, Ahmed HA, Yoo A, Kassan M, Malik KU, et al. Renin-Angiotensin
System Alterations in the Human Alzheimer’s Disease Brain. Journal of Alzheimer’s Disease.
2021;84(4).

Sunanda T, Ray B, Mahalakshmi AM, Bhat A, Rashan L, Rungratanawanich W, et al.
Mitochondria—endoplasmic reticulum crosstalk in parkinson’s disease: The role of brain renin
angiotensin system components. Vol. 11, Biomolecules. 2021.

Gouveia F, Camins A, Ettcheto M, Bicker J, Falcdo A, Cruz MT, et al. Targeting brain Renin-
Angiotensin System for the prevention and treatment of Alzheimer’s disease: Past, present and
future. Vol. 77, Ageing Research Reviews. 2022.

Loera-Valencia R, Eroli F, Garcia-Ptacek S, Maioli S. Brain renin—angiotensin system as novel
and potential therapeutic target for alzheimer’s disease. Vol. 22, International Journal of
Molecular Sciences. 2021.

Abiodun OA, Ola MS. Role of brain renin angiotensin system in neurodegeneration: An
update. Vol. 27, Saudi Journal of Biological Sciences. 2020.

Wright JW, Kawas LH, Harding JW. A Role for the Brain RAS in Alzheimer’s and Parkinson’s
Diseases. Front Endocrinol (Lausanne). 2013;4.

Bajwa E, Klegeris A. Neuroinflammation as a mechanism linking hypertension with the
increased risk of Alzheimer’s disease. Vol. 17, Neural Regeneration Research. 2022.

Lee HW, Kim S, Jo Y, Kim Y, Ye BS, Yu YM. Neuroprotective effect of angiotensin II
receptor blockers on the risk of incident Alzheimer’s disease: A nationwide population-based
cohort study. Front Aging Neurosci. 2023;15.

Labandeira-Garcia JL, Rodriguez-Pallares J, Rodriguez-Perez Al, Garrido-Gil P, Villar-Cheda
B, Valenzuela R, et al. Brain angiotensin and dopaminergic degeneration: Relevance to
Parkinson’s disease. Vol. 1, American Journal of Neurodegenerative Diseases. 2012.

Mertens B, Vanderheyden P, Michotte Y, Sarre S. The role of the central renin-angiotensin
system in Parkinson?s disease. Vol. 11, JRAAS - Journal of the Renin-Angiotensin-
Aldosterone System. 2010.

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 125



267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

CHAPTER- 2

Savaskan E. The Role of the Brain Renin-Angiotensin System in Neurodegenerative Disorders.
Curr Alzheimer Res. 2005;2(1).

Vadhan JD, Speth RC. The role of the brain renin-angiotensin system (RAS) in mild traumatic
brain injury (TBI). Vol. 218, Pharmacology and Therapeutics. 2021.

Andone S, Bajko Z, Motataianu A, Maier S, Barcutean L, Balasa R. Neuroprotection in
Stroke—Focus on the Renin-Angiotensin System: A Systematic Review. Vol. 23, International
Journal of Molecular Sciences. 2022.

Regenhardt RW, Bennion DM, Sumners C. Cerebroprotective action of angiotensin peptides
in stroke. Vol. 126, Clinical Science. 2014.

Barzegar M, Stokes KY, Chernyshev O, Kelley RE, Alexander JS. The role of the ace2/masr
axis in ischemic stroke: New insights for therapy. Vol. 9, Biomedicines. 2021.

Chrysant SG. The pathophysiologic role of the brain renin-angiotensin system in stroke
protection: clinical implications. Vol. 9, Journal of clinical hypertension (Greenwich, Conn.).
2007.

Rodriguez-Yafiez M, Gomez-Choco M, L6pez-Cancio E, Amaro S, Alonso de Lecifiana M,
Arenillas JF, et al. Stroke prevention in patients with arterial hypertension: Recommendations
of the Spanish Society of Neurology’s Stroke Study Group. Neurologia. 2021;36(6).

Mohite S, de Campos-Carli SM, Rocha NP, Sharma S, Miranda AS, Barbosa IG, et al. Lower
circulating levels of angiotensin-converting enzyme (ACE) in patients with schizophrenia.
Schizophr Res. 2018;202.

