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Preface

Dosage forms, also known as drug delivery systems, are an essential aspect of modern
pharmaceutical science. They are the physical forms in which drugs are administered
to patients and they play a crucial role in determining the efficacy and safety of a
medication. The field of dosage forms is vast and diverse, encompassing everything
from traditional solid and liquid forms to newer technologies such as nanoparticles
and gene therapy.

This book provides detailed explanations of the various technologies and techniques
used to develop dosage forms and examines some of the dosage forms used in modern
pharmaceutical science. It also examines progress and highlights recent developments
in the field. Furthermore, the book highlights the practical aspects of dosage forms,
including their formulation and development.

Chapter 1, ‘Layered Tablets: A Novel Oral Solid Dosage Form), highlights the importance
of layered tablets and how patient compliance can be improved by reducing the num-
ber of tablets administered to patients at one time. Chapter 2, ‘Orally Disintegrating
Tablets’, discusses the production of tablets that have rapid disintegration in the oral
cavity. Chapter 3, ‘Multifunctional Roles of PVP as a Versatile Biomaterial in Solid State’,
examines the multifunctional role of Polyvinylpyrrolidone (PVP) in the solid state

and demonstrates how PVP made it possible to overcome several challenges in drug
formulations, such as solubility and bioavailability weakness, physical instability under
stress conditions, and complexation efficiency of cyclodextrin molecules. Chapter 4,
‘Self-nano Emulsifying Formulations: An Encouraging Approach for Bioavailability
Enhancement and Future Perspective) provides valuable information on lipid-based
lipid-based formulations for increasing the bioavailability of poorly soluble drugs.
Chapter 5, ‘Novel Topical Drug Delivery Systems in Ophthalmic Applications} exam-
ines the progress made in novel dosage forms meant for delivery to the eyes. Chapter 6,
‘Interplay between Pharmacokinetics and Pharmacogenomics, provides in-depth
information on how an individual’s genetic makeup can be the key to creating per-
sonalized drugs with greater efficacy and safety. It describes how polymorphism may
alter the pharmacokinetic properties of administered drugs. Chapter 7, ‘In Vitro Drug
Metabolism Studies Using Human Liver Microsomes) explains why understanding the
metabolic stability and kinetics of glucuronidation of an investigational drug is crucial
for predicting the pharmacokinetic parameters that support dosing and dose frequency.
It provides detailed information about metabolite profiling, metabolic stability, gluc-
uronidation kinetics, reactive metabolites identification, CYP enzyme inhibition, and
general protocols using human liver microsomes. Chapter 8, ‘Use of Statins in Dental
Implantology and Their Impact on Osseointegration: Animal Studies) discusses the
relationship between local use of statins and better osseointegration. Finally, Chapter 9,
‘Perspective Chapter: Tuberculosis Drugs Doses from Indian Scenario — A Review,
presents research on tuberculosis treatment in India in recent years with the goal

of providing advice to healthcare providers.



The goal of this book is to provide readers with a solid understanding of the scientific
and technological principles that underlie the development of dosage forms. By
providing a thorough introduction to the field and its key concepts, the book aims to
equip readers with the knowledge and skills needed to understand the latest research
and developments in the field as well as to pursue careers in pharmaceutical science
or related fields.

Overall, this book is an essential resource for anyone interested in the field of dosage
forms, including students, researchers, and practitioners in pharmaceutical science,
pharmacy, and medicine. With its detailed explanations and practical examples it
provides a comprehensive and accessible introduction to this complex and rapidly
evolving field.

Usama Ahmad

Faculty of Pharmacy,
Department of Pharmaceutics,
Integral University,

Lucknow, India
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Chapter1

Layered Tablets: A Novel Oral Solid
Dosage Form

Muthukumar Subvamanian, Chellam Sankar,
Gayathri Rajaram and Vinesha Ravi

Abstract

Oral solid dosage forms hold a predominant position in the drug delivery system.
Tablets are the most widely used and convenient dosage form. Due to their ease of
manufacturing, the minimum cost of production, easy handling and storage, and
better stability, tablets are most preferred. Patients who are prescribed more than
one drug are in a situation to consume multiple tablets. To minimize the counts, one
or more drugs are cast into layers to form a single tablet, thus called layered tablets.
Layered tablets tend to improve patient compliance and reduce the cost of production
by half. Layers can be of multiple drugs or the same drug at different doses or drugs
with release enhancers or drugs with fillers. Layered tablets hold a greater potential
with better patient outcomes as well as stay production-friendly.

Keywords: Oral solid dosage form, layered tablets, compliance, release enhancers

1. Introduction

A particular route of administration is conferred to a drug therapy based on its
intended site of action, physicochemical properties, targeting aspects, the convenience
of administration, stability, duration and onset of action, and many others. All these
parameters help in building a stable, efficient, and therapeutically sound product. The
most commonly used routes of administration include oral, IV, IM, and transdermal.

Since the era of drug delivery, the oral dosage is retaining an unbeatable position
in drug administration. A drug delivery system aims at improving the efficiency
of the treatment and various parameters like handling, administration, storage,
etc. The oral route of drug administration is one of the oldest choices and has been
consistently dominating the world of drug delivery. It comes with enormous merits
like improved patient compliance, a simple manufacturing process, less complex
requirements, easy storage and handling, and so on. Despite hindrances like first-pass
metabolism, slow onset of action compared to IV/IM, and recent advances in novel
drug delivery, the oral solid dosage form has still not lost its dominance.

The oral route is the most widely accepted and marketed route of administration.
Besides convenience, it gives the advantage of enhanced absorption. The gastroin-
testinal tract has a larger surface area conferring to increased absorption of drugs.

The intestinal epithelial wall is composed of villi, a micro- erective structure, that
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increases the absorptive surface area in the gastrointestinal tract up to 300-400 m” [1].
Pharmaceutical active ingredients are mostly weak acids or weak bases. The absorp-
tion of drugs is based on pH and dissociation constant. Drugs exhibit various degrees
of absorption at differing pH. GIT offers a wide range of pH from highly acidic to
highly basic nature (0.8-8). This enables absorption of both acidic and basic drugs.
The stomach is a primary organ for the absorption of acidic drugs. The intestine has a
grading basic pH enhancing the absorption of basic drugs [2, 3].

The oral dosage form denotes systems administered by the oral route. Being the
most anticipated route, many formulations are available in the market. They can be
solids, liquids, and semi-solids. One of the major factors to be considered for develop-
ing a formulation is its pharmaceutical stability. Solids showcase high mechanical,
microbial, and chemical stability. An added advantage of oral solids is they do not
require sterile manufacturing needs. No much sophistication is needed for manufac-
turing. Simple instruments are sufficient to produce large quantities of oral solids.

Commonly seen oral solids are tablets, capsules, and pellets. Oral solids are
non-invasive and stand out due to its higher compliance and accepted for long term
therapy. Production cost of oral solids are lower with retail price remains affordable
too. Mechanical strength makes it easier to handle, transport and store. They can also
provide modified release of drug enabling sustained, controlled and immediate release.

Despite all these advantages, oral solids bear some disadvantages. Solids are not a
preferred dosage form for geriatric and pediatric patients. Dysphagic patients find it
difficult to swallow solids and it is not an option for unconscious patient. Even with
immediate release mechanism, it takes a lag time to disintegrate, dissolve and reach
systemic circulation. It may take some to initiate onset of action, making it not an
option for emergency conditions. One unavoidable hinderance is first pass metabo-
lism. GIT is a high degradative pathway conferring to presence to enzymes, acid secre-
tions and altering transit time. Recent advancements like oro-dispersible tablets and
sublingual tablets are available, but still oral solids are not comparable to parenteral.

2. Tablets

Tablets are popularly denoted as unit dosage form is an which contains active
ingredient(s) and excipients, compressed into a compact solid. It is available in vari-
ous shapes like, circular, cylindrical, triangular. They are mostly circular, with convex
ends and blunt edges. Tablets are manufactured by compressing the actives and other
ingredients by use of punches and dies. Tablets may carry break line, break marks
and symbols for breaking and identification. They are usually swallowed with liquids,
may be chewable, oral disintegrating, etc.....

Tablets are unit dosage form that offers accurate dosing at an affordable price.
With increased consumption, simple large-scale production makes it more feasible.
Other advantages include easy and cost-effective handling, and ease of identification,
as tablets come in various shapes, sizes and colors.

Tableting may be affected by due to the poor compressibility and flow properties
of powders which is a major compression parameter. The minimum dose also plays a
role in compression. Unacceptable taste and odour make it difficult to devise formula-
tion. Physical instability is a serious drawback that can affect the formulation which
could be overcome by encapsulation.

In order to classify the tablets representatively, a schematic flow chart is shown in
Figure1.
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ORAL TABLETS

ADMINISTERED ADMINISTERED IN ADMINSITERED IN
ORALLY ORAL CAVITY SOLUTION FORM

HYPODERMIC
TABLETS

MULTIPLE
COMPRESSED
TABLETS

COMPRESSED
TABLETS

EFFERVESCENT
TABLETS

* Layere tablets
* Press coated i P DISPENSING
tablets LOZENGES & TABLETS
TROUCHES

* Sugar coated tablets

* Film coated tablets

+ Enteric coated tablets
* Chewable tablets

Figure 1.
Flow chart of types of tablets.

3. Layered tablets

The layered tablet is a combination of one or more APIs (Active Pharmaceutical
Ingredients) along with excipients, cast in two or more layers to form a single unit
dosage form. Formulating a combination of drugs in a single dosage form is appreci-
ated in the case of long-term therapy like parkinsonism [4]. The noticeable feature is
that the drug is released without any pharmacokinetic interactions with individual
release rate [5]. It can greatly help in minimizing the dosing frequency and can also
add to the synergistic effect [6].

The ideal properties expected for a layered tablet include sufficient mechanical
strength, better chemical, and physical stability, and no interaction between the
layers. The layered tablets exhibit increased patient compliance as the dosing burden
is reduced [7]. Layers of the tablet can provide multiple release kinetics of the same
or different drugs of the same or different physicochemical properties and showcase
different release control mechanisms [8]. Generally, when two or more drugs are
co-administered, they might possess the ability to enhance the effect of each other.
The layered tablets are the potential in offering such a synergistic effect [6, 9]. These
layered tablets also confer high product identification, as the layers are usually of dif-
ferent colours and enable patients to identify the tablets at ease. This also contributes
to the attractive appearance of the dosage form.

The bigger advantage is that dual release profiles are obtained in a single unit dos-
age form. One layer can promote immediate release while the other may contribute
to controlled or sustained release [10]. It is very much possible to avoid active-active,
active — excipient and excipient - excipient interactions. The cost of production is
reduced to a greater extent as the production of two or more tablets is merged into
one. It is time-saving and production-friendly.

Accurate dosing and minimized inter-unit variability make it a potential candi-
date. Low production cost helps in reducing health care expenditure. Ease of packing
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and handling are added advantages. For a patient under multiple drug regimens,

it is easier to carry a single unit compared to multiple units. For drugs with bit-

ter/ obnoxious taste, the oral route may be less preferred. This can be overcome by
adapting various taste-masking techniques. Incompatibility is a serious issue when
various drugs are administered together. Two incompatible drugs can be administered
together by adding an inert layer between the active layers [8]. Fillers constitute a
majority of a tablet. When two or more drugs are administered in a single dosage
form, there is a possible reduction in the use of excipients like fillers. Layered tablets
are very much preferred in case of multiple drug therapy and long-term care.

When it comes to the disadvantages, the weight of the tablet remains a major concern.
With all the fillers and inert separating layers, weight adjustment of each layer during a
continuous batch is difficult. The layers should have sufficient binding capacity to hold
the formulation together. This requires high throughput planning and pre-formulation.
Lack of binding of two or more layers and separation of layers. High labor input and
equipment sophistication are necessary. Based on the active ingredients, layered tablets
are classified as bi-layered tablets with a single active ingredient or bi-layered with two
different active ingredients. Tri-layered tablets have three different active ingredients.
Based on formulation type, bi-layered tablets may contain one immediate release and
another sustained-release layer; two immediate layers; one sustained release and another
inert supporting layer; one sustained-release and another inert protecting layer.

4. Release aspect

These bi-layered to multi-layered tablets are formulated to achieve desired release
kinetics such as immediate-release, controlled release based on time, pH and related
factors, zero-order sustained release, etc. [11, 12]. Bi-layered tablets comprise an
immediate-release layer and another extended-release layer. The immediate-release
layer disintegrates immediately on reaching the GIT and releases a loading dose.
While the other layer stays for a longer period in GIT and maintains drug plasma
concentration. The hydrophobic/hydrophilic polymer matrix layer in layered tablets
is used in controlling the drug release pattern by hydrophobic polymer coating over
the hydrophilic matrix to attain sustained release, whereas one-sided coating aid in
controlled release of the drug. In the case of a combined release strategy, initial rapid
release followed by prolonged drug release is required to maintain stable plasma
concentration. Bimodal release tablets show an initial rapid drug release, followed
by slow release of the drug substance, then a third phase of rapid drug release, i.e.,
tablets exhibit sigmoidal release profiles [11, 13-15].

5. Manufacturing technology

In the past decades, layered tablets have been gaining attention, thus increasing
the requirement for the development of newer formulation techniques and tech-
nologies. However, most of the techniques are the same as that of a conventional
tablet, some variations in compression are necessary. It is important to analyze
physio-chemical properties, cohesive properties, compression, and compaction
profiles of all the layers used individually before the production of layered tablets.
The ultimate objective is to produce stable layered tablets, that remain in a single
unit, without layer separation and reduce the bulk of the tablet [5, 16, 17].
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5.1 OROS® push-pull technology

The system comprises two or more layers in which one or more layers contain
active ingredients and others are push layers (Figure 2). The drug layer can be made
of single or multi-components. Mostly poorly soluble drugs are incorporated. The
drug release can be aided by the addition of suspending or osmotic agent. The tablet
core can be surrounded by a semi-permeable membrane.

5.2 L-OROS tm Technology

This is used in the case of poorly soluble and insoluble drugs. By this technique a
lipid soft gel product which holds the drug in a dissolved state is initially produced,
then it is coated with a barrier membrane followed by an osmotic push layer and
semipermeable membrane, as shown in Figure 3. An exit orifice is drilled at the end.

5.3EN SO TROL technology

It is an integrated method to deliver the drug to enhance solubility and incorporate
enhancers to achieve controlled drug release from the dosage form. A wicking agent
is generally used.

6. DUREDAS™ technology

It is a dual drug delivery form consisting of two layers where one provides
immediate release and sustained release of the same drug (Figure 4). An immediate-
release layer is composed of granules with a matrix layer for the modified release of
the drug. One or more hydrophilic polymers are used in such cases.

6.1 RoTab bilayer compression

It is one of the dynamic and widely trusted equipments used in compression on
mono and bilayer tablets. It comes with software, which makes it easy to use. Due

Orifice

Drug layer

Push layer

Figure 2.
Bilayer OROS push pull technology.
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Orifice
Semipermeable
membrane

Osmotic push layer

Soft gelatin capsule

Barrier inner layer

Liquid drug formulation

Figure 3.
L-OROS tm technology.

Bilayer tablet Immediate drug release Modified release layer Swelling of polymer &
conltrolled drug release

Figure 4.
Dual drug delivery dosage form.

to various controllable parameters and flexibility, it is of greater utility in R&D.
Switching between mono and bilayer makes an impact on its desirability.

7. Challenges in manufacturing layered tablets

Apart from the common tableting problems, there are several other challenges that
are more dominant in the case of layered tablets.

7.1 Weight variation, sequence

Weight variation is generally studied in the case of solid unit dosage forms. The
weight variation can be subjected to variation between units and also between the
layers. Each layer should possess the predetermined weight without any major devia-
tion in range. Individual layer weight [18]. It is preferable for the layers to have similar
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weight so that it aids produce required strength, weight distribution, appearance, and
similar compression profiles.

7.2 Mechanical strength

It is noted that excipients play important role in producing a high-quality layered
tablet. Excipients that confer brittleness to the formulation are preferred to pro-
vide sufficient mechanical strength to layered tablets such that they can withstand
mechanical pressure during production, packing, and transportation [19, 20].

7.3 Lubrication

It is studied that increase in lubricant concentration, decreases the strength of
interfacial bonding and can deteriorate the interfacial interaction between the layers
[21, 22].

7. 4 Adhesion strength

The major challenge is holding the layers together which is dependent on interlayer
adhesion strength between two or more layers used. In the production of layered
tablets, initially, a central core is prepared by pre-compression, then the upper and
lower layers are compressed around the central core. Necessary interlayer adhesion
strength is required to hold these layers together as a single unit. Low compression
force for the core and high compression force for layers can help in attaining adequate
adhesion [23-25].

7.5 Interlayer cross-contamination

There is a high possibility of cross-contamination between the adjacent layers. To
overcome this, scraper plates are placed around the die fill to remove residual powder
[26]. In some cases, suction and dust removers are also being used.

7. 6 Long term integrity and storage

The layered tablets should display a long-term physical and chemical integrity
throughout the shelf life of the dosage form [28]. Temperature and humidity changes
during storage have a greater impact on interlayer adhesion [27, 28].

7.7 Size of the tablet

Attention has to be given to the size of the tablet, as multiple layers can lead to an
increase in size, making it difficult to swallow. This can be handled by minimizing the
separation layers. It is difficult to accommodate two drugs in high doses.

8. Evaluation of layered tablets

Most of the pre and post-compression evaluations are the same as that of a con-
ventional tablet.
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8.1 Pre-compression evaluations

Before the compression, the API and other excipients are evaluated to study
the powder characteristics and micromeritics. The powder particle size is
determined using a laser diffractometer. Various other powder properties like
Hausner’s ratio, Carr’s index, and angle of repose are also determined before
manufacturing a tablet. The moisture content of the powders is evaluated
thermogravimetrically.

8.2 Post compression evaluations
8.2.1 Weight uniformity

The formulation should have a uniform weight within the batch. It is a major qual-
ity control test in the formulation of tablets. It is necessary to ensure that all tablets
have weights within the tolerated limits to ensure intra and inter-batch uniformity
data. About 20 tablets from each batch are evaluated for weight uniformity by deter-
mining individual weights.

8.2.2 Thickness

One serious drawback of layered tablets is the increased thickness. It should pos-
sess sufficient thickness to accommodate multiple layers of drug and inert materials.
It should also be ensured that it lies within the swallowable limits. The thickness of
the tablet is determined by the vernier caliper. It ensures that the tablet lies within the
desired range, enabling easy swallowing.

8.2.3 Friability and hardness

To test tablets to withstand mechanical damage during processing, transport,
and storage, friability and hardness are evaluated. About 10 tablets are weighed and
loaded into the rotating drum of friability apparatus set at 100 rotations. Then the
tablets are reweighed to calculate the weight lost. Hardness is the measure of the
maximum pressure that a tablet can withstand. It is measured using instruments like
Pfizer/Monsanto hardness tester.

8.2.4 Content uniformity

In order to assure that each tablet contains a labeled amount of API, they are
evaluated using UV Visible spectrophotometer. Tablets are dissolved in suitable
solvents and evaluated under a specific wavelength. In the case of more than one API,
the simultaneous equation method is generally used.

8.2.5 Disintegration time

Time taken for a tablet to break down directly confers to the absorption. Faster disinte-
gration promotes faster dissolution and absorption. The disintegration apparatus consists
of disintegration vessels made up of mesh, immersed in a disintegration medium, which
moves at specified cycles at the rate of 28-32 strokes per minute. The disintegration time is
calculated as the time at which the tablet completely disintegrates.
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8.2.6 In-vitro drug release

It is determined using dissolution apparatus to study the release profile and
dissolution profile of the tablets. It directly influences the rate of absorption. Since it
possesses more than one API, the simultaneous equation method is used to calculate
the drug concentration in the sample by UV Visible spectrophotometer [29]. Tablets
are dropped into the dissolution medium of 900 ml volume, maintained at 37 +
0.5 °C. Based on the requirement Type I or II dissolution apparatus is selected. The
paddle/basket is rotated at 25-100 rpm. Samples are withdrawn at a specific time
period and evaluated UV spectroscopically.

8.2.7 Drug release kinetic

It is necessary to evaluate the kinetics of drug release as multiple layers may
exhibit various release rates, which can confer to its profile. Each layer may exhibit a
different release rate, characterizing sustain release and immediate release pattern is
necessary.

8.2.8 Stability studies

It is one such star test common for all pharmaceutical products. Here stability of
all the layers is studied. Layers may display different degrees of degradation. Shelf life
is determined based on each layer’s characteristics.

8.2.9 Morphology analysis

Physical qualities can be examined by visualization. The morphology of layered
tablets can be visualized by Scanning Electron Microscopy using cross-section
samples [30].

8.2.10 Thermal analysis

Thermal analysis is of greater interest in detecting drug-excipient, drug-drug,
and excipient-excipient interactions in the formulation. Using Differential Scanning

Calorimetry, molecular dispersion of drug substance in tablet matrix system can be
identified [30].

8.2.11 Crystallinity

The crystalline and amorphous nature of drugs has a direct influence on their sta-
bility, solubility, and various other Physico-chemical properties. The crystal nature of
drug substances in various layers is evaluated by using X-Ray Diffractometer (XRD).
Possible transformation of drug nature from crystalline to amorphous form or vice
versa during processing or storage can be studied [31].

9. Conclusion

The oral dosage form has gained its prominent position at the top of the chain.
Even after decades of advancements and novel drug delivery approaches, oral tablets
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make up most of the pharmaceutics. Oral tablets are not only popular but also are
most stable with a high degree of patient compliance. Speaking about enhancing oral
tablets, layered tablets are an add-on. By weighing several parameters, layered tablets
can be a vital approach in oral solid dosage forms. The layered tablets are gaining

a lot of attention. Devising oral tablets using multiple layers makes it convenient
over delivering multiple tablets. It enhances compliance and also offers a low capital
investment and cost-effective production. From the perspective of manufacturers,
clinicians, and patients, layered tablets remain preferable. Thus, greater focus can be
shown on such technology in the future to explore more in this dosage form.
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Chapter?2

Orally Disintegrating Tablets

Fikadu Ejeta

Abstract

Research and development costs for a single new pharmaceutical that is introduced
to the market are estimated to cost between $1 billion and $2 billion. Due to the high
cost of development and the need to quickly access various technologies, it is more
cost-effective (clinically and financially) to enhance current pharmaceuticals for
potency, selectivity, drug metabolism, and dosing convenience before they reach the
market. Orally dissolving tablets have been developed as a result. Pharmaceutical
companies have created oral disintegrating tablets that dissolve or disintegrate in the
mouth within a few seconds of being placed there in order to maximize the safety and
efficacy of the medicine molecule. Because patients with weak physiological (patients
with mental illnesses) and physical capacities can easily administer it to geriatrics,
children, and patients with these conditions (patients suffering from dysphagia), as
well as traveling patients who may not have easy access to water and where swallowing
conventional solid oral-dosage forms presents difficulties, it has grown in popular-
ity among a wide population. These tablets can be prepared in many ways like direct
compression, freeze drying, sublimation, molding, and spray drying by using single or
combinations of superdisintegrants or subliming agents.

Keywords: formulations, orally disintegrating tablets, immediate release, stability
studies, pharmacokinetics, superdisintegrants

1. Introduction

To maximize the safety and effectiveness of the medication molecule, pharmaceutical
companies have developed oral disintegrating tablets that dissolve or disintegrate in the
mouth after a few seconds of being placed there. It has gained popularity among a large
population because it can be administered with ease to patients with weak physiological
(patients with mental illnesses) and physical capacities, geriatrics, children, and patients
with these conditions (patients suffering from dysphagia), as well as traveling patients
who might not have easy access to water and where swallowing conventional solid oral-
dosage forms presents difficulties [1, 2].

The European Pharmacopoeia states that Orally Disintegrating Tablets (ODTs)
are uncoated tablets that are intended to be placed in the mouth and then dispersed
rapidly before being swallowed. The European Pharmacopeia specifies a limit of
3 minutes for the in vitro disintegration in water. A fast-dissolving drug delivery
system is a novel drug delivery system that aims to improve the safety and efficacy of
the drug molecule by formulating a dosage form that quickly dissolves in the mouth
[3, 4]. Because it may be provided with ease to elderly patients, children, people with
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mental illness, people who have trouble swallowing, people who are traveling, and
people who might not have access to water at all; it has gained popularity among the
general population [5].

Liquid formulations for routinely used pediatric drugs, as well as for patients in
an acute setting or with adherence issues, have been created by manufacturers. They
are not without flaws, are frequently unstable, and have short shelf lives. Accurate
dosage measurement and administration are also a challenge [6, 7]. As a result, both
the pharmaceutical business and academics have recently become interested in the
development of orally disintegrating tablets. Actually, ODTs are becoming more and
more popular among patients, particularly those who are young and old and wish to
have access to their prescriptions whenever they need it. Patients value these drugs’
discretion and ease of use because they can be taken without water and start work-
ing right away [8]. As long as dispersion is rapid, bioavailability of the drug can be
significantly greater than those observed from conventional tablet dosage forms [9].

1.1 Pharmacokinetic and pharmacodynamics consideration

As drug dissolves in saliva, it bypasses enterohepatic circulation and prevents first-
pass metabolism by undergoing pre-gastric absorption. This improves bioavailability
of the drug and reduces dosing frequency and dose-related untoward effects [10].
Orally disintegrating formulations are bioequivalent to the typical capsules now in
use, with the added benefit of not requiring liquids. This allows for the management
of emergent pain as soon as possible, regardless of the location or situation in which it
occurs. The safety evaluation revealed that both orally disintegrating tablets and cap-
sules were well tolerated, with no reported side effects. The similar maximum plasma
concentrations (Cmax) achieved by both preparations are consistent with the lack of
changes in safety parameters between the two formulations. Finally, from a practical
standpoint, the availability of a bioequivalent tablet that can be eaten without liquids
adds value because emergent pain can be addressed right away, regardless of where it
occurs. This type of galenic formulation may also be beneficial for people who have
difficulty swallowing or who have restricted mobility. It may also be of interest to
institutionalized patients, as caregivers’ jobs are made easier.

For example, salbutamol sulfate exhibits site-specific absorption in the stomach and
upper parts of the small intestine [11]. Drug absorption requires molecules to be in solu-
tion at the absorption site. Conventional tablets may pass through the absorption site
until they disintegrate and dissolve, resulting in reduced bioavailability. Because they
appear as a solution at the absorption site, orally disintegrating tablets may increase the
chances of being absorbed [12]. This may improve drug bioavailability, particularly for
medicines with limited absorption sites in the small intestine [11, 13, 14].

Although albuterol and other 82 agonists were formerly provided orally to provide
a longer duration of action, this strategy is being phased out in favor of 82 agonists that
have a longer duration of action when administered via inhalation. Short-acting bron-
chodilators are the first line of treatment for COPD patients who have symptoms that
come and go [15]. Drugs with very short half-lives need to be given at frequent dosing
intervals to maintain therapeutic efficacy [16]. When the drug concentration is high
and the enzyme is subjected to first-pass hepatic biotransformation [17], saturation
occurs. As a result, the rate procedure is reduced to zero orders. As all of the enzyme
molecules become complex with the drug, bioavailability may improve, and free drug
may escape metabolism [11]. Drug bioavailability may be enhanced through oral cavity
absorption as well as pregastric absorption of saliva-containing dispersed medicines
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that move down into the stomach. Furthermore, when compared to traditional tablets,
the amount of medication susceptible to first-pass metabolism is reduced [5].

2. Formulations of orally disintegrating tablets

ODTs are frequently prepared for immediate release, but they can also be formu-
lated for prolonged or controlled release. Rapid disintegration is an ODT feature asa
result, during formulation at least one superdisintegrant is needed. But some scholars
have used combinations of different superdisintegrants like crospovidone and starch
glycolate [18], combinations of superdisintegrants, and subliming agents like ammo-
nium bicarbonate [19].

Crospovidone is a water-insoluble tablet disintegrant and dissolution agent used
at 2-8% concentration in tablets prepared by direct-compression methods [20]. This
may vary depending on methods of manufacturing, types of excipients, and nature
of active ingredients under investigation [21]. The superior disintegrant capability
of crospovidone can be attributed to its rapid capillary action, faster hydration rate,
and little tendency of gel formation. Crospovidone’s high and rapid water absorption
ability has a negative influence on wetting time. Due to its porous particle shape, it
causes enormous wicking forces, further expanding and dissolving the tablet into
finer particles. Crospovidone increased the crushing strength of tablets in a synergis-
tic manner. This is due to its plastic character and binding capability, in addition to
being an efficient disintegration agent; it acts as a highly compressible material in the
dry state, hence increasing its concentration from 2-8% considerably enhanced the
crushing strength of tablets. Ammonium bicarbonate is chemically inert and when
subjected to high temperature and pressure, sublime due to its volatile nature result-
ing in highly porous structure in the tablets. It is utilized as a porosity-forming agent
in tablets at a concentration of 2.5-20%. The solid, crystalline nature of ammonium
bicarbonate accounts for its superiority. After sublimation, the leftover fractions of
liquid volatile components in tablets solidify and serve as binders, but ammonium
bicarbonate in residual concentration does not undergo this transformation and does
not alter the mechanical characteristics of tablets [22, 23].

Excipient compatibility is responsible for mechanical strength, while high poros-
ity is the key factor controlling quick disintegration of ODTs. Binder/disintegrant
systems with dual benefits have solved both objectives in part. Mannitol has nice flavor
and sweetening properties. Microcrystalline cellulose, on the other hand, has better
mechanical characteristics for ODTs than mannitol. More than only good binding qual-
ities in an excipient is required for the production of orally disintegrating tablets [24].
Amalgamation of cellulose and polyol-based excipients such as mannitol provides us
with a clear criterion for developing directly compressed ODTs [23, 25]. The hardness
of ODT is usually preferable between 4 and 8 kg in order to withstand handling during
manufacturing, packaging, and transportation [26]. The hardness of tablets depends
on the amount and types of binding agent present [27]. Therefore the change in hard-
ness values of different ODTs observed in different amount and type of binding agents
[28]. The hardness values for all tested tablets increase as the Microcrystalline cellulose
to Mannitol ratio increases [23]. Occasionally sweetening agents like Aspartame
(artificial sweetener) noncarcinogenic and can be consumed by diabetes patients, and;
flavoring agents like vanillin can be used to mask unpleasant tastes and flavors of the
active ingredients even though these are weak in taste masking. Much more intense
sweeteners compared with sucrose with acceptable daily intake of 50 mg/kg. Vanilla
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flavor is a natural flavor that supplements and complements the sweetening agent
[29]. There are many taste-masking techniques that have been reported in addition to
adding flavors and sweeteners, coating drug particles with inert agents [30], inclusion
complexes [31], microencapsulation [32], solid dispersions [26], molecular complexes
of drug with other chemicals and prodrug by using ion exchange resins [33].

3. Techniques for manufacturing of ODTs

The Orally disintegrating tablets could be prepared using various techniques
such as direct compression, lyophilization, sublimation, tablet molding, and spray
drying [34, 35].

3.1 Direct compression

Direct compression is a simple, cost-effective solution to produce robust tablets
that retain the appropriate disintegration properties. It also provides better stability of
active pharmaceutical ingredients, fast dissolution, simple validation, and low microbial
contamination. Moreover, ODDTs manufactured via direct compression tend to have a
much higher drug-loading capacity and the final mass of these ODTs easily exceeds that
of other formulation techniques. On the other hand, tablets produced via direct compres-
sion have much higher physical resistance but take longer to disintegrate [36]. The basic
principle of direct compression involves combining disintegrants, or effervescent agents,
and hydrophilic ingredients. Superdisintegrants incorporated in optimum concentrations
are often used to achieve rapid disintegration of ODDTs, as well as a good mouth feel
[37]. Crospovidone is the disintegrants of choice for fastest disintegration, shortest wet-
ting time, enhanced rate of drug dissolution, and robust tablets. This is because it swells
without forming gels which can slow tablet disintegration or dissolution. But, other
superdisintegrants form gels when fully hydrated, particularly when a high amount is
used some formulations to achieve desired tablet disintegration or drug dissolution [38].

3.2 Freeze drying

Freeze drying (lyophilization) is a process of removing water from a substance
at lower temperatures under controlled conditions through sublimation [36]. This
method has the advantage of allowing pharmaceutical compounds to be processed at
lower temperatures, reducing sensitivity to thermal impacts, and allowing the solid
to be kept in a dry environment with fewer stability issues. Because the resulting
structures are relatively porous, lyophilization yields products that disintegrate more
quickly than other solid dosage forms. Furthermore, the freeze-drying procedure
causes the bulking agents in a formulation to have a glassy amorphous structure,
which improves their disintegration capabilities. This approach produces ODTs with
low mechanical strength that requires special packaging [26].

3.3 Sublimation

This method entails adding volatile chemicals such as ammonium bicarbonate, urea,
naphthalene, and camphor to the other tablet ingredients before compressing them to
make ODTs. Sublimation removes the volatile material trapped within the compressed
tablets, resulting in the creation of pores within the formulation [22, 23, 39]. A high

18



Orally Disintegrating Tablets
DOI: http://dx.doi.org/10.5772/intechopen.109892

porosity while used for the enhancing disintegration rate of ODTs is undesirable for
tablet mechanical strength [40]. Because many ODTs are porous, if the processing
parameters are not optimal, the tablets can become more friable, regardless of hardness
adjustments. Co-processed excipients must be employed to make mechanically hard
ODTs without sacrificing disintegration time [23, 41].

3.4 Spray drying

Spray drying offers a quick and affordable method for getting rid of solvents and
creating highly porous, fine powders that dissolve quickly. Rapid evaporation of the
processing solvent during spray drying might result in the production of very porous,
fine powder. Rapidly disintegrating pills can be made by spray drying [42]. This
method uses a particulate support matrix, which is made by spray drying an aque-
ous composition comprising the support matrix and other ingredients into a highly
porous and fine powder. The active components are subsequently added and the pills
are crushed [43]. Hydrolyzed and nonhydrolyzed gelatins are used as supporting
agents, mannitol is used as a bulking agent, sodium starch glycolate or croscarmellose
sodium is used as a disintegrating agent, and an acidic and/or alkali material (e.g.,
sodium bicarbonate) is used to improve disintegration and dissolution [44].

3.5 Molding

This method creates solid dispersions known as ODDTs. Molded tablets are mainly
manufactured from soluble components such as xylitol, lactose, glucose, sorbitol,
sucrose, and mannitol. The powder mixture is wet with a hydroalcoholic solvent
before being molded into tablets at a lower pressure than traditional tablet compres-
sion. The solvent is subsequently removed by air drying. Compressed tablets are much
more compact than molded tablets. Their porous nature facilitates dissolution [44].
Unfortunately, the mechanical strength of molded tablets is often low. Erosion and
breaking of the molded tablets occur frequently during tablet handling and when
blister pockets are opened, posing potential stability issues.

4. Compatibility studies of formulation ingredients

The presence of polymorphic solids, which have different chemical and physical
properties with biopharmaceutical effects in the dissolution rates and/or bioavail-
ability as well as added excipients interactions either physically or chemically would
be expected.. Therefore the physical characterization of the solid state of a drug has
become an extremely important area in pharmaceutics and has been the subject of
many studies involving different analytical methods.

4.1 Fourier Transform infrared spectroscopy (FTIR)

Fourier transform infrared analysis will be performed to detect any changes in
chemical constitution of the drug after combining it with the excipients. Fourier trans-
form infrared analysis will be performed to detect any interaction between the drug and
ammonium bicarbonate and crospovidone. The compatibility between the drug and
excipients used in many formulations is being studied using Fourier transform infrared
spectroscopy (FTIR) at room temperature. Samples of drug and excipients and physical
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mixtures of both are commonly grinded and mixed thoroughly with KBr. ata 1:5
sample/KBr ratio. The KBr discs were prepared by compressing the powders at a pres-
sure of 5T for 5 min in a hydraulic press. The scanning range was 400 to 4000 cm'and
the resolution was 8 cm™.

Sample: RD-0083_102617 File: C:\TA\Data\TGA\RD-0083_102617.001
Size: 23.2080 mg DSC-TGA Operator: R&D
Method: Ramp Run Date: 26-Oct-2017 10:05
Instrument; SDT Q600 V20.9 Build 20
110 0
1004 - -500
90 F-1000 &
£ :
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Sample: RD-0084_2_102617 DSC-TGA File: C:\TA\Data\TGA\RD-0084_2_102617.001
Size: 17.9910 mg - Operator: R&D
Method: Ramp Run Date: 26-Oct-2017 11:31
Instrument; SDT Q600 V20.9 Build 20
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Figure 1.

The differential scanning calorimetric thermograms and thermogravimetric analysis of salbutamol (A) and
salbutamol and crospovidone physical mixture (B).
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4.2 Powder X-ray diffraction

X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for
phase identification of a crystalline material and is a unique method in determination
of crystallinity of a compound. XRD will be performed to detect any crystallinity
between the drug and ammonium bicarbonate and crospovidone. The powder X-ray
diffraction patterns were measured using an X-ray diffractometer with Cuanode
material. The diffraction pattern was measured with a voltage of 40kV and a current
of 15 mA in the area of 0° <2Theta <100°.

4.3 Differential scanning calorimetry (DSC)

DSC is one of many types of thermal analysis techniques useful for characterizing
pharmaceutical solids. Calorimetry is quite useful to measure chemical reactions such
as cross-linking or curing reactions, oxidation processes, and thermal decomposi-
tion. Chemical reactions and the kinetics of these reactions under either inert or
reactive atmospheres can be quantified nicely. DSC will be performed to detect any
thermal decomposition between the drug and excipients. The thermal behavior can
be estimated using differential scanning calorimetry by using Indium as a standard to
calibrate the differential scanning calorimetry (DSC) temperature and enthalpy scale.
The samples are hermetically sealed in aluminum pans and heated at a constant rate
of 10°C/min, over a scanning temperature range of 0-400°C. An inert atmosphere
was maintained by purging with nitrogen at a flow rate of 100 mL/min.

The DSC graphs of salbutamol sulfate and salbutamol sulfate and crospovidone
physical mixture are presented in Figure 1A and B, respectively The DSC curve of the
pure drug showed a sharp endothermic melting peak with the onset of about 210°C
reaching maximum at 288°C. The DSC curve of salbutamol sulfate and crospovidone
physical mixture showed a sharp endothermic melting peak with the onset of about
210°C reaching maximum at 283° C due to polymorphs (R) - salbutamol; as salbuta-
mol sulfate exists in racemate forms S and R [45]. Besides, the small difference in the
decomposition temperature could be associated with the different crystal morphology
of the polymorphs [46, 47]. The thermogram of the corresponding physical mixture
showed small endothermic peak indicating that amorphous form existed in the physi-
cal mixture which is in agreement with PXRD results. These might explain the faster
dissolution of the drug in the physical mixture [26]. Thermogravimetric analysis
(TGA) has been performed for the blends, and the weight loss due to the volatilization
of the degradation products has been monitored as a function of temperature [48] as
shown in Figure 1A and B, respectively [49]. Temperature at the maximum rate of
weight loss (Tmax) improvement of salbutamol sulfate is ascribed to the compatibil-
ity of salbutamol sulfate and crospovidone in blends.

5. Stability studies of orally disintegrating tablets

The chemical and physical properties of the active substance and pharmaceuti-
cal excipients, the dosage form and its composition, the manufacturing process, the
nature of the container-closure system, and the properties of the packaging materi-
als are all factors that affect the stability of finished pharmaceutical products. In a
stability study, the impact of changes in temperature, time, humidity, light intensity,
and partial vapor pressure on the product in issue is evaluated. The effective or mean
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Climatic area Condition

Zone I Temperate 21°C/45% RH

Zone II Subtropical/mediterranean 25°C/60% RH

Zone III Hot/dry 30°C/35% RH

Zonev IVa Hot/humid 30°C/65% RH

Zone IVb Hot/very humid 30°C/75% RH
Table 1.

Long-term storage conditions area.

Study Storage condition

Long-term 25°C + 2°C/60% RH + 5% RH or 12 months or 6 months
30°C + 2°C/65% RH * 5% RH or
30°C + 2°C/75% RH + 5% RH

Intermediate 30°C +2°C/65% RH + 5% RH 6 months
Accelerated 40°C +2°C/75% RH + 5% RH 6 months
Table 2.

General storage conditions for pharmaceuticals.

kinetic temperature, rather than the recorded mean temperature, better depicts the
actual situation; a product held for one month at 20°C and one month at 40°C will
differ from one kept for two months at 30°C. Furthermore, storage circumstances are
frequently such that the temperature is higher than the country’s average climatic data
would indicate as shown in Tables 1 and 2 [50].

Long-term storage conditions are determined by the climatic condition under
which the finished pharmaceutical products (FPP) is intended to be marketed.
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Chapter 3

Multifunctional Roles of PVP as a
Versatile Biomaterial in Solid State

Marouene Bejaoui, Haykel Galai, Fathi Touati and Salah Kouass

Abstract

Polyvinylpyrrolidone (PVP) has proven to be a highly versatile material, as
evidenced by its long history as multifunctional biomaterial with a wide range of
high-performance applications (e.g., tissue engineering, drug delivery systems, and
ophthalmologic applications). PVP was frequently used in medical and pharmaceuti-
cal field due to its several interesting properties (higher glass transition temperature,
water solubility, biocompatibility, biodegradability, chemical stability, very good
adhesive, and emulsifying agent). This chapter highlights the multifunctional roles
of PVP in pharmaceutical formulations in solid state. In fact, PVP acted as a stabiliz-
ing agent for various amorphous drug molecules by minimizing their molecular
mobility. Physical stabilization resulted from the reinforcement of intermolecular
interactions in binary or ternary systems due to the synergetic effect of PVP. This
made it possible to overcome several challenges for drug formulations (e.g., solubility
and bioavailability weakness, physical instability under stress conditions, complex-
ation efficiency of cyclodextrin molecules). In this chapter, the effect of PVP on the
binary solid dispersion (indomethacin:kaolin) is discussed. We have shown that PVP
enhanced physical stability of amorphous indomethacin under stress conditions
(at RH: 75% and T = 40°C for three months), leading to the improvement of drug
aqueous solubility by suppressing kaolin adsorption effect.

Keywords: biomaterial, PVP, molecular mobility, physical stability, water solubility,
solid dispersion, kaolin, indomethacin

1. Introduction

Polyvinylpyrrolidone (PVP) is widely employed as a multifunctional material
and it was approved by the US Food and Drug Administration as a safe polymer for
biological experiments due to its simple processability, biocompatibility, and non-
antigenicity [1, 2]. The biomedical and pharmaceutical fields are among the most
explored (Figure 1). Recently, PVP is considered as the most promising polymers, not
only for the development of new pharmaceutical formulations [3, 4] but also for the
optimization of several properties of bioactive glasses [2, 5]. This chapter highlights
the link between PVP and some bioactive glasses. The multifunctional roles of PVP
in pharmaceutical field were also discussed, focusing on the effect of PVP in terms
of physical stabilization and solubility enhancement of various drug formulations in
solid state (milling method as example).
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Figure 1.
Schematic representations of various PVP applications [2].

2. The usage of polyvinylpyrrolidone (PVP) in biomaterials

PVP was largely employed as a reinforcing material for biocomposites in a variety
of applications, including bone tissue engineering, soft implants, biosensors, and
artificial cartilage substitutes [2]. PVP can also be used in the fabrication of PVA
hydrogels-based composite scaffolds for bone tissue engineering [6].

Cheng et al. have shown that, in the case of bioactive glass ceramics (BG), PVP
induced faster apatite deposition and maintained the hybrid structure during elec-
trospinning and pre-oxidation. This led to bioactivity improvement of bioactive glass
[5]. For bioactive glass fibers (sol-gel synthesis), Hatcher [7] have demonstrated that
PVP facilitated the synthesis process and the control of the rheological properties
(more homogeneous fibrous material). PVP acted as a stabilizer by preventing gela-
tion of the sample for 4 months. This was effective for enhancing in vitro bioactivity
and increased proliferation of such bioactive glass fibers [7].

Moreover, Xia et al., have also shown that the addition of PVP resulted in suf-
ficient chain entanglement and the formation of smooth bioactive glass nanofibers
(electrospinning technique combined with sol-gel processing) [8]. Borate-modified
bioactive glass [9] (burning-out method) was successfully achieved thanks to PVP,
which greatly improved the blend’s homogeneity. Ali et al. have obtained cerium-
doped bioactive glass nanoparticles (scaffold fabrication) [10] by optimization of its
mechanical properties using PVP. Table 1 presents a list of published works focusing
on bioactive glasses involving PVP.

Otherwise, PVP was used in some biomaterials for articular cartilage replacement
because of its high hydrophilicity, which aids in the lubricating conditions of the result-
ing hydrogel [12]. PVP-based hydrogel was also obtained by radiation crosslinking and
was effective for skin regeneration and wound dressing [13]. Multifunctional chitosan/
PVP/45S5 Bioglass® scaffolds were also innovative for bone tissue engineering applica-
tions because of their outstanding bioactivity and ix situ antibiotic-releasing capability
[11]. PVP acted as stabilizer by inhibiting the enzymatic degradation of chitosan [11].
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Bioactive glass Authors
Bioactive glass-ceramics (BG) Cheng etal. [5]
Bioactive glass fibers (sol-gel synthesis) Hatcher [7]
Borate-modified bioactive glass (burning-out method) Abdelghany etal. [9]
Cerium-doped bioactive glass nanoparticles (scaffold fabrication) Alietal. [10]
The 45S5 Bioglass® (BG) Yao etal. [11]
Bioactive glass nanofibers (electrospinning technique combined with sol-gel Xiaetal. [8]
processing)

Table 1.

List of published works on bioactive glasses involving PVP,

3. Multifunctional roles of PVP in pharmaceutical field

PVP (Figure 2) has several advantages in the pharmaceutical fields, and it acted
as a stabilizer, a protective agent, a binder, a lubricating, a crystallization inhibitor,
and a bioavailability enhancer for several active pharmaceutical ingredients (API)
[4, 14]. It is widely known that PVP exhibited a higher solubility in water and polar
solvents [15], and it also has a higher glass transition temperature (165 + 1°C [16]) and
was chemically stable in dry conditions [15]. Such physicochemical properties of PVP
(Table 2) make it a versatile polymer with effective abilities in pharmaceutical field.
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: O
: N Hydrophilic
Bioavailability'.. n

enhancer s

.
.
.
®e
®e

«......=*  Lubricating
Adhesive

Rheological
additive

Figure 2.
Various pharmaceutical applications of PVP [14].
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Properties

Details

Cas number

9003-39-8 [15]

Description

Hygroscopic amorphous white powder [15]

Formula (C¢ Hy NO),, [15]
Molecular weight 2500-30,00,000 D [15]
IUPAC name l-ethenylpyirolidin-2-one [15]

Other names

Povidone, PVP, polyvidone, plasdone, Kollidon, poly [I-(2-oxo-pyrrolidinyl)ethylene],
1-vinyl-2-pyrroli-dinone polymer, 2-pyrrolidinone-l-ethenyl-homopolymer [15]

Solubility Soluble in water, polar solvents, acids, and amines. Insoluble in ethers, hydrocarbons,
mineral oil, and some esters [15]
Glass transition 165 + 1°C [16]
temperature
Stability Chemically stable in dry form [15]
Kvalue Range 10-120 [15]
Table 2.

Physicochemical properties of PVP [15].

Many published works have shown the ability of PVP to enhance complexation,
thus influencing drug solubility and stability [17]. Valero et al. have already shown
that PVP enhanced the inclusion complex formation in the presence of f-cyclodextrin
and naproxen molecules [18]. PVP has been proven to be an effective solubilizer
for various B-cyclodextrin complexes [19]. Chemical stability can be also enhanced
by PVP in solid state, and the chemical degradation of cilazapril was considerably
inhibited by solid dispersion within PVP [20].

On the other hand, PVP was largely used to develop various drug delivery systems,
including oral, topical, transdermal, and ophthalmic administration [2, 4, 19]. PVP-
based fibers composed of several active substances were successfully achieved [21].
PVP hydrogels [22], oral tablets [23], PVP films [24], composite nanoparticles [25],
microcapsules [26], and microspheres [27] were also developed. Table 3 [3, 22, 24,
28-43] shows a summary of PVP-based drug delivery systems. Gamma irradiation,
crosslinking, casting, electrospinning, and grafting were the most used techniques
to produce PVP-based hydrogels [22, 31, 32]. PVP-based fibers were prepared by
electrospinning, coaxial, and sequential electrospinning [33, 34]. PVP-based tablets
were also produced by different techniques: 3D Printing [35, 36], spray drying or ball

Drug delivery systems Active compound involved Authors
Nanoparticles Ciprofloxacin, paclitaxel, curcumin [28-30]
Hydrogels Salicylic acid, ketoprofen, amoxicillin [22, 31, 32]
Fibers Indomethacin, emodin, ibuprofen [3,33,34]
Tablets (3D printing) Dipyridamole, theophylline, pantoprazole sodium [3, 35, 36]
Films Fentanyl, ibuprofen haloperidol. Diltiazem hydrochloride & [24, 37-39]
indomethacin
Microparticles Andrographolide, celecoxib, cefuroxime axetil, nimesulide [40-43]
Table 3.

Examples of PVP-based drug delivery systems [3, 22, 24, 28-43].
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milling followed by compression, direct or double compression, solvent evaporation
or wet granulation followed by compression and supercritical impregnation [3]. Up
to now, solution casting was frequently used to obtain PVP-based films [24, 37-39].
Drug-loaded PVP particles can be prepared by several techniques including spray
drying, co-grinding, supercritical-assisted atomization (SAA), supercritical antisol-
vent (SAS) process, coacervation, freeze drying, and wet chemical method [40-42].
Regardless of preparation method, PVP-based solid dispersions were widely
employed for several poorly soluble drug molecules in order to enhance their dissolu-
tion rate, for example, indomethacin (IND), sulfisoxazole, sulfathiazole, phenytoin,
chloramphenicol, furosemide, tadalafil, nifedipine, naproxen, carbamazepine,
ibuprofen, celecoxib, silymarin, nimodipine, p-lapachone, gliclazide, carvedilol
(2, 4,18, 19, 44-47]. Actually, solid dispersion technology by milling is one of the
most attractive techniques for PVP-drug formulations [48]. Such technique was con-
sidered as environmental, scalable, economic, and simpler than other conventional
methods [49]. In fact, solubility enhancement and physical stability of amorphous
ibuprofen (at RH: 75%/T = 40°C for 6 months) can be achieved by ternary system
formation (ibuprofen/p-cyclodextrin/PVP K30) in the ratio (1:1:0.5 w/w) [50]. This
led to a 1.5-2-fold increase in the ibuprofen dissolution rate only after 10 min [50].
Such system was obtained by milling the drug in solid state at room temperature
(25°C). PVP has undoubtedly reinforced synergy between compounds by establish-
ing intermolecular H-bonds and electrostatic interactions between ibuprofen and
p-cyclodextrin molecules [50]. Gupta et al. have shown that the antiplasticizing effect
of PVP plays an important role in the stabilization of amorphous celecoxib (CLX)
obtained by mechanical grinding, and this effect reduces the molecular mobility of the
API and inhibits its recrystallization [51]. It has also been shown that ternary mixtures
containing two excipients (PVP/MEG) have a greater CLX-solubilizing effect than
that obtained by binary mixtures (PVP/CLX) [52]. Dissolution rate of bicalutamide
was also enhanced by physical stabilization of its amorphous state using PVP [53].
Furthermore, several pharmaceutical products are formulated with PVP, for example,
Betadine®, Inadine®, Prevail-FX®, ScrubCare®, and DuraPrep® [4]. Various studies
have recently reported that PVP-iodine could be explored as a preventive aid against
COVID-19 thanks to its antibacterial, antifungal, and antiviral properties [54].

3.1 The effect of PVP on indomethacin: kaolin solid dispersion

In our recent published work [55], we have studied the solid dispersion of binary
system (indomethacin/kaolin) in the presence of PVP K30 by co-milling technique
[55]. The milling procedure was carried out in a high-energy planetary ball mill
(Pulverisette 7, Fritsch), using the stable y form of indomethacin (IND, Figure 3).
The milling parameters were optimized in order to avoid polymorphic transforma-
tions or chemical degradation of drug molecules [55].

Main results of characterization techniques are summarized in Table 4 (curves
not shown, [55]). According to XRD results [55], the addition of variable amount of
PVP to the binary mixture (IND:kaolin, in 1:1 ratio) led to the loss of drug crystallin-
ity. IND particles were totally coated by amorphous films of the polymer as shown by
SEM micrographs (Table 4), and this was completely different to that observed in the
binary mixture (IND:kaolin, in 1:1 ratio) [55]. Amorphous drug molecules maintain
its physical stability even after exposure to stress conditions (RH: 75% and T = 40°C)
for 6 months [55]. The stabilization of amorphous Indomethacin dispersed within
kaolin was explained by different factors.
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CI

Figure 3.
Indomethacin molecule.

On the one hand, FTIR results have shown that C=0 band (cyclic dimer) of IND
shifted toward higher frequencies; however, the C=0 (benzoyl) band shifted to lower
frequencies and merged with the (C=0) band of PVP [55]. °C NMR spectroscopy
has also indicated an upfield shift of IND carbon peak bound to methoxy groups and
carbonyl group (2), which disappeared in the presence of 75% of PVP, while the C=0
peak of PVP shifted toward higher values (from 176 ppm to 161 ppm) and merged
with indomethacin peak [55]. The same behavior was already reported for IND: SiO,
solid dispersion obtained by co-milling and this is due to intermolecular interactions
between siloxane bonds and the oxygen of methoxy or carbonyl groups in IND mole-
cules [56]. Therefore, FTIR and NMR results suggested the establishment of hydrogen
bonds between carbonyl group of PVP and carboxylic group of indomethacin [55].

On the other hand, DSC curves have shown the appearance of a single transition
event (Tg) that suggests the miscibility of the components in such mixture, and
melting event of IND disappeared indicating complete conversion from crystalline to
amorphous state [55]. The antiplasticizing effect of PVP has undoubtedly reduced the
molecular mobility of amorphous drug molecules leading to its physical stability as
shown by the XRD results [55].

According to previous results, the synergy of different factors could explain the
stabilization of amorphous IND under stress conditions: hydrogen bonds formation
between PVP and drug molecules, antiplasticizing effect of PVP, and hydrophilicity
enhancement. This resulted in suppressed recrystallization of amorphous IND by
inhibiting its molecular mobility [55].

In the case of binary mixtures (IND:kaolin), drug solubility decreased (Table 5) and
this was attributed to kaolin adsorption effect [57]. Such attenuation occurred for many
kaolin-based formulations [13], which constitutes an impediment for pharmaceutical
use of kaolin [58]. As a result of PVP addition, water solubility of Indomethacin has
been considerably improved (Table5) in ternary systems [55]. By adding 75% of PVP
to the binary system (in 1:1 ratio), water solubility increased about 4.5-folds [55].

It was already shown that PVP has a potential ability to enhance drug solubility, in
many ternary systems [59]. Adding PVP to the binary solid dispersion (sodium lauryl
sulfate/ibuprofen) was more efficacious in terms of drug dissolution enhancement [59].
Mahapatra et al. have shown that PVP has better enhanced valsartan solubility than
p-cyclodextrin and hydroxypropyl p-cyclodextrin [60]. Dissolution rate enhancement
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Samples Solubility (pg/ml)
IND 9.33+0.05
50% IND + 50% kaolin (BM) 838 + 0.05
25% IND + 75% kaolin 6.01+0.05
BM +10% PVP 16.66 + 0.1
BM + 25% PVP 29.05+0.1
BM + 50% PVP 4344+01
BM +75% PVP 4444 +01
Table 5.

Water solubility measurement of indomethacin in binary (BM) and ternary systems [55].

of efavirenz was successfully obtained by ternary solid dispersion using PVP and
polyethylene glycol 8000 [61]. In addition to aforesaid, we have recently reported that
solubility enhancement of poorly soluble drugs can be achieved by co-milling the drug
in the presence of multiple carriers, and this led to the formation of physically stable
amorphous system and was more effective than simple binary systems [62].

4, Conclusion

In summary, the versatility of PVP comes from its multiple utilizations as multi-
functional additive in biomedical and pharmaceutical fields. PVP has promoted the
actual advances in bioactive glass design (optimizing mechanical properties, enhanc-
ing in vitro bioactivity, increasing proliferation and homogeneity of the material).
The use of PVP in bone tissue engineering and scaffolds fabrication has grown con-
siderably in recent years and constitutes a crucial element for designing new biomate-
rials. Pharmaceutical field has also profited from physicochemical properties of PVP
that mainly acted as stabilizer, a crystallization inhibitor, and a solubility enhancer
for several poorly soluble drugs in solid state. Solid dispersion in the presence of PVP
was proven to be a potential strategy for improving drug solubility in binary and
ternary systems. It has also enhanced complexation abilities for many p-cyclodextrin
complexes in solid state. In this chapter, we have shown that PVP was able to over-
come solubility challenge for indomethacin:kaolin solid dispersion by suppressing the
adsorption effect of clay mineral and stabilizing amorphous drug molecules under
stress conditions. Stabilization of amorphous drug formulations was correlated with
the synergy of different PVP abilities: antiplasticizing effect, hydrogen bond forma-
tion between drug and carrier, and hydrophilicity enhancement. Thus, PVP can be
considered as a promising material that may contribute to the development of new
pharmaceutical products in order to face the current challenges in the medical field.

5. Perspectives

It is necessary to further investigate on the mechanisms and nature of interactions
within bioactive glass materials containing PVP. More attention should be accorded to
the role of PVP in drug formulations composed of clay minerals.
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Abstract

Currently lipid-based formulations are playing a vital and promising role in
improving the oral bioavailability of poorly water-soluble drugs. Lipid based
formulations mainly consist of a drug dissolved in lipids such as triglycerides,
glycerides, oils and surface active agent. Self nanoemulsifying formulations (SNEF)
are isotropic mixtures of lipids/oils, surfactants and co-surfactants. On mild agita-
tion followed by dilution in aqueous media, such as GI fluids, SNEF can form fine
oil-in-water (o/w) nanoemulsions. Present chapter summarizes different types of
lipid formulations with special emphasis on SNEF, availability of dosage forms,
different components with natural surfactants from medicinal plants, mechanism of
SNEF, recent advancements in oral drug delivery, solid SNEDDS, patents on SNEF
and future prospects. SNEF emerging as powerful technique to improve solubility
and commercialization of solid SNEF is the future novel drug delivery to improve
bioavailability of poorly water soluble drugs.

Keywords: lipid formulation, self nano emulsifying drug delivery system, natural
surfactants, ternary phase diagram
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1. Introduction

In recent years, promising efforts have been made to use the potentials of lipid drug
delivery systems for solubility and bioavailability enhancement potential. Poorly water-
solubility and bioavailability are major challenge in front of formulation of scientists
in development of new formulation. Lipid-based drug delivery systems (LBDDS) have
great potential of versatility and biocompatibility. Lipid-based formulations modified
in different routes to adapt a broad range of products as per the requirements of disease
and route of administration. The key factor of LBDDS is their safety and efficacy dur-
ing design and development of medicines [1]. Recently LBDDS gained much impor-
tance in reducing variable food effects and enhancement of bioavailability of poorly
water-soluble active pharmaceutical ingredient (API). LBDDS offers great advantages
like controlled and targeted drug delivery, stability of developed formulation which is
capable of carrying both lipophilic and hydrophilic drugs within it [2]. Lipid formula-
tions classified in to liquid lipid-based formulations, emulsions or microemulsion,
Self-emulsifying drug delivery systems (SEDDS), solid-in-oil (S5/O) suspension,
solid lipid-based formulations, lipid as particulate drug carriers, liposome, solid
lipid nanoparticles (SLNs), neosome. Present work gives an overview of Self nano-
emulsifying formulations, its components, future perspectives and applications in
commercialization. SNEF is the most promising approach which overcomes poor water
solubility; bioavailability and formulation difficulties poorly water-soluble drugs [3].
SNEF designed to increase solubility and bioavailability of drugs belonging to the BCS
Class II-IV. SNEF comprehensively enhance the solubility and bioavailability of poorly
water soluble drugs (PWSDs) by micelle formation. In SNEF API introduced as nano-
sized oil droplets. Rapid drug release of SNEF in the stomach due to the generation of
nanosized oil droplets leads to the quick onset of action in the GI tract. SNEF easily
dispersible due to the partitioning of a drug between oil and water which generates a
larger interfacial area. SNEF offers ample of advantages such as reproducible plasma
drug conc., decrease in variability of rate and extent of absorption [4]. SNEF holds the
drug in a solution that allows enough time for drug absorption through GIT [5].