Owen-Smith A, Stewart C, Green C, Ahmedani BK, Waitzfelder BE, Rossom R, et al.
Adherence to common cardiovascular medications in patients with schizophrenia vs. patients
without psychiatric illness. Gen Hosp Psychiatry. 2016;38.

Sanches M, Colpo GD, Cuellar VA, Bockmann T, Rogith D, Soares JC, et al. Decreased
Plasma Levels of Angiotensin-Converting Enzyme Among Patients With Bipolar Disorder.
Front Neurosci. 2021;15.

J. E, S. M, J. P. An efficient test battery for rapid characterization of new generation of non-
toxic antipsychotics derived from clozapine. Vol. 17, Bipolar Disorders. 2015.

Carnovale C, Perrotta C, Baldelli S, Cattaneo D, Montrasio C, Barbieri SS, et al.
Antihypertensive drugs and brain function: mechanisms underlying therapeutically beneficial
and harmful neuropsychiatric effects. Vol. 119, Cardiovascular Research. 2023.

Héfner S, Baumert J, Emeny RT, Lacruz ME, Bidlingmaier M, Reincke M, et al. Hypertension
and depressed symptomatology: A cluster related to the activation of the renin-angiotensin-
aldosterone system (RAAS). Findings from population based KORA F4 study.
Psychoneuroendocrinology. 2013;38(10).

Powers BJ, Coeytaux RR, Dolor RJ, Hasselblad V, Patel UD, Yancy WS, et al. Updated report
on comparative effectiveness of ACE inhibitors, ARBs, and direct renin inhibitors for patients

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 126



281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

CHAPTER- 2

with essential hypertension: Much more data, little new information. Vol. 27, Journal of
General Internal Medicine. 2012.

Meyer T, Rothe I, Staab J, Deter HC, Fangauf S V., Hamacher S, et al. Length Polymorphisms
in the Angiotensin I-Converting Enzyme Gene and the Serotonin-Transporter-Linked
Polymorphic Region Constitute a Risk Haplotype for Depression in Patients with Coronary
Artery Disease. Biochem Genet. 2020;58(4).

Annerbrink K, Jonsson EG, Olsson M, Nilsson S, Sedvall GC, Anckarsater H, et al.
Associations between the angiotensin-converting enzyme insertion/deletion polymorphism
and monoamine metabolite concentrations in cerebrospinal fluid. Psychiatry Res. 2010;179(2).
Pavlatou MG, Mastorakos G, Lekakis I, Liatis S, Vamvakou G, Zoumakis E, et al. Chronic
administration of an angiotensin 1l receptor antagonist resets the hypothalamic-pituitary-
adrenal (HPA) axis and improves the affect of patients with diabetes mellitus type 2:
Preliminary results. Stress. 2008;11(1).

Olsson M, Annerbrink K, Westberg L, Melke J, Baghaei F, Rosmond R, et al. Angiotensin-
Related Genes in Patients with Panic Disorder. American Journal of Medical Genetics -
Neuropsychiatric Genetics. 2004;127 B(1).

Khoury R, Ghantous Z, Ibrahim R, Ghossoub E, Madaghjian P, Karam E, et al. Anxiety,
depression and post-traumatic stress disorder in patients on hemodialysis in the setting of the
pandemic, inflation, and the Beirut blast: a cross-sectional study. BMC Psychiatry. 2023;23(1).
Reinecke A, Browning M, Klein Breteler J, Kappelmann N, Ressler KJ, Harmer CJ, et al.
Angiotensin Regulation of Amygdala Response to Threat in High-Trait-Anxiety Individuals.
Biol Psychiatry Cogn Neurosci Neuroimaging. 2018;3(10).

Pardridge WM. Blood-brain barrier delivery. Drug Discovery Today. 2007.

Garcia-Garcia E, Andrieux K, Gil S, Couvreur P. Colloidal carriers and blood-brain barrier
(BBB) translocation: A way to deliver drugs to the brain? Int J Pharm. 2005;298(2):274-92.
Teleanu DM, Chircov C, Grumezescu AM, Volceanov A, Teleanu RI. Blood-brain delivery
methods using nanotechnology. Pharmaceutics. 2018.