2. Self nano emulsifying formulations (SNEF)

SNEF is an isotropic mixture of surfactants, lipids, and solubilizers having
great ability to form fine O/W nano-emulsion by mild agitation. It has droplet size
2-200 nm dispersion in water which improves increase the rate of dissolution and bio-
availability of PWSDs [6]. SNEF is the most stable emulsion due to the partitioning of
the drug between the oil and aqueous phase gives larger interfacial area. It is techni-
cally proven that droplet size of nanoemulsions was not affected by the fed and fasted
dissolution conditions. Optimized nanoemulsions reduce bioavailability ratio in fed
and fasted state which maintain reproducible plasma profile. Optimized formulation
improves oral absorption of PWSDs hence the onset of action is quick. Nanoemulsion
improves conc. of the drug in systemic circulation (bioavailability) which leads to a
reduction of does and higher does related adverse effects in case of potential antican-
cer drugs [7].

2.1 Advantages of self nanoemulsifying formulations (SNEF)

1.Nanoemulsion (SNEF) has a much large surface area and free energy.
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2.SNEF improve the bioavailability [8].

3.SNEEF protects the drug from enzymatic degradation and hydrolysis by dissolv-
ing large quantity in lipids and make them suitable carrier for parental transport.

4.SNEF provide large O/W interfacial area and ultra-low interfacial tension

5.SNEF improves low aqueous solubility, low permeability, gastric irritation, enzy-
matic degradation, and stability.

6. Site specificity and targeted drug delivery can be achieved with SNEF [9].

2.2 Disadvantages of self nanoemulsifying formulations (SNEF)

1. Formulation of SNEF is expensive in recent years due to technological develop-
ment in a high-pressure homogenizer and ultrasonic equipment of high coast [10].

2. Storage conditions temperature and Ph affects stability [11].

3. Composition of SNEF

3.1Lipid/oil phase

Choice of specific lipid phase has critical importance in the formulation of optimized
SNEF. Maximum capacity of lipid to solubilize selected drug and high drug loading

General class Examples Commercial name

Lipids Soya lipid,Polyoxy- 35 castor oil Accutane soft gelatin capsule,
Cremophor EL

MCTs Triglycerides of capric acids Miglyol,Labrafac crodamol,

Triace tin

Captex,
Captex

Medium-chain mono and
diglycerides

Capric acids -Mono- and diglycerides

Capmul, Akoline

Mono-glycerides
(Long-chain)

GMO-Glyceryl monooleate

Maisine,Peceol,
GMO-Capmul

Polyethylene Glycol (Fatty
acids esters)

Polyethylene Glycol monolaurate/dilaurate
Polyethylene Glycol dicaprylate/caprate

Capryol, capmul, Sefsol
Lauroglycol, capmule,
lauroglycol

Migylol, captex

Esters fatty acid Isopropyl myristate Crodamol EO
Fatty acids Caprylic acid Crossential
Vitamins Vitamin E D-alpha TocopherylPoly ethylene Tocofersolan
Glycol1000 Succinate
(Vit.E-TPGS)
Table1.

Commonly used oils in SNEF.
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General class Examples Commercial name
Polysorbates Sorbitan monolaurate Tween 80, crillet 4
Sorbitan esters Sorbitan monolaurate Span 20,68,80,

Crill 1,34
Copolymers Poloxamer 188 and 407 Pluronic F-68 and F 127
Castor oil Castor oil Cremphor, Etocas

Polyglycolyzed glycerides

Linoleoyl macrogol glycerides
Oleoyl macrogol glycerides

Labrafil, Labrasol, Plurol
oleique, Gelucire, Gelucire

Caprylocapryol macrogol glycerides
Polyglyceryl oleate

Lauroyl macrogol glycerides
Stearoyl macrogyl glycerides

Phospholipids Soybean / sunflower lecithin ALCOLEC®

Table 2.
Commonly used surfactants in SNEF [14].

capacity are the major criteria for selections of lipid for the development of nanoemul-
sion. Oil phase has a great ability to increase drug loading capacity for transport of drug
in systemic circulation by an increase in absorption of PWSDs [12]. Omega oil is essential
fatty acids that the human body needs for metabolic functioning. Human body needs
Essential Fatty acids (EFAs) to remove toxic harmful waste products, cell membrane
repair and to get optimum nutrition. Main objective of EFAs to generate prostaglandins
which controls functions such as blood pressure, heart rate, regulating inflammation,
blood clotting etc. Omega oil also helps in treatment of breast, colon and prostate cancer
[13]. Some are mentioned in Table 1.

3.2 Surfactants

For design and development of optimized SNEF large no. of compounds have
properties of surfactants but few orally acceptable such as nonionic surfactants
having low HLB. A large number of surfactant is associated with toxicity. Hence the
safety is a major concern while a selection of Surfactant molecule (Table 2) [12].

4. Solubilizers

Solubilizers are incorporated in nanoemulsions to increase drug loading capacity
to modulate droplet size and self emulsification time of optimized formulation
(Table 3) [15].

General class Examples
Alcohols (Short-chain) C2H50H
Alkame (Diols and Triols) PEG
Polyethylene glycols PEG 400

Glycol ethers Diethylene glycol monoethyl ether (transcutol)

Table 3.
Commonly used solubilisers in SNEF [16].
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5. Mechanism of SNEF

In nanoemulsions, entropy change favors dispersion as compared to the energy
required to increase the surface area of dispersion. SNEF mainly involves surface free
energy which is used by nanoemulsion to produce new surface area in oil and water
system can be represented in following equation

AG=Y.Nzr’c 1)

Where AG is the surface free energy associated, N is the number of droplets of
radius r and 6 represents the interfacial energy [17]. Emulsifying agent stabilizes
the emulsion when two phases immiscible concerning time to decrease interfacial
area. In nanoemulsions, coalescence is avoided due to droplets of monolayer which
reduce interfacial energy required for the formulation of nanoemulsion. Free energy
required for formulations is low, positive or negative [18].

6. SNEF and recent advancements in oral drug delivery

SNEF is a recent advancement in lipid-based nanoemulsions and it is a promising
strategy to solubilize drug molecule in the lipid phase which is biocompatible. SNEF
play dual function it protects entrapped drug molecule against degradation in GI
fluids also absorption of the drug in lymphatic transport increased. It mainly focused
on the impact on the size and surface nature of nanocarriers on targeted uptake by
entrecote [19, 20]. Figure 1 shows an overview of encapsulated SNEF developed for
oral administration. SNEF expressed as to potential nanoemulsion which is ther-
modynamically and kinetically more stable hence it has great ability to enhance oral
bioavailability of PWSDs [21]. In 1995 for first-time saquinavir was introduced in the
market in salt form having only 4% bioavailability in a hard gelatin capsule. After
02 years bioavailability increased 03 folds in human by formulating in SNEF with
medium-chain mono- and diglycerides [22, 23].

1

Nanoemulsion

T 1 1T T 1

chemical / drug interfacial drug drug lymphatic

¥ i di i area for permeation efflux transport

stability absorption l
l Reduced

Reduced hepatic

gastrointestinal matabollsm
metabolism
Enhanced drug
absorotion

!

Enhanced in oral bioavailability

Figure 1.
Enhancement of oral bioavailability through SNEF.
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7. Phase diagram of lipid formulations

The phase diagram in SNEF is constructed to choose a right potential candidate of oil,
surfactant, and co-surfactant which is selected by varying concentration of surfactant,
oil, and solubilizers depending on physiochemical properties of API such as surface
activity and polarity. Orange colored area of self good self emulsification are established
by diluting the mixture of oil and surfactant sequentially phase studies are performed
by an increase in the amount of water (Figure 2). Once equilibrium is achieved types of
phases recognized by using an optical microscope or cross-polarized viewer [24, 25].

Ternary phase Diagram

Surfactant

Figure 2.
Schematic ternary phase diagram of SNDDS system.

8. Methods of preparation of nanoemulsion

(Figure 3)
High-energy emulsification methods Low-energy emulsification methods
! } ' ' ‘
¥
UHtrasonification High-pressure | Phase inversion Solvent Phase Inversion
h Bation displacement composition
- method method method
Using Microfiudizer | Using high-pressure homogenizers
Figure 3.

Methods of Preparation of Nanoemulsions.
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9. In vitro-in vivo correlation (IVIVC) for self nanoemulsion

New drug synthesis and design, optimization of new drug and its formulations
are very costly and time consuming processes and IVIVC play prime importance
in it. Optimization demands i# vivo bioequivalence data in human to ascertain
similarity of the new formulation. Due to this load importance of performing
bioequivalence studies significantly increase hence coast of formulation and
optimization process increases. To solve this problem it is necessary to perform in
vitro tests that can interpret bioavailability data. IVIVC concept was established
in scientific research studies which give a prediction of in-vitro parameter with in
vivo activity [26, 27]. The IVIVC predominantly used in the product development
to decrease the human trials during the formulation development and to support
biowaivers. IVIVC acts as vital tool for correlating in vitro and in vivo data. Core
balance of IVIVC study in development and optimization of new formulation
with minimum human trials [28]. IVIVC is a mathematical model which predicts
the relation between rate and extent of drug release and plasma drug concentra-
tion. For drugs that are administered orally, dissolution and intestinal permeation
are considered as the rate-limiting steps for the absorption. Bioavailability is
calculated by controlling dissolution profile, therefore, if an excellent correla-
tion exists between iz vitro dissolution test and a bioavailability parameter, then
controlling the dissolution profile will permit the evaluation of bioavailability
[29]. The in vitro drug release studies of the formulations can be performed using
dissolution, disintegration tests on t other hand iz vivo pharmacokinetic study
performed on animal models. Apart from this, there is a limited number of IVIVC
studies conducted using lipid formulations. To get strong IVIVC relationship a
large no. of nanoemulsions of PWSDs administered orally. Clinical data of more
human volunteers along with in detail evaluation of in-vitro and in vivo solubility
of poorly water soluble drugs entrapped in lipid vehicles [30].

10. Solid SNEF

As Nanoemulsions facing problems related to stability, handling, formulation
and development scientist decided to overcome these hurdles related to stability
and converted nanoemulsions into solid-state and concept of solid SNEF coined.
Solid dosage forms are most convenient and stable for handling and they are dry
solid powder overcomes hurdles of stability. Adsorption on a solid carrier is the
best technique involved to convert liquid nanoemulsion to solid SNEF apart from
other techniques available such as spray drying and freeze-drying. The choice right
process for the formulation of solid SNEF Mainly depends on the properties of API,
such as solubility, stability, and compatibility with other ingredients and nature of
the oil phase of the formulation. Adsorption on the surface of adsorbent act as a
binder and it is coast effective, accurate, optimizable, uncomplicated and large scale
manufacturing is possible with ease. Adsorption on solid carrier adsorbs heat and
moisture sensitive drugs can be formulated into SNEF also it has an advantage over
other methods. Commonly used adsorbents in SNEF are Neusilin-US2, Fujicalin,
Aerosil etc. [31].
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18kU %508 SApn BA4466

Figure 4.
SEM of SNEF adsorbed on neusilin-US2 adsorbant.

10.1Ideal characteristics of an adsorbent
1. Adsorb viscous, sticky and oily nanoemulsions
2. Compatible, safe, freely flow able, high bulk density,
3.Should not alter dissolution profile once converted to solid form.

Researchers developed and characterized solid nanoemulsion granules (SNGs)
of ezetimibe and ezetimibe-simvastatin in combination by using aerosol 200 as
adsorbent. Results of X-ray diffraction shows improvement in the solubility of drugs
in SNGs. Scanning electron microscopy indicates no precipitation of drug on the
surface carrier. Drastic enhancement in dissolution profile of the drug in SNGs when
compared to pure drug. Plasma level data in rats show a significant decrease in total
cholesterol level compared to pure drug (Figure 4).

10.2 Evaluation of SNEF

* Thermodynamic stability studies

* Robustness to dilution

* Assessment of Efficiency of self-emulsification
* % Transmittance

* Viscosity

* Dye solubilization test

* Cloud point measurement
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Drug Therapeutic use Components In vitro/in vivo
observation

B-lactamase A model protein Hydrogenated lecithin, Cremophor ~ 2-3-fold BA increment
EL, Transcutol, lauroglycol FCC compared with the solution

Biphenyl dimethyl =~ Hepa to protection Tween 80, transcutol, Miglyol 812 1.7-6-fold improvement

dicarboxylate inBA

Cyclosporine A Immunosuppressant  Cremophor EL, Capmul, MCM C8,  Improvement in dissolution
Orange oil rate

Anethole trithione ~ Chemopreventive Tween 80, PG, cremophor RH 40 Improved stability and in
MCT vitro dissolution profile

Table 4.

Potential of SNEF in oral drug delivery.

10.3 SNEF: Potential explored

Self nanoemulsions have a unique capability to improve therapeutic effectiveness
oral bioavailability of PWSDs which is proved by various in-vitro-in-vivo methodolo-
gies. Pharmacodynamic efficacy of drugs improved by formulating PWSDs in nano-
emulsions. The solubility of PWSDs in different lipids, surfactants, and solubilizers
along with their compatibility is key factors while the successful formulation of SNEF
[32]. The key investigations that describe the potential of SNEF in oral drug delivery
are listed in Tables 4 and 5.

11. Applications of SNEF
11.1 Bioavailability and solubility improvement

Drug of Class-II drug (Low solubility/high permeability) and formulated in SNEF,
then it increases the solubility. Ketoprofen is a non-steroidal anti-inflammatory drug
(NSAIDs), mainly it is used for sustained release formulation. In chronic therapy
ketoprofen cause gastric irritation due to its low solubility its release from sustained
formulations is incomplete. As ketoprofen developed in nanoemulsion complete drug
release form sustained formulation of ketoprofen achieved successfully. Ketoprofen
developed in SNEF producing oil in water O/W emulsion, droplets of nanoemul-
sion make drug available for absorption in dissolved form in GIT.Many different
approaches available to achieve sustained release which causes decrease in irritation
and increase in bioavailability such as matrix pallets, nanocrystals, micro particles,
floating oral system apart from these SNEF found upper hand over these [33].

11.2 Protection against biodegradation
SNEF enhance absorption due to larger surface area, reduction in surface area;
reduce degradation of PWSDs having both low oral bioavailability and poor water

solubility due to degradation of drug by enzymatic degradation and acidic Ph in
stomach.
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Patent No. Agency Year API Lipid/Oil Surfactant
US2013/0303495A1 United State 2013 Testosterone Castor Oil Cremophor
Patent RH40, Imwotor
742
US8728518B2 United State 2014 Butylpthalide Castor Oil, Almond Cremophor
Patent Qil, Oleic acid EL,Labrafac
CM10,Labrasol
M1944,Mabrafil
M2125CS
W02014/205226A1  World Intellectual 2014 Progesterone, Castor Oil, Propylene
Property Fenofibrate Polysorbate- Glycol,
Organization 20,40,60 Monocaprylate
Glyceryl Mono
caprylate
WO02014/009434A1 World Intellectual 2014 Abiraterone Corn Qil, Olive Oil, Labrafac,
Property Sunflower Oil Captex, PEG
Organization
'W02015/142307A1 World Intellectual 2015 Rosuvastatin Oleic Acid Labrasol,
Property Labrafil M1944,
Organization Transcutol.
WO02016/141098A1  World Intellectual 2016 Ophthalmic Castor Qil, Olive Labrafac,
Property Drugs Oil, Sunflower Oil Captex,
Organization PEG
WO02017/017649A1  World Intellectual 2017 Astaxanthin Akoline CM C Labrasol, Tween
Property 80
Organization
US9918965B2 United State 2018  Diindolylmethane Peppermint Oil Gelucire,
Patent Capryol,
Polysorbate 80
WO02018/011808A1  World Intellectual ~ 2018 Cannabinoids Castor Oil Polysorbate 80,
Property PEG 1000
Organization
Tables.
Patents of SNEF.
11.3 Solid SNEF

Self emulsifying formulations adsorbed on solid carrier and converted in to
free flowing power which may filled in to capsule or compressed in to tablet with
suitable excipients. To overcome stability related problems of nanoemulsions
these are adsorbed on adsorbents to convert them in solid dosage forms tablet or

capsule [34].

11.4 SNEF for TCM

Silybin protects liver cells from damage of drinking, smoking and liver-damaging
drugs. Due to low solubility of silybin in water it has very low bioavailability when
given orally. Hence when silybin formulated in SNEF with ethyl linoleate as lipid,
Tween and dimethyl isosorbide as surfactant and co-surfactant respectively bioavail-
ability of silybin increased 04 folds.
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12. Future perspectives

In recent years modernization in SNEF research drastically enhance solubility
and oral bioavailability of poorly water soluble moieties. The conversion of liquid
to a solid SNEF drastically reduces the drug degradation rate. Therefore, it has vital
importance to study novel tools and techniques to enhance bioavailability drugs. With
help of sophisticated equipment’s and modern techniques liquid SNEF converted to a
solid form including tablets and pellets. Modern adsorbents like neusilin-US2 should
be used for converting liquid SNEF into a solid powder without change in physio-
chemical properties of drug along with increase in volume and density [35].

13. Conclusions

Approximately 40% newly synthesized drug moieties are associated with poor
water solubility, low bioavailability, high intra- and inter-subject variability, and a
lack of dose proportionality. SNEF is now becoming a promising approach to enhance
solubility, dissolution and hence bioavailability of poorly water-soluble drugs. An
additional advantage of SNEF over simple oily solutions is that they provide a large
interfacial area for the partitioning of the drug between oil and water. Incorporation
of aliquid SNEF into a solid dosage form may combine the advantages of SNEF with
those of a solid dosage form and overcome the disadvantages of liquid formulations.
Conclusively, SNEF would be a promising approach for poorly water soluble drugs to
improve its therapeutic interventions.
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LBDDS Lipid-based drug delivery systems
API Active pharmaceutical ingredient
PWSDs Poorly water soluble drugs

SLNs Solid Lipid Nanoparticles

EFAs Essential Fatty acids

IVIVC In vitro in vivo correlation

SNGs Solid nanoemulsion granules

NSAIDs Non-steroidal anti-inflammatory drug
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Abstract

The eye is the utmost attention-grabbing organ owed to its drug disposition
characteristics. Generally, topical application (90% are eye drops) is the method of
choice because of its patient compliance and safety. Transcorneal penetration is the
major route for ophthalmic drug absorption. However, corneal absorption has been
observed to be slower process as compared to elimination. Therefore, conventional
dosage forms are associated with rapid precorneal drug loss. Thus, to improve ocular
drug bioavailability, there is a substantial effort directed toward the development
of novel topical drug delivery systems for ophthalmic administration. These novel
delivery systems (Contact lenses, I situ gels, Microemulsions, Niosomes, Liposomes,
Implants, Microspheres, and Micelles) provide the controlled release behaviour for
treating the chronic ailments, and help patients and doctors to curtail the dosing fre-
quency and invasive method of treatment. Hence, the current chapter discusses the
progress of novel topical ocular drug delivery systems in the pharmaceutical industry.

Keywords: ophthalmic, topical delivery, contact lenses, I situ gels, microemulsions,
niosomes, liposomes, implants, microspheres, micelles

1. Introduction

Eye is the utmost attention-grabbing organ owed by its drug disposition charac-
teristics. Drug delivery to the eye is hampered by the physiological barricades such
as blinking & wash out by tears, nasolacrimal drainage, nonproductive losses, and
impermeability of the cornea [1, 2]. Although its easy to administer the drug to eyes
but there are various barriers to drug delivery, viz. tear mechanisms, membranes, and
blood-aqueous and blood-retinal barriers [3]. The three main routes for administer-
ing ophthalmic medication are topical, systemic, and intraocular; each has its own set
of benefits and drawbacks.

Topical application (90 percent of which are eye drops) is the preferred method
due to patient compliance and safety. The most common route for ophthalmic drug
absorption is through transcorneal penetration. Corneal absorption, on the other
hand, is a much slower process than elimination. Despite the benefits of ocular
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formulations (ease of formulation, storage limitations, and drug instillation), they
have several drawbacks, including limited drug accumulation for lipophilic agents,
precorneal losses, and the cornea’s barrier [4]. As a result, traditional ocular dosage
forms have been linked to rapid precorneal drug loss. Effective systemic delivery, can
be achieved if high drug concentration circulates in the blood plasma. Furthermore,
sustained release of oral drugs may be appropriate for glaucoma patients, allowing for
continuous and effective treatment; butin this method the entire body is exposed to
the drug, so, side effects can be observed [5]. Moreover, intravitreal drug delivery is
an invasive procedure that carries some risk, such as retinal haemorrhage or detach-
ment, especially if the technique is repeated multiple times for treating chronic
disorders.

Traditional eye drops are convenient and easy method, but they are ineffective,
and only a small portion of the dose is delivered to the target area; the majority is lost
owing toclearance mechanisms. As a result, there are significant strategies aimed
at developing novel topical drug delivery systems for ophthalmic administration in
order to improve ocular drug bioavailability. Solubility enhancers are primarily used
to increase the drug concentrations within the formulation; medication in the dosage
form enhances the bioavailability. This strategy may allow for the application of a
smaller droplet, and loss due to the reflex tearing and blinking can be prevented to
larger extent [5]. Second, the formulation can be designed to withstand clearance;
these dosage forms are retained for longer periods of time, giving them more time to
remain accumulated within the ocular tissue. Finally, drug penetration enhancers can
be added to the formulation to help the drug get through the cornea [6]. All of these
approaches are novel drug delivery technologies that allow drugs to reach the poste-
rior chamber. These delivery systems viz. contact lenses, iz situ gels, microemulsions,
niosomes, liposomes, implants, microspheres, and micelles provide controlled release
for the treatment of chronic eye disorders, reducing dose frequency and invasive
treatment.

Following that, the chapter looks at how novel topical ocular drug delivery
systems are progressing in the pharmaceutical industry. Future research is likely
to lead to the discovery of polymers that outperform those currently in use, such
as smart drug delivery systems that release their payload in response to a specific
stimulus. Furthermore, a reassess of recent advances in ophthalmic drug delivery
necessitates and aids drug delivery scientists in modulating their thought processes
and developing novel and safe drug delivery techniques. Its goal is to sumup the
existing traditional ocular delivery formulations and their advancements, as well as
current developments. In addition, recent advancements in novel ocular drug delivery
strategies, such as contact lenses, iz situ gels, microemulsions, niosomes, liposomes,
implants, microspheres, and micelles have been thoroughly discussed.

2. Dosage forms for topical ophthalmic drug delivery systems
2.1 Conventional therapy
2.1.1 Topical
Topical ocular administration is one of the most often used traditional ways for

treating problems of the eye’s anterior structures, such as the pre-ocular, cornea,
anterior, and posterior chambers. It has four major advantages over other delivery
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methods: (i) effects of drugs are localised, and very less drug enters the systemic
circulation; (ii) it enhances the drug absorption into the eye, which is otherwise
difficult to accomplish with systemic administration of drugs; (iii) it bypasses hepatic
first-pass metabolism; and (iv) it is a relatively convenient, and painless way of
administration. Despite its numerous advantages, topical drug delivery have limited
bioavailability due to the numerous biological processes that exist to protect the eye
and, as a result, limit the entry of ocular medications [7].

2.1.2 Eye ointments

Ointments are typically made from a combination of semisolid and solid hydro-
carbons (paraffin), having a melting or softening point near body temperature and
donot cause irritation to the eyes. Simple bases, in which the ointment forms a single
continuous phase, or compounded bases, in which a two-phased system (e.g., an
emulsion) is used, are the two types of ointments. The medicinal substance is either
introduced as a solution or as a finely micronised powder to the base. Ointments
break down into little droplets after being injected into the eye, and they stay in
the cul-de-sac for a long time as a drug depot. As a result, ointments are useful for
increasing bioavailability and sustaining release of drug. Ointments, despite being
safe and well tolerated by the eye, have low patient compliance due to blurred vision
and occasional discomfort [8].

2.1.3 Gel

Gel formation is a uniquecase of viscosity enhancement using viscosity enhancers,
which leads to longer pre-corneal residence period. It provides benefits such as lower
systemic exposure. Despite its extremely high viscosity, gel only improves bioavail-
ability to a limited extent, and dose frequency can be reduced to once a day at most.
The excessive viscosity, on the other hand, causes hazy vision and matted eyelashes,
which significantly reduces patient acceptance. Polymers including polyacrylamide,
poloxamer, carbomer, poly methylvinylethermaleic anhydride, and hydroxypropyl
ethylcellulose are commonly used in aqueous gels. Controlled drug delivery systems
are made up of swellable water insoluble polymers, known as hydrogels, or polymers
with unusual swelling properties in aqueous medium. Most ofently swellings are
observed when drugs are released through these systems via transport of solvent into
the polymer matrix. Diffusion of the solute through the inflated polymer leads to ero-
sion/dissolution in the final stage. In humans, a poly (acrylic acid) hydrogel has been
shown to considerably increase tropicamide ocular bioavailability when compared to
a paraffin ointment and viscous solution [9]. Pilopine HS® gel, introduced by Alcon
in 1986, and more recently Merck’s Timoptic-XE®.

2.1.4 Intravitreal injection

Many debilitating and sight-threatening disorders are caused by posterior segment
diseases, and the only method to cure them is through invasive treatments such as
“intravitreal injection” In most cases, this is still true, although advances have resulted
in a broad variety of viable implantable drug-delivery systems for diseases of pos-
terior segment, and the several possibilities will now be explored. Injection into the
vitreous humour of eye is the most popular method of placing drugs in the posterior
chamber; this gives a high concentration of drug where it is needed while minimising
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systemic effects. Xu et al., found that the diffusion of polystyrene nanoparticles of
different sizes and surface chemistries in fresh bovine vitreous humour and found
that depending on the nanoparticle’s intended features, they were able to achieve
adequate drug transport within the posterior chamber [10]. However, many dis-
orders, such as cataracts, retinal detachment, haemorrhage, endophthalmitis, and
ocular hypertension, necessitate frequent treatment, which can lead to intraocular
complications.

This approach includes injecting a medication solution into the vitreous through
the pars plana using a 30G needle, which improves drug absorption over systemically
and topically administered drugs. It results in drug distribution to the eye’ target
areas. Drug delivery to the posterior segment of the eye is much safer as compared
to systemic mode of drug administration. Intravitreal injection, as opposed to other
methods, gives larger medication concentrations in vitreous and retina. Following
intravitreal delivery, a drug’s molecular weight determines how quickly it is elimi-
nated [11]. Despite the fact that intravitreal delivery provides high drug concentra-
tions in the retina, it is linked to a number of short-term problems, including retinal
detachment, endophthalmitis, and intravitreal haemorrhages [12]. Patients must also
be closely watched during intravitreal injections. It has disadvantages like first-order
kinetics (this rapid rise may cause toxicity, and drug efficacy can diminish as the drug
concentration falls below the targeted range), injections have a short half-life (a few
hours), and they must be given repeatedly, and side effects like pain from repeated
injections, discomfort, increased IOP, intraocular bleeding, increased infection risks,
and the risk of retinal detachment.

2.1.5 Emulsions

A vast range of lipophilic medicines have been employed to treat eye problems
in recent years. Oil-in-water emulsions have improved significantly bioavailability
to ophthalmic region.. Yamaguchi et al., combined a 0.05 percent w/v difluprednate
(DFBA) ocular lipid emulsion with 5.0 percent castor oil and 4.0 percent polysorbate
80 to make a 0.05 percent w/v DFBA ophthalmic lipid emulsion [13]. At 1 hour after
instillation, the lipid emulsion had a 5.7-fold greater concentration of DFB, an active
metabolite of DFBA, in the aqueous humour than the DFBA ophthalmic suspen-
sion. The first time this product was sold in the United States was in 2008. Shen et
al. created an ocular emulsion of flurbiprofenaxetil (FBA), a well-known NSAID,
and discovered that the mean retention time (MRT) of flurbiprofen in aqueous
humour increased as the oil content increased. Flurbiprofen’s area under the curve
(AUCO0-10 h) was 6.7 times higher in the FBA emulsion group than in the FBA oil
solution group. A promising NSAID ophthalmic emulsion with minimal irritancy and
increased anti-inflammatory action was found in the nanoparticle with a raised FBA
concentration of 0.1 percent [14].

Cationic emulsion changes have been reported to improve spreading capabili-
ties, decrease contact angle, and increase ocular surface residence time. Oleyamine,
stearylamine, chitosan, arginine octadecylamine, and 1,2-dioleoyl-3-trimethylam-
monium-propane are examples of cationic materials (DOTAP). The tear fluid drug
levels in the CE were 3.6 and 3.8 times greater than those in the non-coated emulsion
(NE) after topical administration of indomethacin-chitosan-coated emulsion (CE) at
0.5 and 0.75 hours, respectively. CE’s residence time is 1.5 times longer than NE’s [15].
Klang et al., studied indomethacin corneal penetration in anionicsubmicron emul-
sions, cationic emulsions, and commercially available ocular solutions [16]. Cationic
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emulsions have four times the spreading coefficients of anionic emulsions. Other
emulsions had substantially lower drug levels in aqueous humour and sclera-retina
than this new therapy.

2.2 Novel therapies
2.2.1 Contact lenses

Contact lenses are polymeric devices with hydrophilic or hydrophobic character-
sitics that are designed toplace directly onto the cornea to correct refractive errors
of eye. In comparison to its anhydrous state, hydrogel contact lenses are practical
materials for use as ocular medication delivery systems because they can ingest a
considerable volume of aqueous solution. If the contact lens hydrating solution has
enough pharmaceutically active material, it will be able to diffuse from the polymer
matrix into the tear film bathing the eye and interact with the ocular tissue. However,
there is still a requirement to keep the medicine in the devices long enough to ensure
proper release of drugs.

Wichterle and Lim proposed the notion of employing hydrogel contact lenses as
drug-delivery devices in their 1965 patent, which suggested including medication
following lens hydration to provide extended drug availability throughout usage [17].
The type of contact lens dictates how it is worn; daily, weekly, and monthly dispos-
able versions are available [17]. The absorption of a drug-loaded solution during
pre-wear soaking was used in early efforts to contact lens-assisted drug delivery.
Drug distribution through standard contact lenses is inconsistent, with a brief
initial “burst release” and then a quick fall. Drug-loaded coating or the insertion of a
sandwich layer of drug-loaded polymer, the inclusion of drug-loaded nanoparticles,
and cyclodextrin grafting are some of the other techniques. Molecular imprinting
technology is a method of modifying polymer formulations to increase their affinity
for drug molecules, hence enhancing drug loading potential and extending delivery
time [18-20]. Hiratani et al., 2006 used this strategy to construct a system that used
methacrylic acid, N, N-diethylacrylamide, and the medication timolol to generate
sustained timolol release in vitro for over 48 hours. Alvarez-Lorenzo et al., used
the same approach to make norfloxacin-loaded poly (hydroxyethyl methacrylate)
(pHEMA) contact lenses, reporting a 300-fold increase in reservoir capacity over
pHEMA lenses without molecular imprinting technology [21]. HEMA, mono-
methacrylated-cyclodextrin, and trimethylolpropane trimethacrylate were used
by Xu et al. [22] to make hydrogel films and contact lenses. Puerarin was used as a
model medication by soaking the gel in a drug solution to hydrate it [22]. Loading and
release rates were found to be dependent on -cyclodextrin content in in vitro tests. In
vivo tests on rabbits revealed that the gels provided better medication release and per-
formance than commercial puerarin eye drops. The researchers believe the material is
suitable for drug delivery from reusable daily wear contact lenses because the devices
have outstanding mechanical qualities.

2.2.2 Niosomes

Niosomes are nonionic structural vesicles with two layers that can encapsulate
both lipophilic and hydrophilic substances. Niosomes boost ocular bioavailability by
reducing systemic drainage and increasing residence duration. In nature, they are
nonbiodegradable and nonbiocompatible. Niosomal formulation was developed as a
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new way to distribute cyclopentolate. The medication was released regardless of pH,
leading in a considerable increase in ocular bioavailability. A niosomal formulation of
coated (chitosan or carbopol) timolol maleate had a significant influence on decreas-
ing IOP in rabbits compared to timolol solution [23].

2.2.3 Microemulsion

Microemulsions are stable water-oil dispersions aided by the use of a surfactant
and co-surfactant combination to lower interfacial tension. The drug’s ocular bio-
availability is improved, and the frequency of administration is reduced, thanks to
microemulsion. Higher thermodynamic stability, tiny droplet size (100 nm), and a
clean appearance are common characteristics of these systems [24]. An oil-in-water
system containing pilocarpine, lecithin, propylene glycol, PEG 200 as a surfactant/co
surfactant, and isopropyl myristate as the oil phase did not irritate the rabbit animal
model. Such formulations frequently enable continuous medication release, reducing
drug delivery frequency. Its stability is affected by the potential toxicity of greater
surfactant/co-surfactant concentrations, surfactant/co-surfactant selection, and
aqueous/organic phase.

2.2.4 Liposomes

Liposomes are tiny vesicles made up of one or more lipid bilayers separated by
water or an aqueous buffer. Liposomes have the ability to make close contact with
the corneal and conjunctival surfaces, improving the chances of ocular medication
absorption. This capability is especially useful for drugs that are poorly absorbed,
have a low partition coefficient, poor solubility, or have a molecular weight of
medium to high. The surface charge of liposomes has been discovered to play a role
in their behaviour as an ocular medication delivery system. In comparison to neutral
or negatively charged liposomes, positively charged liposomes appear to be preferen-
tially trapped at the corneal surface which has negative charged. It has the properties
of being droppable, biocompatible, and biodegradable. It decreased the drug’s toxic-
ity. It allows for long-term release and site-specific delivery. Liposomes are difficult
to make in a sterile environment. It has drawbacks such as a low drug load and poor
water stability. Schaeffer et al., found that liposome uptake by the cornea is greatest
for positively charged liposomes and least for neutral liposomes when working with
indole and penicillin G. This finding suggests that electrostatic adsorption is the
initial interaction between the corneal surface and liposomes [25].

2.2.5 Implants

The intraocular implant’s purpose is to provide sustained activity with regulated
medication release from the implant’s polymeric substance. The implants must
constantly be administered intraocular, which necessitates minimal surgery. They
are usually implanted intravitreal, at the pars plana of the eye (abruptly anterior to
the retina and posterior to the lens) [26, 27]. Despite the fact that this is an invasive
procedure, the implants have the advantages of (1) delivering consistent therapeutic
doses of medication straight to the site of action by avoiding the blood-ocular bar-
rier, (2) avoiding the negative effects linked to repeated intravitreal and systemic
injections, and (3) requiring a smaller amount of drug during treatment. Ocular
implants are divided into two categories: non-biodegradable and biodegradable.
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Non-biodegradable implants can enable more precise medication release control and
longer release times than biodegradable polymers, but they require surgical implant
removal, which comes with its own set of dangers.

The delivery rate of implants could be controlled by changing the polymer com-
position. Solid, semisolid, or particulate-based delivery systems can be used to deliver
implants. There are typically three phases to the drug release from polylactic acid,
polyglycolic acid, and polylactic-co-glycolic acid: an initial burst, a middle diffusive
phase, and a final burst of the drug. It’s a better option to repeated injections because
it extends the drug’s half-life and may help to reduce peak plasma levels; it may also
enhance patient acceptance and amenability. It has drawbacks, such as side effects:
the insertion of these devices is invasive, and there are ocular complications that come
with it (retinal detachment and intravitreal haemorrhage for intravitreal implant).
Once the device has been depleted of the drug, it must be harvested through surgery
(risk of ocular complications). The drug release profile of the biodegradable implants
has an uncontrollable final burst [27].

2.2.6 In situ-forming gel

When the droppable gels are instilled, they become liquid and then transition
to a viscoelastic gel in the ocular cul-de-sac, providing a response to environmental
changes. It raises the level of patient acceptance. It extends the drug’s time in the
eye and improves its ocular bioavailability. pH, temperature, and ionic strength
are all variables that can affect and trigger the phase transition of droppable gels.
Gelling is caused by a variety of factors, including a change in pH, which causes
CAP latex cross-linked polyacrylic acid and its derivatives, carbomers and poly-
carbophil, a change in temperature, which causes poloxamers, methyl cellulose,
and Smart HydrogelTM, and a change in ionic strength, which causes Gelrite and
alginate [28-31].

2.2.7 Microspheres

It has been described how erodible, non-erodible, and lipid microspheres can be
used for ophthalmic delivery. The drug is uniformly dispersed (monolithic system)
in the polymer matrix. Due to this, the drug may or may not be present in the liquid
carrier medium in which the drug-loaded microparticles are suspended. Pilocarpine-
loaded gelatin and albumin microspheres were released and pharmacokinetic data
were presented by Leucatta et al., in 1989. Hardened proteinaceous microspheres with
a diameter of about 30 pm produced biphasic release of pilocarpine over a period of
two to five days. Drug recovery was reported to be around 20% in gelatin and 28%
in albumin microspheres. The colloidal system outperformed the aqueous control in
terms of significant pharmacokinetic parameters.

Furthermore, the lipid microspheres significantly increased intraocular steroid
penetration when compared to non-detectable or no penetration with suspension.
The release of proteins of various sizes, including lysosome, trypsin, heparinize,
ovalbumin, albumin, and immunoglobin, from poly(anhydrides) microspheres
(50-125 pm) and poly(anhydrides) copolymers has been reported [32]. Fatty acid
dimer and sebacic acid were copolymerized in various ratios with various molecular
weights to create microspheres. The particle size, cross linking density, and drug
loading all influence the in vitro release of drugs from microspheres. For a week, these
microspheres generated release rates that were nearly constant or zero. The liquid
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medium in which the microparticles are suspended should have a pH and osmolarity
that are acceptable to the eye, and the dosage form should be soothing and non-
irritating to the user. Additionally, neither the polymer nor its degradants should be
harmful to the eyes [33].

2.2.8 Micelles

Amphiphilic surfactants or diblock polymers are used to make micelles. Recently,
the efficacy of a polyion complex micelle system incorporating a dendritic phtalocya-
nine photosensitizer in photodynamic therapy of choroidal neovascularization was
tested in rats. Absorption at 650 nm was observed in the micellar system, which is
advantageous for the treating deep lesions. The formulation may be able to selectively
accumulate in choroidal neovascularized lesions and extend bloodstream retention,
but these possibilities will need to be further investigated [34-36].

3. Advantages of novel over conventional topical ophthalmic drug delivery
systems

The delivery of ophthalmic drugs is one of the most difficult tasks confronting
pharmaceutical researchers. Their target is to achieve and maintain a therapeutic
level at the action site for a long time. To keep medication levels at the target site for
an extended period of time, novel drug delivery methods should be created. In terms
of distinct delivery methods or tools to be used before, during, or after administra-
tion, novel drug delivery systems are fresh on the market and variations on earlier
ones. Existing remedies are becoming ineffective as a result of the development of
new technology. By decreasing drug exposure to non-target cells and increasing the
amount and durability of a drug around target cells, new drug delivery methods
improve a drug’s therapeutic effects while minimising its harmful consequences
[37]. One of the most difficult delivery methods for pharmaceutical researchers is
ophthalmic medication delivery [38]. Traditional delivery methods like suspensions,
solutions, emulsions, intravitreal injections, and ointments have poor ocular bioavail-
ability, or less than 1%, as a result of various factors including fast yield, low absorp-
tion, short residence time in the cul-de-sac, and relatively impermeable drugs [39].
Within 5 minutes of administration, up to 80% of the administered dose may be lost
due to tears and nasolachrymal drainage. Figure 1 illustrates the difference between
conventional and novel drug delivery systems.

The use of viscosity enhancers, ophthalmic solutions in which the drug dissolves
slowly, or ophthalmic inserts can all be used to extend the duration of therapy [37].
Because it prolongs drug release and allows for greater contact with the front of the
eye, ophthalmic drug administration is optimal [38]. Novel ocular drug administra-
tion aims to prolong medicine retention duration in the eye or facilitate transcorneal
drug penetration to boost drug bioavailability [40]. From eye drops to ophthalmic
iontophoresis, in situ gels, dendrimers, ocular inserts mucoadhesive polymers, pen-
etration enhancers, mucoadhesive polymers, hydrogels, and targeted drug delivery
systems, topical ocular medication delivery has been enhanced [41]. Most frequently
available ophthalmic preparations are eye drops and ointments. Nonetheless, due to
tear flow and lachrymal nasal drainage, these preparations are rapidly drained away
from the ocular cavity when instilled into the cul-de-sac. Because only a small amount
is available for therapeutic effect, frequent dosing is required. Over the past three
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Figure 1.
Advantages of novel drug delivery systems over conventional systems in ophthalmic applications.

decades, newer pharmaceutical ophthalmic formulations have been created to address
these problems. These formulations include in situ gel, nanoparticle, liposome, nano-
suspension, microemulsion, iontophoresis, and ocular inserts [42].

4. Harmonious additives and their role in novel topical ophthalmic drug
delivery systems

4.1 Poloxamer

A thermoresponsive polymer called poloxamer begins as a liquid between 4 and
5°C and in a concentration range of 20 to 30% wt/wt before changing to a gel when
the temperature of the medium increases. When used alone, higher concentrations of
Poloxamer are necessary in a formulation; nevertheless, such amounts have been shown
to irritate the eyes. In order to reduce the overall amount of Poloxamer utilised, enhance
the gelling and mechanical properties of Poloxamer, and lower the risk of eye irritation,
Poloxamer was combined with other polymers such methyl cellulose, chitosan, and
others [43]. Poloxamers, also known as Pluronics, are tri-block copolymers made up of
poly (ethylene oxide), poly (propylene oxide), and poly (ethylene oxide) (PEO-PPO-
PEO). Kolliphor P188 (also known as Poloxamer 188 or Pluronic F-68) has roughly 27
PPO groups on one side and 80 PEO groups on the other. Kolliphor P188 has a molecular
weight of about 8400 g moll, which is higher than that of normal emulsifying surfac-
tants [44]. Below 50°C, it exists as single molecules (unimers) and at higher tempera-
tures polymolecular micelles starts to form. These can be used in a wide range of occular
drug delivery applications due to the variety of microemulsion types created [45].

4.2 PLA: PCL: PEG: PCL: PLA copolymers

Endophthalmitis, impaired vision, increased cataract formation, intraocular
pressure, and an elevated vulnerability of retinal detachment are all side effects of
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numerous intravitreal corticosteroid injections, which are induced by maintaining
sustained levels of corticosteroids in the case of maculae edoema. Copolymers can

be used to lessen these undesirable effects. Recently, there has been a lot of interest

in amphiphilic block copolymers based on biodegradable polyesters like poly-cap-
rolactone (PCL) and polyethylene glycol (PEG) [46]. PEG is a typical component in
block copolymers as the hydrophilic section. PEG is a promising medication delivery
material because of its high water solubility and minimal cytotoxicity [47]. PCL is a
thermoplastic polyester that is biocompatible, biodegradable, and nontoxic. Its seg-
ments may come together to form a hydrophobic core that serves as a storage space for
drugs that are insoluble in water [46].

Perret and his colleagues were the first to develop a series of PEG and PCL block
copolymers [48]. Since then, numerous experiments on PCL and PEG-based di and
tri-block copolymers have been done. Gong and coworkers formulated honokiol-
loaded PEGPCL-PEG micelles using a direct dissolution method assisted by ultra-
sonication [49]. Lue et al created a thermosensitive PEG-PCL-PEG hydrogel and
investigated its ability for diclofenac sodium ocular medication delivery (DIC) [50].
Peng and colleagues looked into the use of PEG-PCL-PEG hydroge in rabbits as an
intracameral implant to prevent scarring after surgery. They discovered that the
prolonged release of bevacizumab from the hydrogel reduced neovascularization and
scar formation [51]. Furthermore, due to the high crystallinity of PCL blocks, tri-
block copolymers based on PCL appear to have limits in terms of biodegradability and
drug release [49].

43PLGA

The poly lactic-co-glycolic acid (PLGA) copolymer comprising poly lactic acid
(PLA) and poly glycolic acid (PGA), which is employed in medical applications
such surgical sutures, bone plates and screws, tissue engineering scaffolds, and drug
carrier systems, has been successfully created [52]. The mechanical characteristics
of poly lactic-co-glycolic acid (PLGA), a biocompatible, biodegradable, and tunable
polymer, can be changed by varying the molecular weight and PLA/PGA ratio. When
utilised for medicine delivery, PLGA is hydrolyzed in vivo to produce biodegradable
metabolite monomers such lactic acid and glycolic acid, which have very low systemic
toxicity [53].

The use of PLGA-based-NPs for ocular drug administration has several advan-
tages, including protection of encapsulated pharmaceuticals against fast inactiva-
tion, delayed drug release owing to polymer breakdown (e.g. Ciprofloxacin-loaded
PLGA), and surface modification to target specific regions or cells. For example
Flurbiprofen was loaded in PLGA nanoparticles with Poloxamer 188, diclofenac-
loaded PLGA nanoparticles and flurbiprofen-loaded nanoparticles are used against
ophthalmic anti-inflammatorydisorders and enhanced permeability of inflamed area
[54]. Additionally, hydrophilic or hydrophobic medications as well as macromol-
ecules, proteins, peptides, and nucleic acids can be efficiently encapsulated in PLGA
nanoparticles [55].

4.4 Vitamin E TPGS

Chemically, vitamin E TPGS is polyethylene glycol-esterified vitamin E succinate
(PEG-1000). The chemical composition of TPGS is classified as a surfactant with no
charges on its surface; the hydrophilic head section is separated from the lipophilic
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tail portion by an alkyl group. The well-known adjuvant TPGS has been employed

in a variety of medicinal compositions. The word “TPGS” refers to an oil-soluble
vitamin also known as tocopherols and tocotrienols. Tocopherol, a naturally occurring
vitamin, is the one with the highest potency [56]. As an antioxidant, vitamin E TPGS
works to reduce oxidative stress, which has been associated to a number of eye condi-
tions, including glaucoma, age-related macular degeneration, uveitis, and cataracts.
Age-related disorders are most frequently brought on by oxidative stress, despite the
fact that the exact aetiology is uncertain. As a result, TPGS may be a great alternative
to conventional drugs in treating these conditions, acting as a neuroprotectant in
age-related diseases [57].

In order to increase drug translocation in the cornea, TPGS can be utilised in
conjunction with transdermal medication delivery because low water solubility of
medications restricts their pharmacological effects for eye illnesses and limits their
penetration. Cholkar et 4l. used TPGS and octoxynol-40 to make dexamethasone-
loaded micelles. When compared to TPGS (0.025 wt percent) and Oc-40, the com-
bined polymers had a reduced CMC (0.012 wt %) (0.107 wt %). The cytotoxicity of
the formulations on rabbit primary corneal epithelial cells demonstrated their safety
[58]. Rapamycin-loaded micelles were also created using TPGS and Oc-40, and in
vitro tests on human retinal pigment epithelium and rabbit primary corneal epithelial
cells demonstrated that they were well tolerated and barely harmful. Additionally, the
micelles demonstrated clinical viability, exhibiting modest drug partition into vitre-
ous fluid but very high drug concentrations at the retina-choroid target region [59].

In recent years, TPGS has been studied for ocular disorders along with several
drugs such as cyclosporine (a micellar system was produced using Poloxamer and
vitamin E TPGS to enhance drug concentration during delivery);curcumin (formu-
lated with Pluronic P123 (P123) and vitamin E TPGS to increase permeation across
cornea); rapamycin (formulated using vitamin E TPGS and octoxynol-40 to enhance
its water solubility); acyclovir (formulated with vitamin E TPGS and octoxynol-4 to
slow the release of drug and site specific absorption); riboflavin (to improve ribo-
flavin penetration across the cornea even without removing the epithelium); dexa-
methasone (formulated with polylactide-co-glycolide (PLGA) and vitamin E TPGS
to decrease the limitations of the posterior segment drug delivery); dorzolamide (to
overcome the problem of frequent instillation) and timolol (to enhance intraocular
pressure reduction capability of contact lens even at lower dose) [57].

4.5 Cyclodextrin

Cyclodextrins are oligosaccharides with a hydrophilic outer surface and a lipo-
philic interior chamber that can form water-soluble complexes [60]. When applied
topically, cyclodextrin nanoparticles promote mucoadhesion, I increase the concen-
tration of dissolved medicine in the eye drop and subsequently in tear fluid, (ii) and
(iii) allow drug molecules transit through the unstirred water layer immediately close
to the eye surface [10, 61, 62]. Tanito et al. [61] examined the impact of nanoparticle-
cyclodextrin dexamethasone eye drops on diabetic macular oedema and discovered
anotable decrease in retinal thickness and an improvement in visual acuity, with
outcomes comparable to those attained with intravitreal therapy [63].

Cyclodextrins are cyclic oligosaccharides that form complexes with lipophilic
medicines to boost their solubility. Cyclodextrin interactions with biological mem-
branes have also been discovered to play a part in their efficacy in increasing solubil-
ity. The number of Cyclodextrins used for solubility improvement is quite important.
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Large quantities can reduce bioavailability by holding medicine in tears; ideally, 15%
or less should be supplied [64, 65]. Some of the eyedrops that contain Cyclodextrins
that are registered in Europe are chloramphenicol (Clorocil®: Edol), diclofenac
(Voltaren Ophthalmic®: Novartis), and indomethacin (Indocid®: Merck Sharp &
Dohme-Chibret).

Topical medication administration to the anterior and posterior segments based
on cyclodextrin has been claimed to have the ability to overcome physio-anatomical
limitations, as well as the inadequacies and side effects associated with ocular drug
delivery [66]. The use of cyclodextrin inclusion complex to boost the drug molecule’s
water solubility has been widely questioned, leading in a rise in the number of formu-
lations on the market that use cyclodextrin as an excipient. Cyclodextrins are cyclic
oligosaccharides formed naturally when starch is digested by bacteria. Compared to
linear dextrin, the structure of —1,4-glyosidic connections of -D glucopyranose units
is cyclic, making it more resistant to non-enzymatic degradation. When compared
to fungizon, cyclodextrin improved issolution and penetration when combined with
dexamethasone or ilomastat, and its combination with amphotericin raised antifungal
activity by 35 times [67].

4.6 Carbopol

Carbopol, carbomer, and acrylic acid polymers are polymers of acrylic acid with
allyl sucrose or allyl ethers of pentaerythritol that are synthesised at high molecular
weight [68]. Each can be used as a bioadhesive component, controlled release agent,
emulsifying agent, emulsion stabiliser, rheology modifier, or stabilising agent in oph-
thalmic formulations [69]. The -blockers timolol, betaxolol, carteolol, and metiprano-
lo]l were combined with carbopol to create a formulation that was demonstrated to be
particularly successful in lowering intraocular pressure [70]. Each one may be utilised
in ophthalmic formulations as a bioadhesive component, controlled release agent,
emulsifying agent, emulsion stabiliser, rheology modifier, or stabilising agent.

Carbopol has also been utilised in Gel-Larmes-Thea formulations to treat dry eye
syndrome [71]. When the pH exceeds its pKa, a sol-to-gel transition occurs in aqueous
solution, and the reaction to shear strain is Newtonian time-dependent. The nonlin-
ear synthetic nonlinear polymers that make up the carbopol resins (910, 934, 940,
941, and 962) mostly consist of acrylic acid and are cross-linked with a polyalkenyl
polyether. Johnson et al. demonstrated the effectiveness of carbopol in extending
corneal residence time in rabbits by injecting pilocarpine nitrate into their eyes [72].
The bioadhesive properties of carbopol are another advantage, as they can increase
viscosity and, consequently, residence time. They can also form potent non-covalent
bonds with the mucin that covers biological membranes and remain there for a similar
amount of time.

4.7 Polysorbate 80

Tween 80 and Polysorbate 80 are both non-ionic polyethoxylated (PEO) sor-
bitan monooleates [45]. It is composed of a copolymer of sorbitol oleate ester and
its anhydrides, in which 20 mol of PEG are added for every mole of sorbitol and its
anhydrides [73]. A sorbitan ring is connected to four hydrophilic PEO head groups
for a total of 20. In the hydrophobic area, an ester couples an oleyl, unsaturated tail to
one PEO group [74]. The kink in Polysorbate 80’s hydrophobic tail allows for flex-
ibility, resulting in an ideal curvature and packing characteristic for microemulsion
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production [75]. In rabbits, the oil in water emultion formulation of Difluprednate
combined with Polysorbate 80 aids in the stabilisation of a greater dose in the aqueous
humour than the suspension formulation [13].

4.8 PEG-40 hydrogenated Castor oil

Cremophors are polyethoxylated castor oils produced by reacting varying concen-
trations of hydrogenated castor oil with ethylene oxide. To create PEG-40 hydroge-
nated castor oil, 40 mol of ethylene oxide are combined with 1 mol of hydrogenated
castor oil. Glycerol polyethylene ricinoleate is the hydrophobic portion of such
surfactants, while polyethylene glycols and glycerol ethoxylates are the hydrophilic
portion [76]. PEG-40 hydrogenated castor oil is predominantly made up of hydro-
phobic elements, the most prominent of which being glycerol polyethylene glycol 12-
hydroxystearate [76]. The HLB value is still high (14-16), and its water solubility has
increased, as a result of the many hydrophilic polyethylene oxide (PEO) groups. As
aresult, PEG-40 hydrogenated castor oil can function as an oil solubilizer as well as
an o/w microemulsion emulsifier [45]. Cyclosporine is combined with hydrogenated
castor oil to provide a topical ophthalmic medication with improved solubility [77].

5. Action plan and future prospective

As indicated by the literature from the pharmaceutical engineering, medical, and
academic domains, an action plan to sustain future breakthroughs and clinical success
is necessary to channel the increased interest in this topic. To continue these discus-
sions and see the successful application of more drug delivery systems in ophthalmol-
ogy, we propose: (i) increased collaboration at academic institutions between basic
and applied scientific teams, where many novel drug delivery systems are discovered,;
(ii) collaboration between pharmaceutical corporations and researchers in basic and
applied sciences to speed up technology transfer and enable the creation and sale of
innovative prions; (iii) standardised procedures for collecting ocular tissue samples
for pharmacokinetic comparisons. Samples of posterior ocular tissues like the cho-
roid, retinal pigment epithelium, neuroretina (macula and peripheral retina), and
sclera should be obtained consistently to improve data comparison; (iv) To help spon-
sors choose the best route to regulatory approval of innovative ocular drug delivery
systems, there should be clear guidelines, including early and regular communication
with regulatory bodies; (v) gatherings and organisations that foster conversation
between fundamental, applied, and clinical researchers in order to support upcoming
joint efforts in the creation of medical devices and drugs as well as in ophthalmology
translational research; (vi) Rewards for participating persons and organisations; (vii)
Journals that support and welcome translational research papers in subjects including
the outcomes of preclinical testing, the creation of analytical techniques, plans for the
advancement of investigational medications, and critical evaluation of trials that fall
short of their objectives.

6. Conclusion

Drug distribution to ocular tissues has been a significant problem for ocular
scientists for many years. The use of drug solutions as topical drops with conventional
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formulations had some drawbacks, prompting the development of new carrier
systems for ocular delivery. Huge efforts are being made in ocular research to develop
novel drug delivery strategies that are both safe and patient-friendly. Researchers are
currently working hard to improve the in vivo performance of conventional formu-
lations. On the other hand, ocular scientists are intrigued by the development of
nanotechnology, innovative methods, gadgets, and their applications in drug delivery.
Using invasive, non-invasive, or minimally invasive drug administration techniques,
drug molecules are encapsulated in particulate or vesicular carrier systems or devices.

Contact lenses, in situ gels, microemulsions, niosomes, liposomes, implants,
microspheres, and micelles are just a few of the nanotechnology-based carrier systems
being developed and studied. A few of these are mass-produced commercially and
used in clinical settings. The body of the patient gains from novel medication deliv-
ery methods by lowering drug-induced toxicity and visual loss. Additionally, these
carriers or devices lengthen drug release, increase targeted moieties’ specificity, and
help reduce dose frequency. However, after non-invasive medication administration,
a carrier system that can reach targeted ocular tissue, including the tissues in the rear
of the eye, is still required to be developed. A topical drop formulation that maintains
a high precorneal residence time, prevents non-specific drug tissue buildup, and
delivers therapeutic drug levels into targeted ocular tissue is anticipated at the current
rate of ocular research and development (both anterior and posterior). Invasive drug
delivery techniques like intravitreal and periocular injections may one day be replaced
by this delivery technology.
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Chapter 6

Interplay between Pharmacokinetics
and Pharmacogenomics

Alaa Yehya

Abstract

Pharmacogenomics represents an attempt to optimize the efficacy of drugs,
minimize adverse drug reactions, and facilitate drug discovery, development, and
approval. Understanding an individual’s genetic makeup can be the key to creating
personalized drugs with greater efficacy and safety, as pharmacogenetic testing can
be used to identify individuals who may be more susceptible to adverse drug reac-
tions. Interindividual variability in the pharmacokinetics of many medicinal products
is prone to interindividual variability. Pharmacogenomics should be considered one
of the factors affecting the pharmacokinetics of a drug. When a polymorphism in a
metabolizing enzyme and/or transporter causes a difference in exposure, it may alter
efficacy or safety.

Keywords: pharmacogenomics, pharmacokinetics, pharmacology, drug, genetic testing

1. Introduction

Pharmacogenetics is a component of precision medicine in which patient-specific
genes are used to optimize the medical care of patients, which serves to achieve an
optimal drug response in terms of efficacy and toxicity [1]. Observations related to
the dependence of drug effects on the genetic constitution of the recipient can be
traced back to the 1950s, when reports of primaquine-caused hemolysis were seen
in individuals who were glucose-6-phosphate (G6PD)-deficient [2]. Researchers
examined why different people had such diverse responses to the same medication.
In 1957, Arno Motulsky, a pioneer of medical genetics, published a paper titled
“Drug Reactions, Enzymes, and Biochemical Genetics.” Freidrich Vogel, a German
geneticist, is credited with coining the term “pharmacogenetics” in 1959 to explain
the influence of inherited genetic characteristics on clinical responses to xenobiotics.
Werner Kalow, a German clinical pharmacologist, created the framework of pharma-
cogenetics in his book Pharmacogenetics: Heredity and Drug Response, which collected
known research at the time, including his personal findings on genetic variation and
ethnicity [3].

Between 1977 and 1988, an increasing number of different genetic variants and
their corresponding enzymatic functions were reported [4]. In 1999, the National
Institutes of Health (NIH) announced a mission “to enable the formation of a series
of multi-disciplinary research groups funded to conduct studies addressing research
problems in pharmacogenetics” [5]. The Pharmacogenetics Research Network (PGRN)
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was created in 2000, with a mission “to catalyze and lead research in precision medi-
cine for the discovery and translation of genomic variation influencing therapeutic
and adverse drug effects” [6]. In the same year, the Pharmacogenomics Knowledge
Base (PharmGKB) was released, which is a searchable referenced database of clinically
actionable gene-drug associations and the relationships between genotypes and their
produced phenotypes [7].