Zhang TT, Li W, Meng G, Wang P, Liao W. Strategies for transporting nanoparticles across
the blood-brain barrier. Biomaterials Science. 2016.

Papaioannou S, Yang PC, Novotney R. Encapsulation of angiotensin Il in liposomes:
Characterization in vitro and in vivo. Clin Exp Hypertens. 1978;1(3).

Frézard F, Silva-Barcellos NM, dos Santos RAS. A novel approach based on nanotechnology
for investigating the chronic actions of short-lived peptides in specific sites of the brain. Vol.
138, Regulatory Peptides. 2007.

Lochhead JJ, Thorne RG. Intranasal delivery of biologics to the central nervous system.
Advanced Drug Delivery Reviews. 2012.

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 127



294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

CHAPTER- 2

Zhang B, Wang H, Shen S, She X, Shi W, Chen J, et al. Fibrin-targeting peptide CREKA-
conjugated multi-walled carbon nanotubes for self-amplified photothermal therapy of tumor.
Biomaterials. 2016;79.

Jain A, Kesharwani P, Garg NK, Jain A, Jain SA, Jain AK, et al. Galactose engineered solid
lipid nanoparticles for targeted delivery of doxorubicin. Colloids Surf B Biointerfaces.
2015;134.

Kumar S, Garg NK, Jain A, Khopade A, Pandey P, Sawant KK. Nanocarriers mediated
delivery of methotrexate is instrumental in treating auto-immune diseases and cancer. Vol. 88,
Journal of Drug Delivery Science and Technology. 2023.

Abbott NJ, Patabendige AAK, Dolman DEM, Yusof SR, Begley DJ. Structure and function of
the blood-brain barrier. Neurobiol Dis [Internet]. 2010 Jan;37(1):13-25. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/19664713

Kubczak M, Michlewska S, Bryszewska M, Aigner A, lonov M. Nanoparticles for local
delivery of siRNA in lung therapy. Vol. 179, Advanced Drug Delivery Reviews. 2021.
Mendonga MCP, Kont A, Aburto MR, Cryan JF, O’Driscoll CM. Advances in the Design of
(Nano)Formulations for Delivery of Antisense Oligonucleotides and Small Interfering RNA:
Focus on the Central Nervous System. Vol. 18, Molecular Pharmaceutics. 2021.

Jain A, Sharma G, Kushwah V, Garg NK, Kesharwani P, Ghoshal G, et al. Methotrexate and
beta-carotene loaded-lipid polymer hybrid nanoparticles: A preclinical study for breast cancer.
Nanomedicine. 2017;12(15).

Garg NK, Tyagi RK, Sharma G, Jain A, Singh B, Jain S, et al. Functionalized Lipid-Polymer
Hybrid Nanoparticles Mediated Codelivery of Methotrexate and Aceclofenac: A Synergistic
Effect in Breast Cancer with Improved Pharmacokinetics Attributes. Mol Pharm. 2017;14(6).
Mehan N, Kumar M, Bhatt S, Shankar R, Kumari B, Pahwa R, et al. Self-Assembly Polymeric
Nano Micelles for the Futuristic Treatment of Skin Cancer and Phototoxicity: Therapeutic and
Clinical Advancement. Crit Rev Ther Drug Carrier Syst. 2022;39(2).

Igbal S, Blenner M, Alexander-Bryant A, Larsen J. Polymersomes for Therapeutic Delivery of
Protein and Nucleic Acid Macromolecules: From Design to Therapeutic Applications. Vol. 21,
Biomacromolecules. 2020.

Wang F, Xiao J, Chen S, Sun H, Yang B, Jiang J, et al. Polymer Vesicles: Modular Platforms
for Cancer Theranostics. Advanced Materials. 2018;30(17).

Al Tamimi S, Ashraf S, Abdulrehman T, Parray A, Mansour SA, Haik Y, et al. Synthesis and
analysis of silver—copper alloy nanoparticles of different ratios manifest anticancer activity in
breast cancer cells. Cancer Nanotechnol. 2020;11(1).

Chandrakala V, Aruna V, Angajala G. Review on metal nanoparticles as nanocarriers: current
challenges and perspectives in drug delivery systems. VVol. 5, Emergent Materials. 2022.