Reports focused on specific genes have been implicated in medication response for
many years; single-nucleotide polymorphisms (SNPs) are the most frequently encoun-
tered genetic variants. High-density maps of SNPs also make them the most technically
accessible class of genetic variants. By correlating SNPs and drug response data, one
will have gained an ability to predict drug efficacy or toxicity within reasonable limits
for any individual [8]. With the completion of the human genome sequencing project
in 2001, a cutting-edge information technology capable of processing tens of thousands
of raw sequence data became accessible [9]. Several population-based programs were
launched in subsequent years. The term “pharmacogenomics” has emerged to refer to a
better knowledge of the influence genetic diversity has, in many genes, on medication
pharmacology. Currently, research institutes, companies, and government laboratories
are rapidly moving on toward acquiring pharmacogenomic database management sys-
tems (DBMS), which are meant to combine public and proprietary genomic databases,
clinical data sets, and results from high-throughput screening technologies [10].

Drug safety is the evaluation and study of the pharmacological effects of a poten-
tial drug that are unrelated to the desired therapeutic effect [11]. It is an essential
element throughout the spectrum of drug discovery and development. A focus on
variation related to genes involved in a drug’s pharmacokinetics (PK), which is the
complex interplay of absorption, distribution, metabolism, and excretion, can be
helpful for the prevention and treatment of patients experiencing with adverse drug
reaction (ADR) [12]. Consequently, it can assist in choosing the appropriate and
safe drug and dosage for each patient [13]. The term “population pharmacokinetic”
(PPK) was first used by Sheiner in 1977 for investigating the typical PK of a drugina
large target population using available data. The PPK approach aims to quantitate the
effects of various physiologic factors on drug PK with the overall goal of explaining
as much variability as possible [14]. Mathematical models are developed to estimate
the population-specific pharmacokinetic model parameters for a given drug. For
example, parameters can be used to quantify the relationship, e.g., of clearance to
individual physiology, such as the function of the liver, kidney, or heart [15]. A dose
regimen can then be adjusted to achieve a specific clinical goal, such as drug exposure,
within the therapeutic concentration window in the whole population or, if necessary,
for special subpopulations characterized by their individual physiology. It must be
considered that the significant variability of genetic information is transmitted from
one generation to the other and is not always unaltered, creating a further degree of
variability with great potential clinical relevance [16]. Pharmacogenomics accounts
for ~80% of the variability in drug efficacy and safety. Over 400 genes are clinically
relevant in drug metabolism, and ~#200 pharmagenes are associated ADRs. The main
role of pharmacogenetics is to translate genetic information into everyday clinical
practice and lower the impact of ADRs, both for patients and for the healthcare
system. The Food and Drug Administration (FDA) recently approved a safety label-
ing change for multiple drugs, guiding clinicians to identify individuals who may be
“more susceptible” to ADR [17]. This labeling change does not constitute a require-
ment for testing prior to drug use but represents a step toward the establishment of
such testing as a standard of practice.
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The development of diagnostic tests for clinically significant disorders should be
the emphasis of pharmacogenomics research [18]. Not every association results in a
potentially valuable pharmacogenetic test, and financial and technological resources
may be squandered if the significance of more easily quantifiable values is not initially
ruled out [19]. For example, 5-hydroxytryptamine-3 receptor antagonists, which are
used to treat nausea and vomiting, are known to be metabolized by the cytochrome
P450 2D6 (CYP2D6) enzyme. Kim et al. discovered genotype-dependent pharmaco-
kinetics for tropisetron in healthy volunteers [20], indicating that cancer patients who
are ultrarapid metabolizers (UM) are undertreated by a standard dose of tropisetron.
This idea was tested in 270 cancer patients by Kaiser and colleagues. There were more
nausea and vomiting episodes in patients with a significant number of functioning
CYP2D6 alleles. Patients given 4 mg of ondansetron to prevent postoperative nausea
and vomiting had a similar outcome [21]. The impact of the UM phenotype on the
pharmacokinetics and therapeutic efficacy of 5-hydroxytryptamine 3 receptor antago-
nists is clearly demonstrated by these studies. The “number needed to genotype” (i.e.,
the number of individuals needed to genotype to prevent one patient from experienc-
ing needless nausea and vomiting) appeared to be 50 due to the low frequency of the
UM genotype in persons of northern European origin [22]. This number is likely too
high to incorporate pharmacogenetic testing into normal clinical practice and, more
significantly, simpler options for preventing nausea, such as dosage titration or the use
of an alternate antiemetic regimen, are currently available [23].

The molecular biology background of pharmacogenetics describes variations seen
in drugs’ pharmacokinetic phases and/or pharmacodynamics, where drug receptors
and other targets may be different from one patient to another [24]. This chapter
focuses on the interplay between pharmacokinetics and pharmacogenomics.

2. Single-gene pharmacokinetics disorders
2.1 Pseudocholinesterase deficiency

Pseudocholinesterase is a plasma enzyme produced in the liver that is respon-
sible for the metabolism of common muscle relaxants, including succinylcholine
and mivacurium [25]. The inherited form of the enzyme transfers in an autosomal
recessive manner. Patients with defective inherited forms of pseudocholinesterase
(heterozygotes and homozygotes) present with prolonged muscular paralysis.
Acquired pseudocholinesterase deficiency can develop in a variety of diseases or
as a side effect of certain medications [26]. Pseudocholinesterase deficiency can
be induced by malnutrition, pregnancy and the postpartum period, burns, liver
illness, renal disease, cancer, infections, and medications such as steroids and
cytotoxic agents [27]. Both acquired and hereditary defects are considered uncom-
mon. Caucasian males of European origin, as well as Alaskan Native tribes, have the
highest frequency of pseudocholinesterase deficiency [28]. In pseudocholinester-
ase-deficient patients, there is no particular therapy for neuromuscular paralysis;
nevertheless, respiratory assistance with mechanical ventilation can be provided
until the neuromuscular blockade is resolved [29]. Nondepolarizing neuromuscular
blockers, such as atracurium, rocuronium, and vecuronium, are indicated for those
with pseudocholinesterase deficiency. In addition, relatives of those who have been
diagnosed with pseudocholinesterase deficiency are advised to get tested for the
condition [30].
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2.2 Acute intermittent porphyria

Acute intermittent porphyria (AIP) is a pharmacogenetic disease caused by a por-
phyrin metabolic defect characterized by a lack of porphobilinogen deaminase and
arise in the activity of delta-aminolevulinic acid synthase—two essential enzymes
required for heme production [31]. Patients may have stomach discomfort, vomiting,
muscular weakness, constipation, and neuropsychiatric symptoms during an episode.
Clinical episodes are produced by many drugs (including barbiturates, antiseizure
drugs, and sulfonamide antibiotics), hormones, and dietary variables, all of which
induce hepatic delta-aminolevulinic acid synthase [32].

The most accurate approach for confirming AIP in patients and their symptom-free
relatives is DNA analysis. The hydroxymethylbilane synthase (HMBS) gene is directly
sequenced to discover a mutation in the proband as well as asymptomatic gene carri-
ers among family members [33]. The sensitivity of the mutation analysis ranges from
90-100%. So far, 391 mutations in the HMBS gene have been reported. Thus, DNA
testing in a family’s index case may be more difficult and time-consuming, but mutation
analysis thereafter may quickly identify numerous family members at risk [34].

Heme infusions are frequently used to reduce the intensity and frequency of
recurring episodes. The goal of this treatment is to significantly lower the level of
porphyrin precursors in the blood. Most individuals react effectively, although long-
term therapy may lead to exogenic heme dependency. As a result, a patient’s heme need
may grow from monthly to twice-weekly infusions, making treatment discontinuation
difficult due to significant porphyric symptoms. The use of heme preparations on a
regular basis might cause thrombotic problems in the superficial veins, necessitating
the use of a permanent central venous catheter [35]. Furthermore, long-term heme
therapy might result in iron excess and hemosiderosis, which can cause organ damage.
Hepatopathy, heart failure and endocrinopathies may arise as a result of the disease
progressing. Iron burden in organs is shown by computed tomography (CT) or mag-
netic resonance imaging (MRI) [36]. Venesections are generally unpopular, although
iron chelates can help. Preventative actions can be taken if family members are tested
to determine whether they are genetic carriers. Symptomatic treatment, a high carbo-
hydrate diet, and intravenous hematin injection are all used to treat attacks [37].

2.3 Drug acetylation deficiency

N-acetyl transferase (NATS) activities in human hepatic drug metabolizing
enzymes have previously been identified as a source of inter-individual heterogeneity
in drug metabolism [38]. The liver’s cytochrome P450 enzymes are primarily respon-
sible for phase I oxidation, whereas phase 2 conjugations include glucuronidation,
sulfation, and acetylation [39]. Two genes (NAT 1) and (NAT 2) are now known to
control N-acetyl transferase (NAT), with NAT 2 A and B accounting for clinically
significant metabolic variance [40].

Caffeine, isoniazid, nitrazepam, and sulfonamides are among the many common
medications that are acetylated. Aromatic and heterocyclic amines are also carci-
nogenic, which has led to the theory that NAT genotypes are linked to cancer risk.
Individuals can be divided into two groups after receiving sulfamethazine, caffeine,
or another marker drug and having plasma and urine drug concentrations measured
after a standard time interval: fast acetylators with only low concentrations of the
parent drug remaining in the blood and slow acetylators with much higher concentra-
tions of the parent drug remaining in the blood [41]. The frequency of fast and slow
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acetylators varies by ethnicity; Caucasian and Negro populations have almost equal
numbers of fast and slow acetylators, whereas Oriental races have over 90% quick
acetylators. The slow acetylator phenotype predominates among Arab people in Asia
(e.g., Saudi Arabia and the United Arab Emirate) [42, 43] and North Africa (e.g.,
Egypt and Morocco) [40, 44].

3. Genetic variants affecting pharmacokinetics

Genetic variation in drug-metabolizing enzymes and/or drug transporter genes
might impact drug exposure in terms of PK key parameters, such as maximum drug
concentration (Cmax) and area under the curve (AUC) [45]. These differences can
affect a patient’s loading dose, maintenance dose, dosing interval, and as a result,
medication response and safety [46, 47].

3.1 Pharmacogenomics of drug-metabolizing enzymes

In the last decade, technical advancements in gene scanning and gene variant
identification have substantially increased our understanding of the function of
pharmacogenetics in drug metabolism [48, 49]. The number of genetic variants
identified for genes coding for drug-metabolizing enzymes (DMEs) considerably
increased in the early 2000s and continues to increase. Variation in drug metabolism
and drug response can be caused by temporary factors, such as transient enzyme
inhibition and induction, or by permanent causes, such as genetic mutation, gene
deletion, or amplification among people of the same body weight and on the same
medicine dosage. However, not all variants result in significant changes in enzyme
activity. Genetic polymorphism can be associated with three phenotype classes
based on drug metabolizing ability: the extensive drug metabolizer phenotype (EM)
is found in the general population; the poor drug metabolizer phenotype (PM) is
caused by mutation and/or deletion of both alleles and is linked to the accumulation
of specific drug substrates; and gene amplification causes the UM phenotype, which
results in increased drug metabolism [50]. The cytochrome P450 enzymes in families
1-3 mediate 70-90% of all phase I-dependent metabolism of available drugs [51]. The
polymorphic forms of P450s are responsible for the development of approximately
86% of the reported adverse drug reactions (ADRs) of substrate drugs. Polymorphic
enzymes (in particular, CYP2C9, CYP2C19, and CYP2D6) mediate around 40% of
P450-mediated drug metabolism [52]. The major CYP450 forms that are important
in human drug metabolism are shown in Table 1, together with their main substrates
and the clinical consequences of the polymorphism.

3.2 Pharmacogenomics of drug transporters

The distribution of drug transporters in tissues key to pharmacokinetics, such as
the intestine (absorption), blood-brain barrier (distribution), liver (metabolism),
and kidneys (excretion), strongly suggests that genetic variation associated with
changes in protein expression or function of these transporters may have a substantial
impact on systemic drug exposure and toxicity [53]. In the last decade, a greater
focus has been given to the impact of genetic variation in membrane transporters
on the pharmacokinetics and toxicity of numerous therapeutic drugs [54]. While
most transporter-related pharmacogenetic research has been related to classic genes
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Metabolizing Example substrates Major Clinical consequence of Ref
enzyme allelic the polymorphism
variants
CYP2D6 Atomoxetine, CYP2D6 4 Altered drug dosage [47]
propranolol, tramadol CYP2D6'10
CYP2D6'17
CYP2D6'41
CYP1A2 Caffeine, duloxetine, CYP1A21K Reduced enzyme [48]
melatonin, clozapine inducibility
CYP2C9 Celecoxib, glimepiride, CYP2C92 Altered drug dosage [49]
phenytoin, warfarin CYP2C9'3
CYP2C19 Omeprazole, diazepam, CYP2C192 Altered drug dosage [50]

rabeprazole, voriconazole CYP2C19'3

Table 1.
CYP450 engymes and related polymorphisms.

Drug Example substrates Polymorphism Clinical consequence Ref
transporter
OATP1B1 Atorvastatin, pravastatin, SLCO1B1'5 Increased susceptibility to [54]
repaglinide, methotrexate Val174Ala drug induced adverse events
c.521T>C
ABCG2 Sulfasalazine, atorvastatin (rs2231142 Increased susceptibility to [55]
GInl141Lys drug induced adverse events
c421C> A
OCT1 Metformin, cisplatin R61C Altered drug dosage [56]
P160L
G401S
G465R
ABCB1 Irinotecan, mycophenalic 3435C>T Increased susceptibility to [57]
acid 2677G/T/IA drug induced adverse events
SLC6A4 Citalopram, respiridone 5-HTTLPR Altered drug response [58]
Table 2.

Drug transporters and related polymorphisms.

encoding the outward-directed ATP-binding cassette (ABC) transporters, such as
ABCB1 (P-glycoprotein), ABCC2 (MRP2), and ABCG2 (BCRP), more studies have
been conducted in recent years evaluating genes encoding solute carriers (SLC) that
mediate the cellular uptake of drugs, such as SLCO1B1 (OATP1B1) and SLC22A1
(OCT1) [55]. The main drug transporters are shown in Table 2, together with their
main substrates and the clinical consequences of the polymorphism(s).

4. Utility of pharmacogenomics and clinically available tests

One of the earliest uses of sequencing the human genome was expected to be clinical
testing to predict medication response. New pharmacogenetic tests have a positive
or substantial impact on prescription practice, such as the adoption of a different
medication or dosage regimen, which results in quantifiable improvements in patient
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outcomes [56]. Despite the availability of tests, several barriers have hindered their
implementation in ordinary clinical practice, including poor knowledge among health-
care professionals, ethical concerns, and the cost-effectiveness of the clinical outcome
[57]. Furthermore, determining medication responses in complex multifactorial
characteristics is difficult due to the interaction of many genes and genetic variations
with environmental variables, and the genetic element may only have a minor influence
on the outcome of treatment [58]. Much of the early published research focused on
single pathogenic mutations that are particularly conspicuous or that have an obvious or
unambiguous “all or nothing” therapy [59]. In fact, the likelihood of medication benefit
and risk is frequently a continuum with a broad range of variance among individuals

in a community, and relying on a single predictive biomarker to guide the treatment of
serious diseases may not be accurate or reliable enough. Confirming analytic validity
(test accuracy and reliability) and determining clinical utility should be the first steps
in assessing pharmacogenetic indicators in clinical treatment [60]. There are additional
health-economic issues to address, such as whether the genetic markers are common
enough in their patient population to warrant the screening expenses [61]. The practi-
cality of applying the biomarker testing method in a way that does not delay patient care
will then be examined by policymakers and funding agencies. When compared with
the current availability of preemptive testing for many genetic markers, the previous
practice of single gene as needed, or “one at a time’” testing, might appear inefficient
and costly [60]. Several obstacles to pharmacogenomics implementation have been
identified and reported in the literature. Many of these issues are comparable with those
that arise when introducing any new therapeutic service in a variety of practice settings.
Securing administrative and provider buy-in, building effective physician relationships,
and integrating a new service into an established clinical workflow are just a few of the
common obstacles [62]. Still, fast testing utilizing multi-gene panels is becoming more
widely available; an individual’s genetic data from a single sample may now be used to
advise them about a variety of treatment options that may occur later in their lives.

4.1 Warfarin and CYP2C9/VKCOR

The most commonly prescribed medication for which a pharmacogenetic test has
been proposed is warfarin [63]. The adoption of such testing as a standard of care has
had to overcome three major challenges: (i) the presence of an alternative biomarker,
the international normalized ratio, which is widely used and trusted by the practice
community [64]; (ii) the need for specific dosing guidelines resulting from testing;
and (iii) the need to demonstrate improvements not only in short-term toxicity but
also in long-term toxicity [65]. Several dosage algorithms have been presented, and an
international collaboration of researchers led by the PharmGKB (Pharmacogenomics
Knowledge Base) has developed a clear, generalizable dosing methodology. Only
the VKORC1 (P = 6.2 10-13) and CYP2C9 (P = 510-4) polymorphisms were found
to be significant in a genome-wide association investigation of about 550,000
polymorphisms, suggesting that extensive and expensive trials would be necessary
to find other relevant genetic variations [66]. The United States Food and Drug
Administration (FDA) has revised the labeling to include genetic information, rec-
ognizing the importance of the relationship between the CYP2C9 genotype and the
risk of severe bleeding episodes as well as a number of effectiveness surrogates [67].
Additional studies on the specificity and sensitivity of testing for both effectiveness
and toxicity will likely be required before existing practice guidelines are amended to
incorporate CYP2C9 9 and VKORCI testing as clinical recommendations [68].
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4.2 Tamoxifen and CYP2D6

Numerous studies across the world have investigated correlations between geno-
type and clinical outcome since the Consortium on Breast Cancer Pharmacogenomics
identified a substantial relationship between the active metabolite endoxifen concen-
trations and the CYP2D6 genotype [69, 70]. Although more than 10 studies have been
published on the subject, they are all small, and none of the large prospective trials
comparing tamoxifen to aromatase inhibitors have been opened for analysis [71]. This
is important, since the publishing of small studies might lead to selection bias and
underpowered results in the research. Given that complex CYP genotypes can now be
determined from paraffin sections [72], these data should be critical to the long-term
clinical utility of CYP2D6 testing for tamoxifen efficacy in the many practice settings
where it is used.

4.3 (5-fluorouracil) and dihydropyrimidine dehydrogenase deficiency

5-Fluorouracil is a chemotherapeutic medication commonly used to treat solid
tumors, but its inconsistent effectiveness is exacerbated by its equally variable and
often severe mucocutaneous toxicity [73]. The main metabolic enzyme in the target
of 5-fluorouracil, dihydropyrimidine dehydrogenase, has a significant number of
functional genetic variations [74]. Because testing for these variations cannot identify
all cases of toxicity, their specificity and sensitivity are limited. This might be due to
contributions from unknown genetic variations or nongenetic variables, such as age
and gender, which have been shown to impact 5-fluorouracil clearance and toxicity
[75]. Genome-wide association studies and the development of predictive scores
integrating both clinical and genetic variables may be useful in this regard.

4.4 Irinotecan and UGT1A1

Variable effectiveness and possibly life-threatening toxicity limit the use of
irinotecan as an effective therapy for colorectal and lung cancer [76]. Irinotecan
is metabolized to the active metabolite SN-38, which is then removed by uridine
diphosphate glucuronosyltransferase 1A1 (UGT1A1)-catalyzed phase II glucuronida-
tion [77]. It was immediately realized that this enzyme is also the primary cause of
Gilbert’s syndrome’s benign, congenital hyperbilirubinemia. UGT1A1 polymorphisms
are also predictive of irinotecan pharmacokinetics and treatment results, according
to a number of studies [78, 79]. Irinotecan’s FDA-approved label has been updated to
contain a reference to UGT1A1 genetic testing but no precise dosage recommenda-
tions. This, along with evidence that UGT1A1 testing may not be predictive for all
irinotecan dosage regimens, has limited the test’s utility [58]. FDA labeling has not
resulted in widespread usage of this test. This might be due to the absence of well-
established alternative therapy options for patients with certain UGT1A1 genotypes as
well as the unknown effects of testing.

4.5 Azathioprine, 6-mercaptopurine, and thiopurine methyltransferase

Granulocytopenia is a rare but life-threatening complication caused by giving
standard dosages of azathioprine or 6-mercaptopurine to those who have homozy-
gous thiopurine methyltransferase gene variations (TPMT) [80]. Although these
medicines are approved for the treatment of leukemia in children, most of their
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clinical usage is in the treatment of inflammatory bowel disease in adults, where there
have been fewer studies evaluating their efficacy. The perception that alternative
indicators, such as a simple measurement of white blood cell count, may be used in
place of the genetic test has limited its usage [81]. Furthermore, the availability of an
equally predictive alternative—the test for phenotypic enzyme activity—has led to
the increased adoption of this phenotypic test in some situations. The TPMT genotyp-
ing test is now included on the FDA labels for the medicines in question, but neither
the criteria for testing nor the ramifications of the test’s results are specified [82].
Overall, the rarity of the variant phenotype, the availability of alternative predictors,
and an FDA label that is neither specific nor proscriptive restrict the widespread utility
of testing for the TPMT genotype.

4.6 Abacavir and HLA*B5701

Abacavir’s usage in the treatment of HIV/AIDS is linked to severe skin sensitivity,
which has severely restricted its use [83]. Fortunately, significant skin responses are
strongly linked to a germline HLA variation, and HLA"B5701 testing has been routinely
utilized to prevent these reactions all over the world [84]. As a result, the medication is
now used more effectively, and genetic testing is now the standard of care when abacavir
is administered. The release of large prospective clinical trials demonstrating decreases
in the incidence of skin sensitivity responses with clinically acceptable specificity and
sensitivity has contributed to this accomplishment [85]. These studies were linked to a
significant rise in the usage of testing [86]. However, abacavir is not extensively utilized
in all clinical settings, and a single pharmacoeconomic analysis found that HLA-B*5701
testing would remain the favored approach only if abacavir-based treatment was as
effective as tenofovir-based treatment and if the cost was lower per month.

4.7 Carbamazepine and HLA-B*1502

Carbamazepine can induce severe skin responses, such as Stevens-Johnson syn-
drome and toxic epidermal necrolysis, similar to abacavir. These negative occurrences
have been linked to a specific HLA allele, HLA-B*1502,18, which is found nearly
exclusively in Asian people [87]. HLA-B*1502 genetic testing is available, and the FDA
has determined that Asian individuals should be tested before commencing carba-
mazepine medication [88]. Unless the predicted benefit clearly justifies a higher risk
of severe skin responses, carbamazepine should not be initiated if they test positive.
Even if a pharmacogenetic impact is limited to a particular ethnic group, rapid FDA
action is conceivable when the link is convincing and a therapeutic change may be
achieved, as in the instance of carbamazepine. It is worth noting that the identical
genetic variation has recently been linked to phenytoin hypersensitivity responses.

4.8 Clozapine and HLA-DQB1

Agranulocytosis, the most serious side effect of clozapine, has been linked to the
HLA locus, limiting the use of this essential and effective medicine [89]. An associa-
tion between the incidence of clozapine-related agranulocytosis and HLA-DQB1*0201
in schizophrenia patients has been reported [90]. This assumption is based on short
trials with a small number of 50 patients, making it less powerful and specific than in the
instances of abacavir and carbamazepine. As a result, the test has a lower acceptance
rate, and recommendations have yet to be developed.
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5. Conclusions

The discipline of pharmacogenomics (PGX) has rapidly developed, and its
application to patient care is continuing to unfold. It is acknowledged that pharma-
cogenetics may not be equally important for every drug. Genetic factors influencing
drugs’ pharmacokinetic phases are centered on drug metabolism and transportation.
Pharmacogenetic testing investigations should be promoted in sectors where there isa
high probability of a clinically meaningful impact on clinical practice.
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Abstract

Metabolism of most pharmaceutical drugs occurs in the liver. In drug
metabolism, enzymes convert drugs to highly water-soluble metabolites to facilitate
excretion from the body. Thus, in vitro models for studying drug metabolism usually
target hepatocytes or subcellular liver fractions like microsomes, cytosols, or S9
fractions with high concentrations of specific enzymes. The most popular sub-
cellular fraction used during drug discovery tends to be the microsomes, as these are
easy to prepare and store, are amenable to high throughput screening, and are a
relatively low-cost option. Understanding the metabolic stability and kinetics of
glucuronidation of an investigational drug is crucial for predicting the pharma-
cokinetic parameters that support dosing and dose frequency. This chapter provides
detailed information about metabolite profiling, metabolic stability, glucuronidation
kinetics, reactive metabolites identification, CYP enzyme inhibition, and general
protocols using human liver microsomes.

Keywords: metabolism, metabolite profiling, metabolic stability, glucuronidation,
reactive metabolites, drug—drug interaction

1. Introduction

The evolution of a new drug entity proceeds through a preclinical screening stage,
during which the pharmacological and toxicological properties are scrutinized [1].
After oral administration, the drug gets absorbed and reaches the liver through the
portal circulation for its metabolism. Cytochrome P450 (CYP450) enzymes are
responsible for metabolizing most of the drugs in Phase I metabolism. However,
flavin-containing monooxygenase (FMO) and enzymatic or nonenzymatic hydrolysis
are also involved in the drug’s metabolism but to a lesser extent. Phase II metabolism
results in the production of metabolites conjugated to different chemical moieties like
glucuronide, sulfate, glutathione, glycine, and acetate [2].

In 2016, the U.S. Food and Drug Administration (FDA) issued regulations for
determining the safety and evaluation of drug metabolites for their toxicity in non-
clinical species. These guidelines also provide a recommendation for identifying and
characterizing drug metabolites. Iz vivo clinical metabolism studies involve the
screening of biological matrices such as serum, urine, feces, and hair for identification
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of metabolites, whereas in vitro drug metabolism studies using human liver micro-
somes (HLM), human hepatocytes (either fresh or cryopreserved), and recombinant
expression of cytochrome P450 enzymes (supersomes) in determining the human
metabolic pathways [3, 4]. Comprehensive studies for Phase I and Phase II metabo-
lism involve extensive HLM and human hepatocytes [5]. HLM helps determine the
activity of drug metabolizing enzymes, CYPs and UGTs, present in the liver conve-
niently and straightforwardly [6, 7]. Further, it offers numerous advantages: high
throughput screening, ease of storage, economic, repeatable, and simple usage with
higher chances of clinical success [8]. Characterization of drug metabolic properties,
assessing metabolic stability, and identifying metabolites are essential in determining
the safety and success of clinical development [9].

2. Drug metabolism: a brief background

The concept of drug metabolism emerged around the mid-19th century but
flourished in the 20th century [10]. Metabolism of most pharmaceutical drugs occurs
in the liver. In drug metabolism, enzymes convert drugs to highly polar metabolites to
facilitate excretion from the body. Drug metabolism helps assess the oral bioavailabil-
ity, elimination half-life, and clearance of the body’s drug substance. The deduced
parameters help decide the dose adjustment and the drug substance’s administration
frequency [11]. The drug concentration should always reside within the therapeutic
window, i.e., between the minimum effective concentration (MEC) and the maxi-
mum safety concentration (MSC), to avoid therapeutic failure and adverse effects
[12]. CYPs being abundant in the liver, metabolize the majority of drugs [12]. Fur-
thermore, CYPs regulate the biotransformation of endogenous as well as exogenous
compounds [13]. Among all the CYP isoforms, CYP3A4 contributes to the metabolism
of more than 50% of the marketed drugs [14, 15].

Drug metabolism reactions are divided into Phase I, Phase II, and Phase III reac-
tions. Phase I reactions result in oxidation, reduction, and hydrolysis. The Phase I
enzyme families include the CYP superfamily, flavin-containing monooxygenases
(FMO), monoamine oxidases, alcohol or aldehyde dehydrogenases, reductases, ester-
ases, amidases, and epoxide hydrolases. Phase II reactions lead to the addition or
conjugation of highly polar groups to the drug molecule after Phase I reactions.
Occasionally, direct Phase II reactions occur when susceptible functional groups are
present on the molecule without being preceded by Phase I reactions. Common Phase
II reactions include glucuronidation, sulphation, methylation, N-acetylation, and
glutathione conjugation [16]. Phase III metabolism occurs through the elimination of
drug molecules through the efflux pump [12]. The primary objective of drug metabo-
lism is to eliminate the drug from the body by converting the lipophilic centers to
hydrophilic centers, thus making them water-soluble for easy elimination through the
kidney [17, 18]. Sometimes, metabolism may result in the conversion of a drug into a
toxic metabolite. On the contrary, metabolism also converts an inactive drug
(prodrug) to its active metabolite for achieving the desired medicinal results [18].
Many metabolites of known drugs like desloratadine (parent drug- loratadine), oxaz-
epam (parent drug- diazepam), and cetirizine (parent drug- hydroxyzine) have been
found to possess equivalent or enhanced therapeutic activity than the parent drug
[19]. Similarly, the discovery of paracetamol was precious as it replaced the use of
phenacetin, a toxic parent moiety. Hence, the metabolite’s activity plays a significant
part in bioequivalence studies [20].
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First-pass metabolism explains metabolism before a drug reaches systemic cir-
culation. This term refers to orally administered drugs that undergo metabolism in
the gut or the liver before reaching the systemic circulation. Figure 1 illustrates the
various barriers to the drug reaching systemic circulation by the first-pass metab-
olism. During the drug discovery and development phases, the drug’s metabolic
fate should be kept in mind. Several approaches are in use ranging from empirical
data-driven approaches to mechanistic models to predict drug metabolism. The
empirical data-driven approaches, such as machine learning, involve approxima-
tions and assumptions, thereby providing high-speed predictions with low preci-
sion. In contrast, the mechanistic models involve quantum mechanics or molecular
dynamics for providing significantly high accuracy; however, they consume time
and effort [21].

Factors affecting drug metabolism are categorized into inter-individual factors and
intra-individual factors [22, 23]. Inter-individual factors such as genetic factors, spe-
cies differences, health conditions, enzyme induction/inhibition by xenobiotics or
environmental factors, nutritional differences, and behavioral and cultural differences
vary across individuals. However, they are uniform throughout the life of the organ-
ism [22]. Intra-individual factors can change throughout the lifetime, and different
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Figure 1.

First-pass metabolism by CYP3A4 and/or transport by P-glycoprotein (P-gp) in the enterocytes of small intestine
wall and then hepatocytes of the liver before reaching the systemic circulation. FGI: Intestinal availability, Fr:
Hepatic availability,F,,,;: Oral bioavailability, Egp: Intestinal extraction ratio, Ep: Hepatic extraction vatio.
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endogenous and exogenous conditions control these factors, but the effect may be
more significant under genetic influence. These can occur through the interaction
of xenobiotics with transcription factors or xenobiotics with the drug-metabolizing
enzymes. This direct interaction of xenobiotics with the drug-metabolizing
enzymes causes the induction or inhibition of those enzymes [23]. Internal factors
include age, pregnancy, hormones, sex, diseased state, genetics, and species. In
contrast, external factors comprise the environment and diet (alcohol, tobacco,
chemicals, and drugs) [24, 25]. Several studies reported that the reduction of rate
and efficiency of the drug metabolism in the aging population is due to changes in
the drug-metabolizing enzyme activity, variation in plasma protein binding,
hepatic blood flow, and decrease in the liver mass, leading to the slowing down of
excretion of few metabolized drugs [26]. The results of fasting on drug biotrans-
formation are around 10-20%. This factor becomes crucial when a drug with a
narrow therapeutic range is administered or when fasting produces an effect in
combination with other factors [27].

In vitro systems help in mimicking and understanding the iz vivo metabolism
process. Of these, liver microsomes and hepatocytes are utilized to predict hepatic
clearance [28]. HLM and suspended hepatocytes are the most common iz vitro
methods for determining metabolic stability [29]. They generate metabolites on a
large scale for determining metabolic stability and profiling for comparison. The
technological advancements have led to the generation of recombinantly expressed
CYPs, slicing of the tissues, isolation of hepatocytes, and purification of the
enzymes in a reproducible manner [30]. Immobilizing HLM on magnetizable
beads coated with silica (HLM-MGBS) showed increased in-vitro metabolic effi-
ciency [31]. The cellular or tissue models are used to assess the toxicity of the drug
substance and its metabolites in cells or tissues [32, 33]. The placental toxicity of
anticancer drugs was elucidated using placental tissue explants and trophoblast cell
lines [34].

3. HLM: a best in vitro model to conduct high-throughput drug
metabolism studies

HLM are the subcellular fractions derived from the liver’s endoplasmic reticulum
obtained by differential high-speed centrifugation. Figure 2 displays the steps
involved in the preparation of HLM from the human liver. HLM contains various
enzymes such as CYPs, flavin-monooxygenase (FMO), carboxylesterases, epoxide
hydrolase, and UGTs, making it a preferred iz vitro model for drug metabolism
studies. Assessing interindividual variability is possible with HLM as the activity of
the microsomes differs in different individuals. This interindividual variability can be
minimized while performing general metabolism studies by pooling the microsomes
from different individuals. Microsomes from other human organs (intestine, kidney,
lung) are also available and are utilized to evaluate extra-hepatic metabolism [35].
HLM aids in various studies like metabolite identification and profiling, assessment of
interspecies variations, estimation of in vivo clearance, reaction phenotyping, and
elucidation of the metabolic pathways [5, 8, 30, 36-38]. Furthermore, gender-specific
microsomes are utilized in studying gender-based disparities in drug metabolism
studies.

NADPH or NADPH regenerating system (NRS) is essential for the incubation
process, and while determining the UGT activity, UDGPA and alamethicin are the
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Figure 2.

Preparation of human liver microsomes. Microsome preparation buffer composition: 10 mM potassium phosphate
buffer, pH 7.4, with 1.15% (w/v) potassium chloride. Homogenize the liver twice at 20,500 rpm, each time for
30 s, with a 30 s cooling period between bursts. Centrifuge the homogenate for 5 min at 1000 x g, 4°C, then
increase to 10,000 X g for a further 10 min. Ultracentrifuge the S9 fraction for 60 min at 105,000 x g, 4°C.

prerequisites [5, 8, 37]. HLM are preferred as they are simple, economical, easy to
store for long-term usage, and offer high throughput screening. Nevertheless, HLM
has few drawbacks as it is unsuitable for quantitative assessments in drug metabolism
studies since it lacks N-acetyltransferase (NAT), glutathione-S-transferase (GST),
sulfotransferase (SULT) enzymes, and other cofactors. This drawback restricts the
competitiveness in metabolism as well as limits the generation of a few metabolites. It
also fails to consider the percentage of drugs bound to plasma proteins instead of
microsomes crucial for iz vivo metabolism studies [5, 8, 36, 37].

4. Drug metabolism studies by HLM

CYP activity changes in different species and this interspecies variation in drug
metabolism can be estimated by investigating the iz vitro drug metabolism in liver
microsomes obtained from various species. The appropriate animal model for phar-
macokinetics and toxicological studies can be determined by comparing the CYP
metabolic profiles obtained from different species with the HLM. Microsomes can be
acquired from the below-stated corporations: XenoTech LLC (www.xenotechllc.com),
Human Biologics (www.humanbiologics.com), Cedra, Co. (www.cedracorp.com), BD
Gentest (www.bdbiosciences.com) and Celsis International (www.celsis.com).
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However, it is to be noted that the activity of the microsomes fluctuates among
different batches and vendors. For instance, rat liver microsomes obtained from two
different vendors demonstrated significant activity differences in the biotransforma-
tion of buspirone and loperamide. In contrast, the one obtained from the third vendor
showed no activity. Furthermore, three batches obtained from the same supplier
exhibited different activities in the biotransformation of buspirone and loperamide
[39]. These differences were observed because of the innate differences in animals and
varying preparation methods chosen by the vendors. Few vendors prepare liver
microsomes by using phenylmethylsulfonylfluoride, while others use ethylenediami-
netetraacetic acid (EDTA). Phenylmethylsulfonylfluoride inhibits trypsin-like prote-
ases that are responsible for microsomal proteolytic degradation and certain
carboxylesterases. On the other hand, EDTA chelates calcium and iron inhibiting both
calcium-dependent phospholipases and lipid peroxidation. For each fresh batch, it is
vital to examine the microsomal characterization data given by the vendor to check the
CYP content, cytochrome b5, and NADPH-cytochrome c reductase activity.

For quantifying metabolites, drugs are incubated with microsomes with a low
microsomal protein concentration, i.e., <0.5 mg/mL [40, 41]. This low concentration
reduces the extent of protein binding to the drug. The final protein concentration of
preparation is assessed by a Bradford protein assay or Lowry protein assay with
bovine serum albumin as a standard. Storage of HLM at low temperatures (—80°C)
maintains the activity of CYP enzymes for an extended period [40]. Microsomes
thawed and kept on ice for less than 2 hours can be re-frozen at —80°C for reuse as
there will be insignificant loss of enzyme activity [42].

The drug concentration used in vitro studies is higher than that observed in blood
in an animal study. When the iz vivo drug concentrations are unknown, the final drug
concentration is chosen from a range of 1-10 uM to simulate the iz vivo conditions.
Drug’s incubating concentrations (0.5-15 pM) have a significant influence on the
drug’s stability consequences: higher concentrations of the drug are more stable in
microsomes [39]. Thus, it is recommended to work with two different concentrations
of a drug for understanding the concentration impact on its stability within the
microsomes and additional matrices. Low concentrations of the drug are proposed for
in vitro studies due to the following reasons: 1) The reaction between the test drug and
enzyme follows a first-order reaction, i.e., the rate of the reaction is directly propor-
tional to the concentration of the drug 2) Concentration of organic solvents always
should be low as it reduces the microsomal activity.

The control groups should exclude the substrate, microsomes, NADPH, or the NRS
from the incubation solution. Ice-cold organic solvent (e.g., acetonitrile or methanol)
is used to quench the reaction. Incubation time of less than 2 h at 37°C is suggested for
performing a stability study using microsomes [42]. In the extended incubation
period, additional control group incubations need to be included to ensure the
enzyme’s activity and thermal degradation of the drug. When metabolite identifica-
tion is difficult, the % of unchanged parent drug versus time will be recorded. Organic
solvents employed for solubilizing lipophilic drugs inhibit CYP activity. DMSO con-
centrations of 0.2, 0.5, or 1% inhibit the CYP activity resulting in erroneous stability
data of incubated drugs. DMSO specifically inhibits CYP2E1, and hence, it should be
avoided for studies involving the CYP2E1 enzyme. Organic solvents like methanol,
ethanol, acetonitrile, and PEG 400 also inhibit about 15-25% of CYP2E1, CYP3A4,
CYP2D6, CYP2C9, and CYP2C19 activity. The permissible limits for the organic
solvents in solubilizing the drugs while retaining the CYP activity are methanol
<1.0%, acetonitrile <1.0% and DMSO <0.2% [11].
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4.1 Reaction phenotyping studies

Reaction phenotyping, also known as enzyme mapping, helps determine the
enzymes involved in the metabolism of a specific drug. The data from these studies
are essential in identifying potential drug interactions with common co-medications.
Further, these studies help in anticipating possible pharmacokinetic changes caused
by genetic polymorphisms in certain enzymes. Understanding the role of a specific
enzyme involved in the metabolism of a drug is vital in the following conditions: 1)
Identifying potential DDI with concomitant medications that may be inhibitors or
inducers of the same enzymes [43]. 2) Establishing the metabolism of a drug by an
enzyme that exhibits genetic polymorphism may result in significant inter-individual
variability [44]. 3) Determining the formation of pharmacologically active metabo-
lites [45]. 4) Deducing the extent of drug metabolism and the generation of significant
metabolites [45].

In general, iz vitro reaction phenotyping studies helps identify and characterize the
formation of significant metabolites in drug metabolism at the preclinical stage. Tox-
icological studies assess the safety of these metabolites. In addition to toxicological
considerations, detecting any pharmacological effects of major metabolites is also
essential. Human radiolabel mass balance studies before phase III trials unravel main
elimination pathways and systemic metabolite exposure. Data from the human radio-
label mass balance and the in vitro studies confirm metabolic pathways and the
enzymes responsible for the drug metabolism. The CYP and non-CYP enzymes that
contribute to >25% of drug elimination should be uncovered. The iz vivo contribution
is assessed by interaction with a potent, selective inhibitor or pharmacogenetic studies
to decipher elimination pathways [46]. Assessment of reaction phenotyping uses
approaches such as recombinantly expressed enzymes and correlation analysis.
Recombinantly expressed enzymes use scaling methods like the relative activity factor
(RAF) or the intersystem extrapolation factor (ISEF) for interpreting the relative
contribution of the individual enzymes. The correlation analysis utilizes pooled HLM
obtained from at least 10 donors for testing the activity toward respective probe
substrates [47].

4.2 Enzyme inhibition studies

Enzyme inhibition experiments evaluate known CYP enzyme inhibitors on the
metabolism of a drug by either pooled HLM or individual CYP isoforms. The usage of
selective chemical inhibitors allows easy illustration of the metabolic pathways. To
prevent false results, careful estimation of the drug and inhibitor concentrations for
incubation is a must. Higher inhibitor concentrations exhibit non-selective chemical
inhibition. For instance, quinidine and ketoconazole at <1 pM concentration act as
selective CYP2D6 and CYP3A4 inhibitors. Although, at higher concentrations, these
drugs inhibit other CYP isoforms as well. Chemical CYP inhibition is categorized into
two types: reversible (could be competitive inhibition or non-competitive inhibition)
and irreversible inhibition. In irreversible inhibition (“mechanism-based inhibition”
or “suicide inhibition”), the CYP enzyme metabolizes the drug into a reactive metab-
olite that firmly binds to the enzyme’s active site leading to a prolonged inactivation
[48, 49]. These studies can be conducted before or after carrying out the cDNA-
expressed recombinant CYP enzyme studies. They impart extra proof to assist the
cDNA-expressed recombinant CYPs study results. Further, they may also provide a
direction to these studies for the active isoform identification.
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Figure 3.
Workflow to assess enzyme inhibition using human liver microsomes.

Figure 3 demonstrates the protocol for the CYP inhibition study. The procedure
involves incubating the drug with liver microsomes in the presence and absence of
selective inhibitors at 37°C for 30 min [40]. The following inhibitors against the
isoforms and their concentrations are recommended: furafylline (CYP1A2; 0.1, 1,

10 pM), 8- glitazones or quercetin (CYP2C8; 0.5, 1, 10 pM), quinidine (CYP2D6, 0.5,
1, 10 pM), sulphaphenazole (CYP2C19; 5, 20, 100 uM), methoxypsoralen (CYP2A6;
0.1, 1, 10 pM), troleandomycin (TAO; CYP3A, 0.5, 1, 10 pM), clomethiazole
(CYP2EL1, 0.1,1,10 pM) [40, 50]. Methanol (< 1% (v/v) of the entire mixture) is used
to dissolve the inhibitors before adding them to the incubation mixture. Prior to drug
addition, inhibitors undergo preincubation at 37°C, with NADPH and microsomes,
reaching a final concentration of 10 mM. A positive control is carried out in the
presence of the drug with 1% methanol in the incubation mixture, whereas a blank
control lacks the drug. Thus, the control values are employed to successfully deter-
mine the percentage of inhibition observed in the metabolite generation.

Conventionally, in vitro CYP enzyme inhibition studies were conducted using
HLM, for which isoform-specific substrates were incubated along with the investiga-
tional drug. At the end of the incubation, the formation of the metabolite is monitored
by analytical techniques like high-performance liquid chromatography (HPLC), liquid
chromatography coupled with mass spectrometry (LC-/MS), or fluorescence and this
procedure is repeated for at least three different concentrations of that drug [51, 52].
Identification of many drug molecules in the drug discovery process is possible using
combinatorial chemistry approaches and high throughput screening techniques.

4.3 Drug metabolite profiling

Metabolite profiling refers to the relative quantification, identification, and char-
acterization of the number of metabolites formed in the biological matrices. These
studies help researchers structurally and chemically modify the drug to increase its
efficacy, reduce its toxicity, and facilitate the synthesis of a molecule with enhanced
therapeutic activity [53-56]. The FDA guidance “Safety Testing of Drug Metabolites”
states that the metabolic drug profile must be determined by iz vitro and in vivo
models at various phases of the drug development. In vitro metabolite profiling of a
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drug can be performed using liver microsomes, hepatocytes or liver slices collected
from humans or animals [57]. The regulatory bodies (ICH, EMEA, and FDA) recom-
mend studying in-vitro and in-vivo hepatic drug metabolismFDA guidance mentions
the importance of metabolism studies via the kidney and the gastrointestinal tract as
most orally administered medications interact with the gastrointestinal enzymes

[58, 59]. Other regulatory authorities lay minimal emphasis on extra-hepatic metabo-
lism studies.

Using a single high concentration of drug or a series of concentrations produces a
high concentration of metabolites that meets the demands of quantification. A con-
centration of 50 pM or concentrations of 5, 50, and 500 uM can be chosen for novel
metabolites. Concentration should be higher than or equal to the K,,, value (Michaelis
constant) recorded for the CYP substrates to generate metabolites in measurable
amounts. A positive control having testosterone or phenacetin should be included for
measuring the formation of 6p-hydroxytestosterone acetaminophen metabolites. A
negative control without NADPH for each test compound helps determine the sources
of metabolites other than oxidative metabolism (e.g., carboxylesterases,
nonenzymatic metabolite formation, substrate impurities) [11].

4.4 Metabolic stability

Metabolic stability defines the liability of a drug compound to its metabolism. It is
determined by estimating the disappearance of the drug substrate in a relevant iz vitro
system over a particular period. Further, metabolic stability data gives information on
the secondary pharmacokinetic parameters such as bioavailability and half-life of the
drug. Therefore, optimizing metabolic stability plays a vital role in the drug discovery
and development phase [60]. These obtained parameters explain the drug’s pharma-
cological and toxicological profile and shed light on the patient adherence to the drug.
Figure 4 shows the different stages in the metabolic stability study.

Metabolic stability studies are performed at a drug concentration less than K,
value, where enzymatic reactions follow the first-order process. While dealing with an
unknown K, value, 1 pM concentration of a drug is recommended. In general, the
metabolic system is incubated with the drug substrate for a specified period at 37°C.
The disappearance of the drug substrate is monitored at individual time points using a

QV'OQ 3| ©e @
Microsomes s ‘e, 3 Z
— — | B R =
COOH 2 e, EE =™
= (] = 1]
H G R Incubation time InvitroCL,,
(mL/min/Kg)
NH, e
Initiation of In vitro-in vivo
Drug metabolism Incubation Estimation of CL;,, correlation
Figure 4.

Metabolic stability of drug substance. This assessment involves the incubation of the drug with microsomes in

100 mM potassium phosphate buffer. The addition of 1 mM NADPH solution followed by incubation at 37°C
initiates the metabolic veaction. The disappearance of the drug substrate is monitored at individual time points
using the analytical technique. Plotting the natural log of peak area vatio with time yields a straight line, where the
slope of the line gives the elimination vate constant that helps in predicting the intrinsic clearance. The conversion
scaling factors involves in the correlation between the clearance values obtained from the in vitro intrinsic
cleavance data and in vivo clearance values.

105



Dosage Forms - Innovation and Future Perspectives

suitable analytical technique. Testosterone or DL-propranolol is added as a positive
control to ensure the adequate execution of the assay. A negative control without
NADPH is included to ascertain drug loss due to thermal degradation. Negative
controls could also serve as matrix controls if they lack the drug or responsible
enzyme. Plotting natural log of peak area ratio (drug substance peak area/internal
standard peak area) with time yields a straight line, where the slope of the line gives
the elimination rate constant (k).

The following equation determines half-life (t;,,)

Metabolic stability studies derive various parameters that include half-life, intrin-
sic clearance, and total hepatic clearance. These parameters can be calculated using
“well-stirred” and “parallel tube” approaches. In the “well-stirred” approach, the liver
is characterized by a single compartment where the intracellular free concentration of
drugs in hepatocytes is in equilibrium with the free concentration of drug in blood
eliminating from the liver. Whereas in a “parallel tube” approach, the liver comprises
numerous parallel tubes, in which the enzymes are evenly distributed. In every tube,
the intracellular free concentration of drug in hepatocytes is in equilibrium with the
free concentration of the drug in blood [61].

The whole liver CL;y, is determined by using iz vitro half-life:

0.693 x liver weight

Whole liver CLipt = — e - - p :
e invitroty x amount of the liver in incubation x fraction unbound to microsomal protein

According to the “well-stirred” model, hepatic clearance (CLy) and hepatic
extraction ratio (Ey) are given by: [62].

Qpy X CLiyt
Qp + CLine
~ CLy
S Qu

CLy =
Ey
where Qy is the hepatic blood flow.

4.5 Enzyme Kkinetics in drug metabolism using HLM

It is essential to determine the enzymes involved in the metabolism process and
their respective kinetic parameters throughout the drug discovery process. Enzyme
kinetics involves studying reaction rates affected by different experimental variables
such as enzyme concentration, substrate concentration, enzyme activators, enzyme
inhibitors, temperature, pH, and ionic strength [63, 64]. Chakraborty et al. demon-
strated the effect of pH, temperature, pressure and dwell time on enzyme inhibition
kinetics in pineapple puree and concluded that the temperature had the highest
impact on enzyme inactivation [65]. Further, they elucidate the role of polymorphism
in determining drug clearance and aid in predicting drug-drug interactions associated
with metabolites [66].

The CYP enzyme family metabolizes numerous xenobiotics, thus making it an
integral part of drug—drug interactions [67]. Inhibition studies predict most P450
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oxidations and drug—drug interactions, owing to their competitive Michaelis-Menten
kinetics. Models with a single binding site are explained by competitive,
noncompetitive, and uncompetitive inhibition, or activation of the enzyme, whereas
some CYP3A4 oxidations tend to demonstrate unusual kinetics [67, 68]. Michaelis—
Menten kinetics determines the enzyme kinetic constants such as K;;, and V.. The
reaction velocity (V), i.e., the formation rates of metabolites with a fixed amount of
HLM, is given by: [69].

o Vmax~c
-~ Kn+C

where C depicts the initial drug concentration, V., gives the maximum reaction
velocity of the enzyme, and K, represents the Michaelis—-Menten constant.

Intrinsic clearance (CLyy,) is defined as the ratio of the rate of product formation to
the substrate concentration and can be ascertained by using the K, and V. values [70].

D Vmax
Clint = 1 =
TS K+ [S]

where [S] is the substrate concentration, V,,,, gives the maximum reaction veloc-
ity of the enzyme,

and K,, represents the Michaelis-Menten constant.

When the concentration of the substrate is considerably lower than the K, value,
then intrinsic clearance is augmented to total clearance [70]. Then, the above equation
is simplified to:

Vl’l’l X
CLint%K—a

In cases where more than one CYP is involved in a drug metabolism reaction, a
biphasic relationship is observed between V., (maximal reaction velocity) and [S]
(substrate concentration). It can be explained by using a two-enzyme model [8]:

_ Vmaxl-[S] Vmaxz-[s]
Kmi +[S]  Kma+ [S]

Where K,,; and Ky, are high-affinity and low-affinity component constants, Va1
and V.o are the maximal velocities of the enzymes for high and low-affinity com-
ponents, respectively.

Atypical kinetics are elucidated through a particular enzyme by binding more than
one drug molecule concomitantly or through other active site interactions [71, 72].
Hence, it is essential to analyze kinetics as an in vivo or in vitro effect to prevent an
erroneous prediction of intrinsic clearance and ultimately impact the in vivo clearance
[72]. Eadie-Hofstee plots are used to resolve multiple-enzyme kinetics when
Michaelis—-Menten plots fail to be beneficial [73]. It is essential to model the non-
additive interactions to understand multidrug cocktails usage [74]. Further, it is nec-
essary to consider the non-specific binding in enzyme kinetics. The chances of these
events are high, resulting in the iz vitro clearance values being closer to the measured
values. However, if the non-specific binding is absent, the obtained values of intrinsic
clearance will be lower than the real-time % vivo clearance [75].
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Electrochemical methods determine enzyme kinetics where electron transfers are
involved. The catalytic activity of the cytochrome P450 enzyme is electro analyzed as
the catalytic cycle requires electron transfer. Electroanalysis paves the way for
multicomponent studies entailing many drugs to describe interactions under the
mutual influence or drug interference, which in turn is manifested by an alteration in
the kinetic constants of enzymatic catalysis [76]. Novel microfluidic tools and detec-
tion methods have made the high throughput measurement of enzyme kinetics possi-
ble using droplet-based optofluidic systems [77]. A nanochannel-array enzyme reactor
has been developed to comprehend the basics of enzymatic reactions restricted to
nano-spaces and also gives an outreach to design productive enzyme reactors [78].

Many iz vitro systems like HLM, human hepatocytes, recombinantly expressed
CYP enzymes, S9 fractions and human liver slices are used to determine the intrinsic
clearance of the drug for speculating the iz vivo clearance by estimating the kinetic
parameters, K,, and V. values. HLM is a well-established in vitro system for study-
ing drug metabolism through CYP450 kinetics due to its low cost, ease of use, and
commercial availability [79]. CYP activity levels differ in different microsomal
preparations. This variation between different donor’s preparations can be used to
understand the effects of age, sex, and genotype on CYP-regulated kinetics [22].

4.6 Glutathione conjugation assay

The tripeptide, L-y-glutamyl-L-cysteinyl-glycine, known as Glutathione (GSH),
is a low molecular mass, thiol-reducing compound, synthesized from L-glutamate,
L-cysteine, and glycine amino acids [80]. The cysteine sulfhydryl group (-SH) is
responsible for reduction and conjugation reactions for eliminating reactive electro-
philes and enhancing a lipophilic compound’s solubility [81, 82]. GSH is usually found
at concentrations between 1 and 10 mM and involves scavenging reactive oxygen
species and detoxifying foreign compounds [83, 84]. The glutathione conjugation is
followed by a series of metabolic and transport phases that eventually leads to the
mercapturic acid formation (S-conjugates of N-acetylcysteine) [85, 86]. The formed
mercapturic acid is more polar and, thus, easily excreted in urine [87]. Glutathione
S-transferases (GSTs) include drug-metabolizing enzymes responsible for catalyzing
glutathione conjugation with many foreign compounds [88]. They belong to the
superfamily of Phase II enzymes and exist as dimeric proteins [89, 90].

The human GST is present in the cytosol, is expressed in the liver, and is
subdivided into classes a, 11, and p. In a human liver, 80-90% of the GST is present in
the form of GST-a [91]. The expression of these GST-a enzymes may lead to resis-
tance toward anticancer drugs, and thus, GSTs can also be used as markers for
malignant tumors [92, 93]. The main functions of GSTs are redox signaling,
antioxidation, and detoxification of many cancer drugs [94-96]. The detoxification
phenomenon is not always valid, and in some instances, GSH S-conjugates were
observed to be toxic [97]. Christoph Englert et al. reported that nanocarriers’ coupling
to glutathione aided in effectively crossing the blood-brain barrier [98].

4.7 Glucuronidation and its kinetics

Glucuronidation reaction results in the conjugation of glucuronic acid obtained
from uridine diphosphate-glucuronic acid (UDPGA) to compounds that contain
hydroxyl, carboxyl, thiol, amino, and acidic functional groups by UDP-
glucuronosyltransferase enzymes (UGTs) [99, 100]. UGTs are abundant in the
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liver and intestine [101]. These membrane-bound enzymes of the endoplasmic
reticulum account for the metabolism of more than 35% of drugs [102, 103].
Human UGT enzymes are categorized into four families, namely: UGT1, UGT2,
UGTS3, and UGTS. These enzymes are further classified into UGT 1A, 2A, and 2B
isoforms depending upon the structure of the gene and the analogy of sequence.
The isoforms expressed in the liver of UGT1A: UGT1A1, UGT1A3, UGT1A4,
UGT1AS5, UGT1A6, and UGT1A9 [104, 105] and UGT2B isoforms: UGT2B4,
UGT2B7, UGT2B10, UGT2B11, UGT2B15, UGT2B17 and UGT2B28 [104]. The
lumen of the endoplasmic reticulum (ER) serves as an active site for UGTs, and its
membrane allows substrates, cofactors, and products to diffuse [106]. The latent
action of the UGTSs in microsomal incubations can be removed by distorting the
barrier. Alamethicin disrupts the barrier by forming pores in the membrane and
permits entry to the enzyme, causing no impact on the membrane’s structure or its
intrinsic catalytic activity [107]. Glucuronidation is a detoxification reaction as it
enhances the compound’s polarity and facilitates the excretion of compounds
through urine and bile [103, 108]. It is necessary to comprehend the involvement
of UGTs in the drug’s metabolism as it aids in averting drug-drug interactions and
adverse drug reactions [109].

In the first stage, the microsomes are activated in 0.1 M potassium phosphate
buffer (pH 7.4) pre-incubated with 50 pg/mL concentration of alamethicin on ice for
30 min. The drug is incubated for 5 min at 37°C with 0.1 M potassium phosphate
buffer (pH 7.4), 4 mM MgCl,and the activated HLM with the final concentration of
0.5 mg/mL. The metabolic reaction is initiated by adding 5 mM UDPGA and incubat-
ing this mixture at 37°C for predetermined time points. A well-known UGT substrate
is included as a positive control, and a mixture without UDPGA is used as a negative
control to assess the formation of metabolites other than glucuronidation metabolism
[110, 111]. The addition of ice-cold extraction solvents (Acetonitrile or methanol)
terminates the reaction. The samples are centrifuged, and the supernatant is
collected for further analysis using a suitable analytical technique like HPLC [112-114]
or LC-MS/MS [115-117].

Kinetic analyses were performed with HLM and commercially available UGTs. The
elucidation of the kinetics of glucuronidation has a significant influence on the cred-
ibility of the predicted iz vitro clearance value [118]. Michaelis—-Menten kinetic model
is used for the determination of the kinetics of glucuronidation via kinetic constants,
K., (Michaelis constant, the concentration of substrate when the reaction rate is 50%
of V,.x) and V.. (the maximum rate of reaction when the substrate saturates all the
active sites of the enzymes). Kinetics of glucuronidation for several drugs like NSAIDs
[119], olanzapine [120], serotonin [121], and ursolic acid [122] were determined using
this model. The substrate inhibition equation used is:

_ Vmax [S]
Ks + [S] + 8%,
where v is the reaction rate, [S] is the substrate concentration, V,, is the maxi-
mum velocity, K is the substrate affinity constant, and Kj; is the substrate inhibition

constant [123].
The hill equation is used to determine the sigmoidal kinetics:

v = Vmaxsn
S5 +8”
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where S5 is the substrate concentration leading to 50% of V.., and n is the Hill
coefficient [124].

Eadie-Hofstee plots and Lineweaver-Burk plots determine the model to be selected
for the kinetic analyses using nonlinear regression analysis for fitting the experimental
data [125, 126]. A straight line in the plot signifies the Michaelis—-Menten model’s
usage. In contrast, if a hook in the upper panel is obtained, it represents the usage of
the substrate inhibition model [110, 127].

5. Conclusion

After the drug’s oral administration, the drug undergoes various processes like
absorption, distribution, metabolism, and excretion. Metabolism of most of the drugs
is carried out by CYP and UGT enzymes, which are abundant in the liver. Iz vivo and
in vitro studies are often used for drug metabolism studies. Iz vivo studies involve
screening serum, urine and feces, whereas iz vitro drug metabolism studies are carried
out using HLM, human hepatocytes, and recombinantly expressed cytochrome P450
enzymes. HLM are widely used as it offers several advantages like high throughput
screening, ease in storage, economic, and simplicity and convenience in their usage.
Metabolism studies play a significant role in identifying, characterizing, and quanti-
fying potential metabolites of a particular drug, thereby elucidating the drug metabo-
lism pathway. Metabolism may convert a drug into a toxic metabolite or render an
inactive drug into its active form. Metabolic stability helps predict the metabolic
clearance of the drug and thereby helps in dosage adjustment and the frequency of
administration of a drug. Therefore, conducting drug metabolism studies using HLM
at the drug discovery stage helps screen the potential leads with optimized pharma-
cological properties.
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Chapter 8

Use of Statins in Dental
Implantology and Their Impact on
Osseointegration: Animal Studies

Tomislav Katanec and Dragana Gabric¢

Abstract

Statins are one of the most commonly used drugs for the prevention of
atherosclerosis and ischemic heart disease. Statins have an antibacterial effect
against oral pathogens, especially against Aggregatibacter actinomycetemcomitans and
Porphyromonas gingivalis. Studies on animals that we analyzed in this chapter show
that statins promote angiogenesis and osteoblast differentiation. Data on the effect of
statins on the process of osseointegration are important in clinical practice and should
be an integral part of dental education. PubMed, Cochrane Central, and Web of
Science database search was performed for animal studies on statin effects on dental
osseointegration. Fifteen studies performed on laboratory animals were identified
where statins were applied systemically, locally, orally, subcutaneously, or intraosse-
ously. Titan implants of different diameters were placed in tibia and femur of animals.
Statins improved osseointegration and enhanced contact of implant surface with the
newly formed bone, as well as significantly increased the volume of newly formed
bone in lab animals. The purpose of this chapter is to prove the relationship between
local use of statins and better osseointegration, as well as a larger amount of newly
formed bone around the implant. Knowledge of the effect of frequently prescribed
medications on dental procedures and osseointegration is necessary for both students
and physicians.