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 128



307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

CHAPTER- 2

Zhao Y, Zhao T, Cao Y, Sun J, Zhou Q, Chen H, et al. Temperature-Sensitive Lipid-Coated
Carbon Nanotubes for Synergistic Photothermal Therapy and Gene Therapy. ACS Nano.
2021;15(4).

Badilli U, Mollarasouli F, Bakirhan NK, Ozkan Y, Ozkan SA. Role of quantum dots in
pharmaceutical and biomedical analysis, and its application in drug delivery. Vol. 131, TrAC
- Trends in Analytical Chemistry. 2020.

Irby D, Du C, Li F. Lipid-Drug Conjugate for Enhancing Drug Delivery. Mol Pharm.
2017;14(5).

Wolfrum C, Shi S, Jayaprakash KN, Jayaraman M, Wang G, Pandey RK, et al. Mechanisms
and optimization of in vivo delivery of lipophilic siRNAs. Nat Biotechnol. 2007;25(10).

Jain D, Prajapati SK, Jain A, Singhal R. Nano-formulated siRNA-based therapeutic approaches
for cancer therapy. Nano Trends. 2023;1.

JiY, Dong W, Wang X, Xu H, Lin L, Tang X, et al. Studies on MEP421 PLGA microspheres :
preparation and drug release. Asian J Pharm Sci. 2008;3(5).

Shalaby TI, El-Refaie WM. Bioadhesive Chitosan-Coated Cationic Nanoliposomes With
Improved Insulin Encapsulation and Prolonged Oral Hypoglycemic Effect in Diabetic Mice. J
Pharm Sci. 2018;107(8).

Sahin H, Yucel O, Emik S, Senturk GE. Protective Effects of Intranasally Administrated
Oxytocin-Loaded Nanoparticles on Pentylenetetrazole-Kindling Epilepsy in Terms of Seizure
Severity, Memory, Neurogenesis, and Neuronal Damage. ACS Chem Neurosci. 2022;13(13).
Dong Z, Wang Q, Huo M, Zhang N, Li B, Li H, et al. Mannose-Modified Multi-Walled Carbon
Nanotubes as a Delivery Nanovector Optimizing the Antigen Presentation of Dendritic Cells.
ChemistryOpen. 2019;8(7).

Handa M, Singh A, Bisht D, Kesharwani P, Shukla R. Potential of particle size less than 15
nm via olfactory region for direct brain delivery via intranasal route. Health Sciences Review.
2022;4.

Méae MA, He L, Nordling S, Vazquez-Liebanas E, Nahar K, Jung B, et al. Single-Cell Analysis
of Blood-Brain Barrier Response to Pericyte Loss. Circ Res. 2021;128(4).

Wu D, Chen Q, Chen X, Han F, Chen Z, Wang Y. The blood-brain barrier: structure,
regulation, and drug delivery. Vol. 8, Signal Transduction and Targeted Therapy. 2023.
Pardridge WM. Blood-brain barrier drug delivery of IgG fusion proteins with a transferrin
receptor monoclonal antibody. Expert Opin Drug Deliv [Internet]. 2015 Feb 20;12(2):207-22.
Available from: http://www.tandfonline.com/doi/full/10.1517/17425247.2014.952627

Leng G, Ludwig M. Intranasal Oxytocin: Myths and Delusions OXYTOCIN AND THE
BLOOD-BRAIN BARRIER. Biol Psychiatry. 2015;(14).

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 129



321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331

332.

CHAPTER- 2

Yao S, Kendrick KM. Effects of Intranasal Administration of Oxytocin and Vasopressin on
Social Cognition and Potential Routes and Mechanisms of Action. Vol. 14, Pharmaceutics.
2022.

Lee MR, Shnitko TA, Blue SW, Kaucher A V., Winchell AJ, Erikson DW, et al. Labeled
oxytocin administered via the intranasal route reaches the brain in rhesus macaques. Nat
Commun. 2020;11(1).