Keywords: statins, osseointegration, dental implants, bone and implant contact,
bone metabolism

1. Introduction

Atherosclerosis and ischemic heart disease are the most common causes of death
in the world. Hyperlipidemia is one of the most important risk factors for the develop-
ment of diseases of the cardiovascular system. Prevention and treatment are based on
lowering the serum concentration of atherogenic lipoproteins and triglycerides. Statins
are one of the most commonly used drugs for this purpose. As structural analogs, they
inhibit cholesterol synthesis in liver cells by inhibiting the enzyme 3-hydroxy-3-meth-
ylglutaryl-CoA (HMGCoA) reductase. People treated with statins generally continue
with this therapy for the rest of their lives. Statins consumption is on the rise and in
some countries, those drugs can be bought without a prescription [1].
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Statins are rapidly absorbed and the maximum plasma concentration is within 4
hours [2]. The optimal time to take a statin is in the evening before bedtime when the
synthesis of endogenous cholesterol is most intense [3]. They are metabolized largely
by cytochrome P450 (CYP450). This metabolic pathway is particularly important for
lipophilic statins that are highly susceptible to oxidative reactions at cytochrome P450
[4]. Elimination after metabolization in the liver is done mainly by bile. Therefore,
hepatic dysfunction is a risk factor for statin-induced myopathy. Hydrophilic
statins that bypass the metabolic pathway via cytochrome P450 are excreted largely
unchanged by the liver and kidneys.

Statins are generally well tolerated and serious side effects are very rare. Mild
and transient side effects that may occur include bloating, constipation, diarrhea,
abdominal pain, general weakness, and dizziness [5].

Caution should be exercised with regard to dental procedures in patients receiv-
ing warfarin therapy because statins may increase the concentration of warfarin in
plasma and dose adjustment of warfarin is sometimes required [6]. It is important to
note that macrolides, although rarely prescribed in dental clinics, can increase plasma
statin concentrations and consequently cause myopathy. It is recommended that
statins are discontinued during macrolide therapy if treatment with another group of
antibiotics is not possible [7].

Statins have an antibacterial effect against oral pathogens, especially against
Aggregatibacter actinomycetemcomitans and Porphyromonas gingivalis [8]. They
also have an antifungal effect against Candida albicans, Aspergillus fumigatus, and
Zygomycetes. Statins modulate the immune response to inflammation and sepsis
and reduce the CRP inflammatory parameter by reducing the level of inflammatory
interleukin 6. They also increase the level of bone morphogenic protein-2 (BMP-2),
stimulate osteoblast activity in bone matrix formation, and promote osseointegra-
tion of dental implants [9, 10]. There are several factors that may influence implant
and osseointegration such as type of implant-abutment connection. Menini et al.
do research on internal versus external connections. They measured peri-implant
marginal bone level (MBL) changes, plaque index (PI), probing depth (PD), and
bleeding on probing (BoP), evaluated at implant insertion and at 3, 6, and 12
months post-loading. After 12 months, both implant connections showed good
clinical features, without inflammation or bone resorption [11]. Animal studies
have shown that simvastatin promotes angiogenesis, osteoblast differentiation, and
periodontal ligament cell development in both topical and systemic administrations.
Angiogenesis and fibrinogenesis are prompted by stimulation of vascular endothelial
growth factor (VEGF) in a not yet fully elucidated way [12, 13]. Studies in the United
States have shown that more than one-third of the adult population over the age of
45 use systemic statin therapy, putting these drugs in a position to be used as essen-
tial therapeutics in dentistry, especially in oral surgery, dental implantology, and
periodontology [14].

2. Materials and methods of search strategy
2.1 Literature search strategy
The keywords used in the web search were: (1) statins + osseointegration; (2)

statins + implants; (3) statins + implants + osseointegration; (4) BIC + statins; (5)
BIC + statins + osseointegration; (6) simvastatin + osseointegration; (7) simvastatin +
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implants; (8) rosuvastatin + osseointegration + implants; (9) fluvastatin + osseointe-
gration; and (10) fluvastatin + implants (Figure 1).

Keywords were entered into PubMed, Cochrane Central, and Google Scholar
databases. The search inclusion criteria were published studies from the creation of
the databases to the end of April 2021. Articles that do not have English abstract with
the following keywords were eliminated: statins + endodontics, statins + pulpitis,
statins + direct pulp coverage, and statins + stem cells. This was done by review-
ing the reference list of included articles to identify the potential of an acceptable
study. In vitro studies investigating oral and perioral microorganisms found in the
oral cavity were included in the review. Studies published in languages other than
English language were included only if an abstract was available in English. Studies
inclusion criteria in this systematic review were if they met the following eligibility

PubMed datebase
(n=41)

Cochrane Central

(n=2)

Google Scholar

(n=17)

\d

\

¥

Records before duplicates removed (n =60)

$
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Figure 1.
Flowchart of article selection process in the review.
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criteria: original studies in English (clinical and animal trials); evaluation of titanium
implants influenced by statins; the presence of a control group; and outcome data

considering bone implant contact (BIC), mechanical tests, or other histological evalu-
ation. Studies exclusion criteria was articles using implants inserted into the medullar
cavity, Letters to the editor, reviews, case series, case reports, and iz vitro studies were
also exclusion criteria for this chapter.

2.2 Review and identification of acceptable studies

In the initial phase, one author reviewed abstracts of all papers to identify the stud-
ies that could have the inclusion criteria. If the abstract met the inclusion criteria, then
the full text of the paper was obtained, evaluated, and cited in the review paper. The
second author checked all the listed works and the criteria for inclusion or exclusion of
certain articles.

3. Effects of statins in animal studies literature review

A total of 60 articles were found. When duplicates and those that did not meet
the criteria were excluded, there were 15 publications left that were included in the

research.

Table 1 shows the results of this review. A total of 15 papers were included in
the analysis. In seven studies, statins were shown to increase the formation of new
bone. In two studies, statins promoted better osseointegration of dental implants
and in one, there were no significant differences. In five studies, use of statins led
to improved contact between the bones and the surface of the implant, and in three

Authors Testsubjects Number  Implant Implant Statins: type Results
of site used and dosage
implants
Kellesarian, 19 laboratory - - Titanium  Simvastatin (per Better
Al Amri, animals: 13 0s, 8.C., 1.0.): 0.25 osseointegration
Al-Kheraif, female rats, 1 and 50 mg/kg/ and better contact
Ghanem, male rat, 5 dogs day; fluvastatin:  of implant surface
Malmstrom, of unspecified 3-300 pug with newly formed
Javed [14] gender bone
Fang, Zhao, 36 female rats 72 Distal Titanium4  Simvastatin HA Increased
He, Liu, Yang tibia x 2.2 mm surface coat of 1 formation of new
[15] implant (107 M bone, better BIC
and 10° M)

Kwon, Yang, 3 male rabbits 16 Tibia, Titanium Simvastatin Significantly larger
Lee [16] femoral 35x8mm 535pg, surfaceof  volume of newly

head 1implant formed bone and

better contact of
implant

Faraco- 16 male 32 Tibia Titanium Simvastatin gel Significantly
Schwed, rabbits 3.25 x 0.25 mg/mL better contact of
Mangueira, 8.5 mm and 30 mg/mL, implant after 4
Ribeiro, topically to bone and 8 weeks
Antao Ada,
Shibli [17]
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Authors Testsubjects Number  Implant Implant Statins: type Results
of site used and dosage
implants
Mansour, 10 dogs 20 Mandible  Titanium Simvastatin Significantly
Al Ashwah, 3.5x 150 mg topically higher volume
Koura [18] 10 mm on 1implant of newly formed
bone
Nyan, Hao, 24 male rats 36 Tibia Titanium Simvastatin Significantly
Miyahara, 1.8 x 5mm 25and 50 pg larger volume of
Noritake, to surface of 1 newly formed
Rodriguez, implant bone, better
Kasugai [19] contact of newly
formed bone and
implant surface,
larger volume of
mineralized newly
formed bone
Pauly, Back, 80 female rats 80 Femur Titanium Simvastatin Significantly
Kaeppler, 14 x 5mm 5.5and 90 pg larger volume of
Haas, to surface of 1 newly formed
Schmidmaier, implant bone and better
Wildemann contact of implant
[20] surface and newly
formed bone,
significantly
better contact of
implant
Yang, Song, 48 male rats 96 Tibia Titanium Simvastatin Histomor-
Guo, Zhao, 2.2 x 4 mm 10° M and phometric
Liu, He [21] 107" M to surface analysis showed
of 1implant significantly
larger volume of
newly formed
bone and better
implant surface
contact with
newly formed
bone
Moriyama, 60 rats 60 tibia Titanium 1 Fluvastatin Larger volume
Ayukawa, x 1.5 mm 3and 75 pg, of newly
Ogino, simvastatin formed bone;
Atsuta, 15 pg topically no significant
Koyano [22] on surface of 1 difference in BIC
implant
Moriyama, 126 female rats 126 Tibia Titanium 1 Fluvastatin Volume of newly
Ayukawa, x 1.5 mm 3 pg (group 3), formed bone
Ogino, 15 pg (group 4), lower in group 6
Atsuta, Todo, 75 pg (group 5), in comparison to
Takao etal. 300 pg (group other groups after
[23] 6) topically on week 1; volume
surface of 1 of newly formed
implant bone and BIC
larger in group 5

in comparison to
other groups after
week 2
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Authors Testsubjects Number  Implant Implant Statins: type Results
of site used and dosage
implants
Ayukawa, 30-week-old 20 Bothtibia  Titanium1 Experimental Inboth group
Okamura, female rats x 1.5 mm group was newly formed
Koyano [24] intraperitoneally bone was seen to
administered be in direct contact
10 mg/kg of with the implant
simvastatin, surface; however,
control group unmineralized
received the connective tissue,
isotonic saline including fibroblast-
instead like cellsand
blood vessels, was
occasionally seen on
implant surface in
experimental group
Xu, Shi, Xu, 30 male rats 30 Maxilla Titanium Oral simvastatin Bone tissue
etal. [25] implants,  group-25mg/kg was markedly
diameter simvastatin, the higher with
0.8 mm local simvastatin local simvastatin
group-0.8 mg/ administration
0.05ml relative to oral
simvastatin simvastatin
around the administration
implant every day
Jun, Oh, 12 rabbits 48 Bothtibia  Titanium, Group C: Ultraviolet
Park, Jung, diameter implants placed (UV) or SIM
Li, Moon [26] 31mm without any treatment of SLA
treatment in titanium implants
rabbits accelerates
Group U:implants ~ osseointegration
irradiated with in tibias with or
UV immediately ~ without xenogenic
before bone graft
implantation, but materials. The
not coated with combination of
simvastatin both treatments
Group S: implants did not show
immersed in synergy
simvastatin
solution for
24 hin separate
sealed containers
without UV
exposure in
rabbits
Group SU:

implants first
immersed in
simvastatin
solution for
24 h and then
irradiated with
UV immediately
before surgery
in rabbits
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Authors Testsubjects Number  Implant Implant Statins: type Results
of site used and dosage
implants
Dundar, 16 female rats 16 Tibia Titanium Test group No statistically
Bozoglan [27] 2.5 x 4mm (8)-5mg of significant
simvastatin was differences in
applied to the ratios of the
bone sockets test group and
control group-no  control group in
simvastatin terms of implant
osseointegration
(p > 0.05)
Apostu, 80 female rats 80 Femur Titanium Group Tibolone could
Lucaciu, Ti90Al6V4 (ovariectomy); offer the best
Mester, alloynails ~ GroupII (sham  resultsinaway of
Oltean-Dan, ovariectomy); osseointegration
Gheban, Group III
Rares Ciprian (alendronate
Benea [28] 3 mg/kg twice
aweek +

ovariectomy);
Group IV
(simvastatin
5 mg/kg daily +
ovariectomy);
and Group
V (tibolone
5 mg/kg daily +

ovariectomy)

Table 1.

A total of 15 papers that were included in the analysis with their number of test subjects, number of implants that
were placed in the study, place where implant was inserted, surface of implant and dosage used in each animal
research, and final conclusion of each study.

studies, less mobility of the implant could be demonstrated. In two studies, there were
no significant differences in contact between bone and implant, regardless of the
statin use.

One study demonstrated more bone formation if simvastatin was administered
topically than systemically orally. Tibolone also showed good results in osseointegra-
tion compared to simvastatin.

Kellesarian et al. [15] reviewed studies performed on 19 laboratory animals in
which simvastatin was administered systemically and locally, specifically orally,
subcutaneously, and intraosseously. Better osseointegration and better contact of the
implant surface with the newly formed bone were demonstrated in the simvastatin
group. A total of 13 studies were performed on female rats, 1 study was on male rats,
and 5 studies were performed on dogs of indeterminate sex. Statins were used topi-
cally in 12 studies, statins were applied directly to bone cavities in five studies and
they were applied systemically in two studies. The dose of systemically administered
statins was between 0.25 and 50 mg/kg/day. In two studies, propylene glycol and
fluvastatin were used at a dose of 3-300 pg and were applied to the bone bed of the
implant before implant placement. Titanium implants were used in all studies.

Studies by Fang et al., Kwon et al., and Faraco-Schwed et al. [16-18] reported that
the total number of implants placed in subjects ranged between 16 and 96 implants
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per research. The total number of implants utilized was not reported in 14 studies.
Implants were placed in the tibia and femur in 13 and in 4 studies, respectively. In a
study by Kwon et al., 16 implants were placed in the tibia and femur [17]. Fang et al.
in their research study work on 36 female rats divided into 3 groups. In the first group,
the surface of implants implanted in the tibia is covered with a mixture of hydroxyl-
apatite and simvastatin in the amount of SIM 10”7 M (M = 1 mol/liter), in the second
group, the surface of implants is covered with the same combination only in the
amount of 10°° M, and in the third group, only hydroxylapatite is applied on the sur-
face of implants. Histomorphometric analysis was performed after 2, 4, and 12 weeks
and better contact of the newly formed bone with the implant surface was found as
well as a higher volume of newly formed bone in the first two groups as opposed to
the third group [16]. Kwon et al. performed the research on 3 male rabbits, divided
into three groups. A total of 16 implants measuring 3.5 x 8 mm are placed in the tibia
and femur. The first group is control and implants are placed without additional
surface treatment. In the second group, implants surface is coated only with hydrox-
ylapatite and in the third group, implants surface is covered with hydroxylapatite and
simvastatin and a concentration of 535 pg.

Follow-up after 4 weeks was done by micro-CT analysis and biomechanical
examination during which a significantly higher volume of newly formed bone and
less implant mobility were observed in the third group [17]. Faraco-Schwed et al. con-
ducted a study in which they topically administered statins to 16 male rabbits divided
into 4 groups. They used 32 titanium implants implanted in the tibia measuring 3.25
x 8.5 mm. The first group received 0.25 mL of simvastatin gel (30 mg/mL) topi-
cally over 28 days, the second group over 56 days, while the third and fourth groups
represented the control group. Biomechanical control after 4 and 8 weeks showed
significantly less mobility in the second group compared to the fourth, while in the
first and third groups there were no statistically significant differences [18].

Mansour et al. studied 10 dogs that received titanium implants in the mandible mea-
suring 3.5 x 10 mm. The duration of the study was 18 months. The first group received
simvastatin 150 mg topically via implant surface and the second group was the control.
Histological analysis of the preparation after 4 and 12 weeks showed a significantly
higher amount of newly formed bone in the first compared with the control group [19].

Nyan et al. used 24 male rats divided into 6 groups. The first group was the
control. The second group used implants where the surface was treated only by the
micro-oxidation technique, while the third group used implants where the surface
was treated with micro-oxidation and coated with simvastatin (SIM) in the amount
of SIM 25 pg and in the fourth group, the amount of simvastatin used to cover the
surface of implants was 50 pg. Micro-CT analysis and histological analysis were
performed after 2 and 4 weeks and the results showed significantly higher volume of
newly formed bone, better contact of newly formed bone, and implant surface as well
as a larger volume of mineralized newly formed bone. Titanium implants measuring
1.8 x 5.0 mm were implanted in the animals’ tibia [20].

Pauly et al. divided 80 female rats into 4 groups. The first group was control, while
the second group used implants where the surface was treated only with poly D, I-lac-
tide acid (PDDLA) and the third and fourth groups used PDLLA + simvastatin 5.5 pg
and PDLLA + simvastatin 90 pg per implant surface. Histological and biomechanical
analysis after 8 weeks showed a significantly higher volume of newly formed bone as
well as better contact between the surface of the implant and the newly formed bone
and significantly less mobility of the implant in the third and fourth groups. Titanium
implants measuring 1.4 x 5 mm implanted in the femur were used in the study [21].
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Yang et al. implanted 96 titanium implants in a total of 48 female rats with removed
ovaries. The implants measured 2.2 x 4.0 mm. The first group underwent ovariectomy,
while rats in the other two groups underwent ovariectomy and the surface of implants
was coated with a concentration of simvastatin 10~ M for the first group and in the
second group with 10" M. Histomorphometric analysis after 1, 2, 4, and 12 weeks
showed a significantly higher volume of newly formed bone and better contact of the
implant surface with the newly formed bone in the first two groups [22].

Moriyama et al. conducted their two studies on a total of 186 female rats. The first
study was conducted on 60 rats divided into 5 groups that received titanium implants
measuring 1 x 1.5 mm in the tibia. Throughout all five groups, authors combined dif-
ferent amounts of propylene glycol alginate (PGA) and fluvastatin (FLU) at different
concentrations topically across the implant surface. The first group was the control,
while the second group received only PGA, the third group topically received PGA
and FLU 3 pg on the surface of the implant, the fourth group received PGA + SIM
15 pg on the surface of implant, and the fifth group received PGA and FLU 75 pg on
the surface of the implant. Histomorphometrically, group 5 showed a significantly
higher volume of newly formed bone compared to other groups, while there was no
significant difference in the quality of contact between the implant surface and the
newly formed bone in all five groups. The second study was performed on 126 female
rats divided into 6 groups, 21 subjects each. The first group subjects did not receive
any topical statin administration and it formed the control group. The second group
received topically only PGA, the third group received FLU in the amount of 3 pg;
the fourth group received FLU 15 pg, the fifth group FLU 75 pg, and the sixth group
received FLU in the amount of 300 pg on the surface of the implant. All animals had
titanium implants measuring 1 x 1.5 mm in the tibia. After the first week, the volume
of the newly formed bone was lower in group six compared to other groups and
after the second week, the volume of newly formed bone and bone contact with the
implant was higher in the fifth group compared to other groups [23, 29].

In their review paper, Moraschini et al. [30] also summarize and analyze similar
studies as Kellesarian et al. The discussion explained the mechanism of action of
statins on the process of osseointegration. Authors concluded that statins enhanced
the action of bone-morphogenic protein-2 (BMP-2) which in turn acted on enhanced
osteoblastic activity and the formation of new bone. Authors further claimed that
in the above studies in which FLU was used in rats, no changes were observed in the
form of an increase in the liver enzymes alanine aminotransferase (ALT) or aspartate
aminotransferase (AST). The higher the dose used in the studies, the greater the vol-
ume of newly formed bone and better seal of newly formed bone and implant surface
in the first 2 weeks, which was evident in the study by Moriyama et al.

Tiirer et al. divided 32 rats into 4 groups: group C-14 (control), group R-14,
group C-28 (control), and group R-28. Each animal underwent a unilateral, standard
vertical osteotomy on the right side of the mandible, extending from the tooth to
the mandibular base. Sterile saline absorbent collagen sponge was applied to the
fracture area in groups C-14 and C-28, while an absorbent collagen sponge with saline
containing 1 mg rosuvastatin was applied to the fracture area in groups R-14 and
R-28. Animals in groups C-14 and R-14 were euthanized on day 14 and the animals in
groups C-28 and R-28 were euthanized on day 28 after surgery. Stereological analyses
were performed. New areas of bone and connective tissue volume were measured.
Stereological analysis showed that the R-14 group had significantly more new bone
after 2 weeks compared to the C-14 group. The volume of connective tissue was also
significantly higher in R-14. Differences in connective tissue volume and new bone
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were not statistically significant upon comparison of groups C-28 and R-28. Topically
applied rosuvastatin enhanced early bone regeneration in rats with mandibular
fracture [31].

Keuroghlian et al. investigated mice with the assumption that hyperlipidemia
negatively affected the osseointegration of dental implants because a high-fat diet
had significant detrimental effects on bone density and volume. The authors placed
a group of male mice on a high-fat diet and a control group on a regular diet. After
12 weeks, every animal received a titanium implant in the femur. Animals were
humanely sacrificed 4 or 8 weeks after implantation, and the results showed that a
high-fat diet significantly reduced bone density and strength and that osseointegra-
tion was poorer [32].

The work of Mahrous, who investigated the topical application of simvastatin in gel
form for the treatment of peri-implant mucositis, was found in the Cochrane Central
database. The author tested the proven anti-inflammatory effect of statins on the
inflamed mucosa surrounding dental implants. The hypothesis was that 1.2% of sim-
vastatin gel would reduce inflammation around the implant. The pilot study involved
44 subjects divided into a test and a control group. The test group received topically
simvastatin gel that was applied with a blunt-tipped needle around the implant while
the control group received a placebo. The inflammatory condition was determined at
the beginning of the study, 24 hours later, after 1 week, and after 1 month by clinical
indications for inflammation and biochemical markers of inflammation collected
around the implant. The study included individuals of both sexes who had no signs
of bone resorption around the implant by more than 1 mm as established by X-ray
analysis. The results showed that the greatest reduction in inflammation occurred in
the first 24 hours, but there were no statistically significant differences in the levels of
cytokines IL-1, IL-6, IL-8, and TNF-a between the test and control group as well as
no significant differences in periodontal probing depth [24].

Ayukawa et al. performed the animal study on 10 female rats that were 30 weeks
old. Ten titanium implants were placed in both tibias and measured 1 mm in diameter
and 1.5 mm in length. Experimental group received intraperitoneally 10 mg/kg of
simvastatin, and the control group received isotonic saline instead. Both groups
showed that the newly formed bone was thought to be in direct contact with the
implant surface. Despite direct contact of the new bone and implant surface, the
experimental group showed occasional evidence of unmineralized connective tissue,
including fibroblast-like cells and blood vessels, on implant surface [25].

Rongyao Xu et al. performed implants in oral cavity on 30 male rats that were
postoperatively randomly divided into three groups. The first group received 25 mg/
kg of simvastatin orally, the second group received simvastatin injections in the
amount 0.8 mg/0.05 mL around the implant every day, and the third group was the
control. Simvastatin promoted osseointegration of the implant. Rats that were treated
with simvastatin had more newly formed bone that had a woven appearance than
control group rats as revealed by H&E staining. In addition to that, the volume of
bone tissue was significantly higher in rats that received simvastatin locally in com-
parison with the group that received simvastatin orally [26].

Hoon Yun et al. researched the effect of ultraviolet (UV) and simvastatin (SIM)
treatment on the osseointegration of dental titanium implants in rabbit tibias at two
different time points. Implants were sandblasted, large-grit, and acid-etched (SLA)
and surface alterations due to simvastatin treatment were analyzed with an infrared
spectrometer. Implants were divided into four groups depending on the type of
surface treatment of implants. Twelve rabbits were implanted with two implants per
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tibia. Implants were in contact with the surface of the bone and bovine bone was used
as graft material for gap filling. Animals were humanely sacrificed after 2 or 4 weeks.
Results showed that bone-to-implant contact (BIC) was increased with UV treatment
and SIM immersion on non-grafted sides and both BIC and bone area (BA) were
increased on grafted sides. BIC or BA did not increase with both treatments in com-
parison with a single treatment. As data were collected at two different time points,
results showed that BIC in the non-grafted sides did not differ significantly among
UV- and/or SIM-treated groups, but BA was significantly different among groups.
Ultraviolet or simvastatin treatments on SLA titanium implants accelerated osseointe-
gration in tibias with or without xenogenic bone graft materials. Joint implementation
of both treatments did not show significant positive effects [27].

Dundar and Bozoglan conducted their research on 16 female rats during a 4-week
experimental trial. The subject was divided into two groups: a test group (# = 8) that
received local simvastatin and a control group (# = 8) that did not receive simvastatin
treatment. A titanium implant was surgically implanted into the tibial metaphysis of
all 16 animals. Ethanol solution in the amount of 100 pl containing 5 mg simvastatin
was applied to the bone sockets before implantation. Results for bone-implant contact
(BIC) showed no statistically significant differences among test and control groups
with regard to implant osseointegration (p > 0.05) [28].

Apostu et al. evaluated and compared the effects of different treatments (simvas-
tatin, alendronate, and tibolone) on improved osseointegration of titanium implants.
Research was conducted on 80 female albino Wistar rats evenly divided into five
groups: Group 1 underwent ovariectomy, group 2 underwent false ovariectomy, group
3 underwent ovariectomy and alendronate treatment, group 4 underwent ovariec-
tomy and simvastatin treatment, and group 5 underwent ovariectomy and tibolone
treatment. Three months post-ovariectomy, the authors performed bilateral titanium
intramedullary nailing (Ti90A16V4 alloy nails) in all groups followed by a 12-week
oral administration of alendronate (3 mg/kg twice a week), simvastatin (5 mg/kg
daily), or tibolone (5 mg/kg daily). Micro CT, mechanical pull-out test, histology, and
bone serum markers were examined after 12-week oral treatment. Upon review of all
examination results, the authors concluded that the initial hypothesis that simvas-
tatin, alendronate, and tibolone enhance osseointegration in ovariectomized rats with
intramedullary titanium implants has been accepted. Tibolone showed the best results
out of three treatments [33].

4. Pharmacokinetics of simvastatin

The chemical structure of all statins consists of the pharmacophore and its moiety
containing a ring system with different substituents. The pharmacophore is shared
among all statins, and it is a dihydroxyheptanoic acid segment that is very similar
to the HMGCoA substrate [34]. The ring system consists of a complex hydrophobic
structure covalently linked to the pharmacophore and it is involved in binding
interactions with the HMG-CoA reductase enzyme [35]. There are different kinds
of statins, which differ from each other in their hydrophobic ring structure and its
substituents, covalently linked to the HMG-like moiety. These differences in structure
affect the pharmacological properties of the statins [36].

The lipophilicity of the statins is considered important since the hepatoselectivity
of the statins is related to their degree of lipophilicity. The higher the lipophilic-
ity of statins, the greater level of exposure it gets to non-hepatic tissues, while the
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more hydrophobic statins have a tendency to be more selective for the liver, whereas
lipophilic statins passively and nonselectively diffuse into both hepatocytes and
non-heptatocytes. The more hydrophobic statins largely rely on active transport into
hepatocytes to exert their effects [37].

There are two forms of statins, lactone (inactive) and open-ring hydroxy acid
(active) forms. The HMG-like moiety that all statins are in the inactive form as a
lactone. Simvastatin and lovastatin are administered as lactone prodrugs and sub-
sequently transformed into active metabolites. The remaining statins become in
their active form as a f-hydroxy acid. In vivo, lactone statins are hydrolyzed to their
hydroxy acid pharmacophores in the liver to achieve pharmacological activity [38].

We can divide statins into two groups: naturally or fungal-derived (type 1) and
synthetic (type 2). One of the main differences between the type 1 and type 2 statins
is the replacement of the fluorophenyl group of type 2 statins with the butyryl group
in type 1 statins. These specific groups cause additional polar interactions and stron-
ger and tighter binding to the HMGR enzyme. Functionally, the methylethyl group
attached to the central ring of the type 2 statins replaces the decalin of the type 1
statins. The butyryl group of the type 1 statins occupies a region similar to the fluoro-
phenyl group present in the type 2 inhibitors [39].

The hepatoselectivity is very important factor in liposolubility of the statins
and their inhibitory effect on HMG-CoA reductase. Lipophilic statins enter the
hepatocytes through passive diffusion, whereas hydrophilic statins undergo a carrier-
mediated membrane [40].

Hydrophilicity depends on a transport process that takes the drug from the
portal blood into hepatocytes using anion-transporting polypeptides (OATP). That
molecules give better potential and selectivity for the liver cells. Hydrophilic statins—
such as rosuvastatin and pravastatin—have higher potential to the liver metabolism,
because they harder way of entering other tissues as lipophilic statins do. However,
the balance between desired and undesired effects of lipophilic and hydrophilic
statins remains not clearly established [41].

5. Effect of statin on bone metabolism

The bone tissue is a very dynamic formation that is always remodeled by bone cells
osteoclasts and bone-forming osteoblasts.

Osteoblast cells are derived from mesenchymal stem cells and osteocytes derived
from terminally differentiated osteoblasts [42, 43].

The biggest amount of lipids is present in bone marrow, and the lowest concentra-
tion of them in bone mineral matrix. Human bone contains 28-84% of neutral lipids,
and only less than 3% of phospholipids [44].

Cholesterols have function in bone metabolism, in which membrane signal trans-
ducing platforms and play crucial roles in RANK-RANKL signal transduction during
osteoclastogenesis.