Liu G, Li S, Huang Y, Wang H, Jiang Y. Incorporation of 10-hydroxycamptothecin
nanocrystals into zein microspheres. Chem Eng Sci. 2016;

Huang R, Liu S, Shao K, Han L, Ke W, Liu Y, et al. Evaluation and mechanism studies of
PEGylated dendrigraft poly-L-lysines as novel gene delivery vectors. Nanotechnology.
2010;21(26).

Hua S. Synthesis and in vitro characterization of oxytocin receptor targeted PEGylated
immunoliposomes for drug delivery to the uterus. J Liposome Res. 2019;29(4).

Hua S, Vaughan B. In vitro comparison of liposomal drug delivery systems targeting the
oxytocin receptor: A potential novel treatment for obstetric complications. Int J Nanomedicine.
2019;14.

Wan J, Mobli M, Brust A, Muttenthaler M, Andersson A, Ragnarsson L, et al. Synthesis of
Multivalent [Lys8]-Oxytocin Dendrimers that Inhibit Visceral Nociceptive Responses. Aust J
Chem. 2017;70(2).

Ulbrich K, Hekmatara T, Herbert E, Kreuter J. Transferrin- and transferrin-receptor-antibody-
modified nanoparticles enable drug delivery across the blood—brain barrier (BBB). European
Journal of Pharmaceutics and Biopharmaceutics [Internet]. 2009 Feb;71(2):251-6. Available
from: https://linkinghub.elsevier.com/retrieve/pii/S0939641108003378

Yan L, Wang H, Jiang Y, Liu J, Wang Z, Yang Y, et al. Cell-penetrating peptide-modified
PLGA nanoparticles for enhanced nose-to-brain macromolecular delivery. Macromol Res.
2013;21(4):435-41.

dos Santos Rodrigues B, Arora S, Kanekiyo T, Singh J. Efficient neuronal targeting and
transfection using RVG and transferrin-conjugated liposomes. Brain Res. 2020;1734.

Zaman RU, Mulla NS, Braz Gomes K, D’Souza C, Murnane KS, D’Souza MJ. Nanoparticle
formulations that allow for sustained delivery and brain targeting of the neuropeptide oxytocin.
Int J Pharm [Internet]. 2018 Sep;548(1):698-706. Available  from:
https://linkinghub.elsevier.com/retrieve/pii/S0378517318305180

Duarte-Guterman P, Lieblich SE, Qiu W, Splinter JEJ, Go KA, Casanueva-Reimon L, et al.
Oxytocin has sex-specific effects on social behaviour and hypothalamic oxytocin
immunoreactive cells but not hippocampal neurogenesis in adult rats. Horm Behav [Internet].
2020 Jun;122:104734. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0018506X2030060X

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 130



333.

334.

335.

336.

337.

338.

CHAPTER- 2

Vila A, Gill H, McCallion O, Alonso MJ. Transport of PLA-PEG particles across the nasal
mucosa: Effect of particle size and PEG coating density. Journal of Controlled Release. 2004;
Milligan KA, Winstead C, Smith J. PREPARATION AND PHYSIOCHEMICAL
CHARACTERIZATION OF CHITOSAN NANOPARTICLES FOR CONTROLLED
DELIVERY OF OXYTOCIN. Int J Pharm Sci Res. 2018;9(4).

Vinzant N, Scholl JL, Wu CM, Kindle T, Koodali R, Forster GL. Iron Oxide Nanoparticle
Delivery of Peptides to the Brain: Reversal of Anxiety during Drug Withdrawal. Front
Neurosci [Internet]. 2017 Nov 1;11(NOV). Available from:
http://journal.frontiersin.org/article/10.3389/fnins.2017.00608/full

He R, Finan B, Mayer JP, DiMarchi RD. Peptide conjugates with small molecules designed to
enhance efficacy and safety. Vol. 24, Molecules. 2019.

Wu K, Kwon SH, Zhou X, Fuller C, Wang X, Vadgama J, Wu Y. Overcoming Challenges in
Small-Molecule Drug Bioavailability: A Review of Key Factors and Approaches. International
Journal of Molecular Sciences. 2024 Dec 6;25(23):13121.

Martin R, Joung D. The Promise and Challenges of Bioprinting in Tissue Engineering.
Micromachines. 2024 Dec 23;15(12):1529.

© Samarth Kumar, Faculty of Pharmacy, The M.S University of Baroda 131