High cholesterol levels also increase bone metabolism. High fat diets in mice
caused osteoclastogenesis, and decrease in bone mass. The high-fat-fed antigen-
induced arthritis (AIA) model also suggested that enhanced cathepsin K-positive
osteoclasts contributed to more severe deterioration of the joints than in normal-diet-
fed AIA rabbits [45-47].

Cellular cholesterol has important role in cellular metabolism of macrophages
pathways. Macrophages have the same origin as osteoclasts. The low-density
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lipoprotein receptor (LDLR) on macrophages promotes the internalization of ApoB-
containing lipoprotein, resulting in high levels of intracellular cholesterol [48, 49].

Osteoporosis is an epidemic throughout the world and is associated with trauma
fractures in the vertebral spine, femoral neck, and distal radius. Specifically, post-
menopausal osteoporosis is connected with pathological bone fractures. That is very
often a disease in elderly women. It is typically associated with low bone mass and
poor bone density.

Bisphophonates, selective estrogen receptor modulators, calcitonin, and vitamin
D analogues are most usefully drugs for osteoporosis. They can also stop further bone
loss. All of these drugs are inhibitors of bone resorption that act mainly to stabilize
bone mass. It is hard to say if they are also osteoinductive [50, 51].

Osteoporosis and atherosclerosis share the tendency to accelerate after meno-
pause; both diseases are promoted by inflammatory processes, and many aspects of
arterial calcification and bone formation are similar [52]. The relationship between
osteoporosis and atherosclerosis is supported by the observation that the progres-
sion of aortic calcification is most severe in women with the most severe metacarpal
bone loss. Factors that may promote both processes include estrogen deficiency and
increased concentrations of proinflammatory cytokines, such as IL-1, IL-6, and
TNF-a [49, 50].

6. Conclusion

A review of the results from the available literature shows that statins have a future
in the use within oral surgery procedures and implantology where their osteogenic
effect is most pronounced and their influence on the increase of the volume of newly
formed bone and contact between implants and bone. Although studies have been
conducted on small animals we believe that the potential of statins in bone forma-
tion is also high in humans. One of the studies also demonstrated the effectiveness
of statins on bone fracture regeneration. We believe that local use of a statin applied
to the bone bed of the implant, as well as topical application of a liquid statin to the
implant surface, shows better osseointegration potential of the implant, as well as
better contact of the implant with the more newly formed bone. A better effect on the
soft tissues around the implant is also visible. It is possible that local statins increase
level of bone morfogenic protein-2 (BMP-2) in bone metabolism, which affects
higher level of newly formed bone. Future studies should establish safe and effective
clinical protocols for statin application to promote osseointegration.
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Abstract

Tuberculosis is an infectious disease spread through the air that is treated with a
combination of drugs. Compliance to long-term antituberculosis therapy is vital for
sustaining adequate blood drug level. Inadequate medical management of patients is
a major factor in the emergence and dissemination of drug-resistant Mycobacterium
TB strains. The necessity to understand the context of individual and collective health
when considering tuberculosis treatment remains a difficulty. Furthermore, when
it comes to treatment success, social and economic factors have been demonstrated
to be aspects that must be considered. Because of the poor, expensive, ineffective,
and toxic alternatives to first-line medications, the therapeutic approach for drug-
resistant tuberculosis is complicated. New antituberculosis medications (bedaquiline
and delamanid) have recently been licenced by health authorities; however, they
do not constitute a definitive answer for the clinical management of drug-resistant
tuberculosis forms, especially in middle-income countries where drug resistance is
common (China, India, and former Soviet Union countries). There is an immediate
need for new research and development initiatives. To sustain both new and ancient
therapeutic choices, public health policies are essential. We did a thorough review of
national and international literature on tuberculosis treatment in India in recent years
with the goal of providing advice to health care providers based on the scenario.

Keywords: tuberculosis, drug-resistant, mycobacterium, antituberculosis,
medications, health policies

1. Introduction

Tuberculosis (TB) continues to have a major influence on global healthcare. For
more than five decades, anti-tubercular treatment (ATT) is available but still, about
one-third of the world’s population continues to be infected with tuberculosis [1]. In
the last decade, the rise of multidrug-resistant tuberculosis (MDR-TB) and extensively
drug-resistant tuberculosis (XDR-TB) has sparked global alarm [1-3]. Patients who are
infected with strains resistant to isoniazid and rifampicin, called multidrug-resistant
(MDR) TB, are practically incurable by standard first-line treatment (Seung et al. 2015).
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Tuberculosis (TB) is a global health concern that causes 8.7 million new cases
and 1.4 million deaths each year [4]. Furthermore, resistant Mycobacterium tuber-
culosis strains are appearing in practically all places reported to the World Health
Organisation (WHO) [5]. Noncompliance with treatment regimens and incorrect
TB therapy prescriptions are thought to be key contributors to this public health
issue [6, 7]. Fixed-dose combination (FDC) tablets, each combining two or more
anti-TB drugs, have been manufactured since the 1980s [8] to simplify TB therapy
and facilitate physician and patient compliance with treatment recommendations [9]
due to the large number of tablets used in TB treatment regimens. These Fixed-dose
combination (FDC) pills also avoid unintended monotherapy, which can happen
due to prescription errors, insufficient regimens, or patient error in taking only one
medicine [10]. Furthermore, dealing with a single combined formulation including all
needed medications streamlines drug procurement, storage, and delivery, potentially
lowering drug supply management errors and costs. The World Health Organisation
(WHO) and the International Union Against Tuberculosis and Lung Disease
(IUATLD) approved FDC anti-TB therapy in 1994 [11]. Concerns were raised about
adequate bioavailability of the component drugs following the announcement of this
recommendation and its more widespread implementation, particularly rifampicin
(RIF) due to its enhanced decomposition in the presence of isoniazid (INH) [12, 13].
As aresult, the WHO and the IUATLD set bioavailability standards for FDC anti-TB
medication components [14]. Two-drug formulations (INH + RIF and INH + etham-
butol), three-drug formulations (INH + RIF + ethambutol and INH + RIF + pyrazin-
amide), and a four-drug formulation (INH + RIF + ethambutol + pyrazinamide) are
currently on the WHO Model List of Essential Drugs [10, 15].

The first three years of implementation of the National Strategic Plan (2017-2025)
to eradicate tuberculosis in India have been completed. The programme has had a
lot of success over this time [16]. Through the NIKSHAY portal, the initiative has
made significant progress toward near-complete online notification of all TB cases
in the country. The system has notified 24.04 lakh patients, an increase of 11% over
previous year, with 6.7 lakh patients from the private sector being notified. For 22.7
lakh (94.4%) of the declared drug-sensitive TB cases, first-line standard treatment
was started. Early case discovery has improved as a result of mapping high-risk
groups, properly planned systematic screening, and aggressive case finding for active
TB, resulting in lower transmission risks, poor treatment outcomes, and negative
social and economic implications. This year, 27.74 crore people were examined in 337
districts across 23 states, yielding 62,958 TB cases [16].

Tuberculosis (TB) is a disease that has been around for a long time. Despite the
availability of tubercle bacillus chemotherapy, our fight against this ancient human
foe is far from ended. Because of the pathogen’s peculiar biological properties [17].
Springett [18] describes the disease as having a distinct natural history and a sluggish
response to currently available chemotherapeutic treatments [17, 19, 20]. Since the
beginning of chemotherapy, poor treatment adherence, developed drug resistance,
treatment failure, and relapse have all been reported [21]. A series of seminal experi-
ments in Madras (now Chennai), Africa, Hong Kong, and Singapore led to create
the now widely used 6-month standard regimens administered under supervision
[22]. These research set the groundwork for the World Health Organisation’s (WHO)
global comprehensive TB control strategy, known as directly observed therapy,
short-course (DOTS), which was announced in 1993 alongside a proclamation of
tuberculosis as a global emergency [23]. Despite some recent debates on the exact
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importance of the act of directly observed treatment (DOT) [24, 25], no other mode
of drug administration has been shown to provide a comparable high rate of treat-
ment success as DOTS in functional programme settings [26]. Since the introduction
of DOTS, intermittent drug delivery has been frequently used to facilitate treatment
oversight on an outpatient basis, either throughout the 6-month course or solely
during the continuation phase in the last 4 months [21]. The fewer treatment visits
reduces both operational and patient-related costs, particularly when extensive travel
distances are involved. Patients can go about their daily routines and work as usual
because intermittent treatment has a lower impact on their everyday lives [21]. This
facilitates patient access to therapy and treatment adherence, particularly in resource-
constrained places or for underserved groups [21]. The scientific basis for intermit-
tent TB treatment in clinical settings has been established by in vitro evidence of the
post-antibiotic effect (PAE), which showed that exposure to medicines, particularly
isoniazid, for a few hours resulted in suppression of mycobacterial growth for several
days [27, 28]. The free peak drug concentration to minimum inhibitory concentration
(MIC) ratio best correlates with the PAE and resistance suppression for rifampicin
and perhaps other TB treatments [21, 28].

2. Current status in India

The persistence of an immune response to M. tuberculosis antigen stimulation
without any clinically active disease is known as latent tuberculosis infection (LTBI)
[29]. LTBI is expected to affect roughly one-third of the world’s population [30].
There are no estimates of the frequency of LTBI in the general population in India;
however, according to WHO data, around 3.5 lakh children under the age of five years
were eligible for LTBI treatment [31]. Although the majority of infected people do not
show symptoms, they are at high risk of developing active infection and so serve asa
bacterium reservoir. Reactivation of tuberculosis is believed to be 5-10% of the time
[32]. This risk is substantially higher in HIV-positive people, who face a 10% annual
risk of reactivation, and in young children (10%). If left untreated, 40% of LTBI chil-
dren under the age of one develop active disease, compared to 24 per cent in children
aged one to ten years and 16% in children aged eleven to fifteen years [33]. Infected
people are thought to congregate in a pool of LTBI, from which those with latent TB
emerge with active TB. The size of the pool of latent infection must be reduced in
order to regulate the active infection [32, 34].

The elimination of tuberculosis (TB) has received a lot of attention in recent decades.
While treating active disease is by far the most significant intervention, LTB treatment is
an important but underestimated component. The cost of testing, a lack of consensus on
the tests that should be used, and treatment side effects all make it difficult to diagnose
and treat LTBI [32]. Treatment of LTBI in low-prevalence (high- to upper-middle-
income) countries is possible, as removing the infection reservoir reduces the disease’s
burden. In high-prevalence countries like India, however, the situation is completely dif-
ferent [32]. Here, rather than reactivation, reinfection due to contact with current cases
contributes to a high disease burden. This is why there is no national policy on the treat-
ment of LTBI. In this case, LTBI treatment must be tailored to the person [32]. Those
at high risk of reactivation should be given priority, especially when the predisposing
condition is reversible in the short term. As a result, the probability of reactivation vs.
reinfection should be considered while deciding whether or not to treat LTBI [32].
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3. Multi-drug-resistant tuberculosis and RNTCP

Tuberculosis (TB) continues to be a major global public health issue that requires
immediate response. There are three separate but overlapping components to current
global efforts to control tuberculosis: humanitarian, public health, and economic. The
main humanitarian concern for a patient-centred approach to TB control is to reduce
TB-related sickness, suffering, and mortality. To reduce disease transmission, the public
health dimension focuses on correct identification and treatment of patients with tuber-
culosis. This involves the creation of well-structured tuberculosis control programmes
(responsive and adaptable to the reforming health sector). The advent of medication
resistance to treat tuberculosis, particularly multidrug-resistant tuberculosis (MDR
TB), has become a major public health issue and a roadblock to successful TB control
[2]. In the presence of pharmaceuticals, drug resistance manifests itself as a selective
expansion of resistant mutants among the actively growing bacillary population. The
prevalence of drug resistant mutants in the susceptible bacillary population, the size of
the actively growing bacillary population in the lesions, and the antimicrobial quality of
the medications utilised all influence the formation of drug resistance [35, 36].

4. Fixed-dose combination antituberculosis therapy

The World Health Organisation and the International Union Against Tuberculosis
and Lung Disease (IUATLD) endorsed FDC anti-TB therapy in 1994 [11]. Concerns
were raised about proper bioavailability of the component medications following the
release of this proposal and its more widespread application, particularly rifampicin
(RIF) due to its accelerated breakdown in the presence of isoniazid (INH) [12, 13].
Despite the potential benefits of FDC anti-TB medicines, questions about their
efficacy remain unanswered. Many observational studies and clinical trials have
been done to determine the efficacy of FDC medications in preventing treatment
failure, illness relapse, and drug resistance. The use of FDC medications has resulted
in favourable [37], unfavourable [38], or no therapy outcomes in various investiga-
tions [39, 40]. Despite current conflicting findings, the WHO [41], the International
Standards for Tuberculosis Care (Standard 8) [42], and the American Thoracic
Society all endorse FDC formulations for active TB treatment [10, 43].

5. Treatment of latent tuberculosis infection in India

Because it can sterilise latent infection, LTBI chemotherapy is the sole biological TB
control intervention. Isoniazid, at a dose of 10 mg/kg/day for 6 months, is suggested by
the IAP for the treatment of LTBI. The following people should receive treatment:

* Regardless of their TST, BCG, or nutritional state, asymptomatic contacts (under
6 years of age) of a smear-positive case who have no evidence of active disease
should be administered in.

* After screening out active TB, all HIV positive children in contact with an infec-
tious TB case or TST positive (5 mm induration).

* Immunosuppression was planned for or received by TST positive children (e.g.,
acute leukaemia and nephrotic syndrome).
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o If there is no evidence of congenital TB in the new-born child born to a TB
positive mother [44].

In adults, individuals with RA and LTBI who are scheduled for immunosuppres-
sion should be treated (biologicals). This is in accordance with the ACR’s recom-
mendations [45]. Chemotherapy is started in HIV patients as stated above. However,
because there are no defined rules for India, therapy for immunocompromised people
and close contacts of active cases is done on a case-by-case basis. In nations with a
high incidence of tuberculosis, treatment options include isoniazid monotherapy
for 6 months, rifampicin and isoniazid combination daily for 3 months (in children
15 years), and rifapentine and isoniazid weekly for 3 months. Isoniazid is admin-
istered to adults at a dose of 5 mg/kg and to children at a dose of 10 mg/kg up toa
maximum of 300 mg. When utilised, rifampicin is administered at a dose of 10 mg/
kg for adults and 15 mg/kg for children, with a maximum dose of 600 mg [31]. All
of the following regimens were shown to be non-superior in the majority of stud-
ies undertaken to date. However, some regimens may be favoured over others on a
case-by-case basis. Rifapentine/rifampicin-containing regimens, for example, are not
recommended for HIV patients due to the significant risk of medication interactions.
In some cases, these may be preferable because they are shorter and patients are more
likely to comply. However, the financial ramifications must also be considered [32].

6. Surgical treatment of tuberculosis

Although tuberculosis is usually treated with drugs, it can also be treated surgically in
select situations, particularly in cases of drug resistance and some pulmonary tuberculosis
sequelae. Surgical lung biopsy can be used to distinguish between pulmonary tuberculosis
and lung cancer. Endobronchial tuberculosis, as well as significant adverse responses,
severe haemoptysis, empyema, pneumothorax, and bronchopleural fistula, are all
surgical indications. Surgical intervention may be indicated in situations of symptomatic
pulmonary residual, fungal ball, and haemoptysis in tuberculosis sequelae [46, 47].

7. Treatment services under national TB elimination programme in India

The National Tuberculosis Elimination Program (NTEP) aims to reach every TB
patient for free diagnosis and treatment. In 2019, 94% of TB patients who had been
notified were started on treatment for the disease [16]. According to current policy,
universal DST is supplied to informed TB patients (including private sector TB
patients) to determine the presence of Rifampicin resistance at the time of TB diagno-
sis in order to provide an appropriate regimen based on the Drug Susceptibility Test
(DST). Further tests are offered based on the DST result, as part of the integrated DR
TB methodology, to rule out resistance to additional medications. UDST was offered
to 58% of all reported TB patients in 2019 [16]. As a result of DST, suitable changes in
the regimen are made in accordance with the PMDT standards in India [16].

7.1 Treatment of drug sensitive TB

When a patient is diagnosed with tuberculosis, a standard first-line anti-TB
regimen in the form of Fixed Dosage Combination (FDC) is given to them right
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away, usually from the centre where the diagnosis was made or while the patient is
being transferred to the appropriate health facility for treatment initiation, especially
when the diagnosis is not the same as the TB patient’s relapse (e.g. Mobile or migrant
population). The NIKSHAY digital surveillance system enables for the tracking of
tuberculosis patients who are referred or transferred from one health unit to another
across multiple geographic locations. Through several means, including the PPSA,
the National TB Elimination Program has expanded free access to anti-TB drugs to
patients seeking care in the private sector. The National TB Elimination Programme
uses the services of a contact centre to provide patient counselling and connect them
with suitable public resources for patients who are unaware of the nearest diagnostic
or therapy institution [16].

7.2 Programmatic Management of Drug Resistant TB services (PMDT)

PMDT services were first offered in 2007, and by 2013, the programme had
expanded to encompass the entire country. During 2011-2012, a systematic approach
to scaling up all of these facilities was implemented, with coordinated efforts from
numerous stakeholders resulting in national coverage by 2013. Line Probe Assay
(LPA) was first presented in 2009, followed by CBNAAT in 2012, and both technolo-
gies have now been scaled up to 64 LPA labs, 1180 CBNAAT sites, and 350 TrueNAT
sites by the end of 2019. By implementing Guidelines for PMDT in India 2017, DRTB
treatment services are delegated to district DRTB centres with the goal of bringing
drug resistant TB treatment closer to TB patients’ homes. By the end of 2019, 711 DR
TB centres, including 154 Nodal DR TB centres, will be operational, allowing for
decentralised DR-TB treatment. This decentralisation will enable districts to use the
“test and treat approach” to shorten diagnostic and treatment delays, reduce travel
costs, and speed early MDR/RR-TB patient care within their district [16].

8. Drugs for tuberculosis

As the disease has refused to go away over the previous five decades, there has
always been a need for innovative medications and combinations. Many medications
are in various stages of development and are being tested. Efforts are being made to
produce newer medications, as well as newer regimens that use these drugs [1].

8.1 New applications of existing drugs
8.1.1 Rifamycins

Rifampicin, Rifabutin, and Rifapentine are among the medications in this class. It
has been proposed that a greater dose of Rifampicin than the standard 10 mg/kg may
be required to reduce treatment duration in new tuberculosis patients. Some mouse
trials have provided promising findings in evaluating the role of high-dose rifampicin
(15-30 mg/day) in the intense phase of ATT [40]. For the first two months of ATT,

a phase II randomised trial comparing rifampicin in dosages of 20 mg/kg/day and
15. mg/kg/day to the usual 10 mg/kg/day is continuing [48]. Preliminary research
suggests that greater dosages of Rifampicin are tolerated well, with proportionately
higher serum concentration levels [49]. Adults have also been given higher doses of
Rifampicin as part of a regular ATT regimen, as well as when combined with other
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newer medications like Moxifloxacin and SQ-109 [50]. With such high rifampicin
doses, there is the potential for a shorter treatment duration, according to current
findings. Rifabutin is often preferred over Rifampicin for individuals with TB and
HIV since it has fewer medication interactions and negative effects [51]. In children,
the dose is 5 mg/kg, while in adults, it is 150-300 mg/day [52].

Rifapentine, another medicine in the same class, has a longer half-life and has
been explored for latent tuberculosis infection (LTBI) rather than active tuberculosis.
In adults, a three-month preventive regimen of 300 mg Rifapentine and 900 mg
Isoniazid was found to be as efficacious as nine months of 300 mg daily Isoniazid [53].
Doses ranging from 300 to 900 mg have been administered in children with adequate
tolerance. In order to obtain systemic exposures consistent with successful treatment
of LTBI in adults, higher weight-adjusted dosages are required in children [54].

8.1.2 Flouroquinolones

Moxifloxacin and Levofloxacin are the most important medications in this
class, and their superiority over other quinolones has been thoroughly established
[55]. There have been multiple trials with promising results using quinolones in
combination with other first-line medicines to reduce the length of ATT [56]. In the
intensive phase, a typical ATT regimen was compared to a Gatifloxacin/Moxifloxacin-
containing regimen with the goal of reducing the treatment period to four months,
however the latter had greater relapse rates than the former. Furthermore, children
under the age of five are known to clear quinolones from the body more quickly in
the urine and have a lower serum concentration than adults. There is a scarcity of
pharmacokinetic data, particularly in children under the age of five. As a result,
optimising their use in children for the prevention of drug resistance becomes more
important [55]. Children’s usage of quinolones has traditionally been restricted due
to worries of arthropathy, however there is no evidence of such side effects in either
children or adults treated with long-term quinolones, according to available data.

8.1.3 Oxazolidinones

This family of medicines works by inhibiting protein synthesis by competing with
an enzyme involved in translation [57]. Cycloserine was the first oxazolidinone to be
used as an antitubercular medication, although linezolid is now the most widely used.
Sputum conversion rates in patients with XDR-TB improved in two recent randomised
control trials with linezolid [58]. However, higher failure rates at lower doses (300 mg/
day) and more severe adverse effects at higher doses (600 mg/day) limit its long-term
use. Common side effects include peripheral neuropathy, gastrointestinal problems,
and myelosuppression [59]. Both Cycloserine and Linezolid are currently designated
by WHO as core medicines for the treatment of drug-resistant tuberculosis. There is
not much information on their use as anti-tubercular agents in youngsters.

8.1.4 Beta-lactams and Macrolides

The medications included in WHO group D for treating drug-resistant tuberculo-
sis are amoxycillin-clavulanate, imipenem-cilastin, and meropenem. Meropenem and
Clavulanate show substantial synergistic antibacterial action against M. tuberculosis
in vitro because Clavulanate suppresses d-lactamase and increases Meropenems’ anti-
bacterial activity [60]. In vitro activity against tuberculosis bacilli was demonstrated
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in a recent research using a triple therapy consisting of amoxicillin, clavulanate, and
meropenem [61]. Macrolides, particularly Clarithromycin, have previously proven
beneficial in treating non-tubercular mycobacteria, but the outcomes in M. TB have
been poor due to fast resistance development [62].

8.1.5 Newer drugs Bedaquiline

After nearly four decades, the Food and Medicine Administration (FDA) has
approved this drug as the first antitubercular agent. It blocks the proton pump,
which is essential for ATP generation, as well as the mycobacterium’s metabolism
[62]. Bedaquiline should only be utilised when the typical MDR regimen cannot
be constructed due to in vitro resistance to these medications, known adverse drug
reactions, poor tolerance, or contraindications to any of the combination regimen’s
components. It can only be used as part of second-line ATT in patients over the age
of 18 years, according to WHO guidelines. However, in the same dosage as advised
for adults, it has been found to be effective and safe in children and adolescents [63].
The dose is 400 mg once a day for two weeks, then 200 mg three times a week for the
next 22 weeks, for a total of six months, which is the longest time bedaquiline can
be given. The Indian government’s Revised National Tuberculosis Control Program
(RNTCP) is introducing this medicine through a limited access programme across the
country. Nausea, vomiting, dizziness, arthralgia, myalgia, elevated serum amylase
and transaminase levels, QT prolongation, and dark urine are all known side effects
of bedaquiline. Bedaquiline toxicity is increased by drugs that decrease liver function
via CYP3A4 metabolism (e.g., ketoconazole and ritonavir) [64].

8.1.6 Delamanid and pretomanid

Both of these medications are nitroimidazoles, which work by preventing myco-
bacterial cell wall formation [65]. Delamanid has been investigated significantly more
thoroughly than pretomanid. In patients with MDR-TB/XDR-TB who have a high
baseline risk for poor outcomes, WHO recommends using delamanid for just six months
of rigorous treatment at a dose of 100 mg twice a day [66]. When delamanid was given
in combination with an improved background regimen in patients with drug resistant
tuberculosis, higher rates of sputum conversion and lower mortality were seen [67].
Pretomanid, on the other hand, is a prodrug that requires bio-reductive activation of an
aromatic group in order to be effective against tuberculosis. In an experimental mouse
model of tuberculosis, it also showed significant bactericidal activity during both the
intense and continuation stages of treatment. In 2016, the World Health Organisation
(WHO) published guidelines for the use of delamanid in children and adolescents, stat-
ing that children with MDR-TB who are resistant to quinolones or second-line injectables
(or both) should be candidates for this treatment. This medicine should be used as an
add-on treatment in longer MDR-TB regimens (18-24 months) in children rather than as
part of the shorter MDR-TB regimens introduced by WHO in 2016 [3]. Not only has the
use of bedaquiline, delamanid, and pretomanid transformed the treatment of drug-
resistant tuberculosis, but it has also revolutionised the treatment of HIV-TB coinfection.

8.1.7 Other drugs

SQ-109 is an ethambutol analogue with 1, 2 ethylenediamine. This drug is now
being tested in people after showing promising results in both in vitro and in vivo
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mice models of tuberculosis [68]. With isoniazid, rifampicin, and streptomy-
cin, SQ-109 has been demonstrated to have a synergistic effect. SQ-109 reduces
Rifampicin’s Minimum Inhibitory Concentration (MIC), and this synergy may be
important in patients with Rifampicin-resistant TB [1, 69].

9. Preventive measures of MDR-TB through high quality treatment

Drug-resistant tuberculosis (DR-TB) poses a significant national and interna-
tional programmatic challenge as well as a significant risk to individuals residing in
TB-endemic countries. Only about 30% of the 490,000 people estimated to have
developed multidrug-resistant tuberculosis (MDR-TB) (along with an additional
110,000 cases of rifampicin [RMP]-resistant TB) in 2016 had their diagnosis, and
only about 25% had their treatment for MDR-TB started, according to the World
Health Organisation (WHO) [3, 70].

Although existing drug-resistant cases must also be treated, mathematical model-
ling reveals that best-practice shortcourse chemotherapy can control isoniazid- or
rifampicin-resistant disease while preventing the formation of MDR-TB by obtaining
cure rates over 80% in new cases [71]. Focusing on enhanced and quality-controlled
bacteriology with universal drug susceptibility testing (DST), quality therapy,
removal of healthcare access barriers, and appropriate monitoring and evaluation can
avoid the occurrence of MDR-TB in addition to high rates of case-detection and cure
(WHO, 2015). This patient-centred strategy is further supported by the International
Standards for Tuberculosis Care and its regional variations [72, 73].

Since patients with suspected DR-TB are what drives transmission, the corner-
stone of MDR-TB transmission prevention should concentrate on earlier diagnosis
and prompt initiation of effective therapy for all DR-TB patients (this includes
patients on treatment for DS-TB who have undiagnosed DR-TB as well as those who
remain both undiagnosed and untreated) [74]. Making these patients non-infectious
will enhance individual outcomes and reduce transmission. A 90% decrease in TB
incidence is one of the lofty goals put forth in the WHO’s End TB Strategy, which was
introduced in 2015 [75]. The End TB Strategy mandates that all individuals being
tested for TB, not just those with recognised risk factors for developing DR-TB dis-
ease, undergo universal drug susceptibility testing (DST). This method necessitates
a large expansion of the use of molecular diagnostics for TB, which allow an early
evaluation of treatment resistance at the time of TB diagnosis [70].

Early diagnosis and efficient treatment are essential components of an effective
MDR-TB (Multi Drug Resistant Tuberculosis) control approach, similar to DS-TB
(Drug Susceptible Tuberculosis). One of the main causes of continued TB transmis-
sion is diagnostic delay. Drug susceptibility testing (DST), which is necessary for the
diagnosis of drug-resistant tuberculosis (DR-TB), was previously unavailable in the
majority of high-prevalence settings until the recent introduction of rapid genotypic
DST using GeneXpert MTB/RIF® or Line Probe Assays (such as INNO-LiPA® and
Genotype MTBDRsI®) [76]. However, there is still a sizable case detection gap, and
it is estimated that in 2014, 75% of MDR-TB patients were unreported [77]. Only
12% of newly diagnosed TB cases with bacteriological confirmation and 58% of TB
people who have already received treatment around the world have DST done. The
2016 WHO MDR-TB treatment recommendations include a strong recommendation
for universal DST for all TB patients at the time of initial diagnosis [3]. The proposed
“F-A-S-T” strategy, which is based on rapid DST (drug susceptibility testing), is
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designed to find cases actively by cough monitoring and rapid molecular sputum test-
ing, separate securely, and treat efficiently. This improved guidance is applicable to all
settings and age categories [78]. Since these techniques will require significant invest-
ment from health systems to become a reality, more study is needed to determine
their usefulness [79].

10. Another strategy we can follow is prevent transmission through
infection control

Effective infection control measures are crucial in clinical facilities that treat
TB and M/XDR-TB patients, according to the WHO Policy on Infection Control
[71, 80, 81]. The plan of action comprises administrative, environmental, and man-
agement controls [73, 77, 81].

It is well recognised that poverty increases M. tuberculosis transmission, TB
mortality rates, and TB incidence [71, 82]. Even in wealthy nations, detecting and
treating MDR-/XDR-TB can be expensive. However, using new medications may
be more affordable [73]. The correct application of modern diagnostic tools and
medications, along with the fundamental measures provides the foundation for the
prevention and control of MDR-TB [72, 77, 83-89]. Recently, efforts to end TB have
concentrated on latent TB infection (LTBI) diagnosis and treatment as well as TB con-
trol in risk groups (displaced populations) [71, 73]. To identify LTBI in high risk and
vulnerable groups, interferon-gamma release assays (IGRAs) or Mantoux tuberculin
skin test (TST) are both advised, while novel regimens comprising rifampicin and
rifapentine are currently advised, being especially helpful in isoniazid resistant cases
[73]. The majority of TB infections are found among migrants and refugees in various
high-income nations, and these populations are the main source of new cases among
locals [71, 73]. Those vulnerable groups should have unrestricted access to TB services
after moving to a new country, and quick, excellent TB and LTBI management should
be ensured. Clinical professionals have a moral obligation to properly manage both
drug-susceptible and MDR-TB in order to meet TB elimination targets [73].

11. Conclusion

It is commonly acknowledged that TB management in India will continue to
face significant hurdles as long as TB treatment is dominated by such a vast and
fragmented private sector. Approaches like the ones discussed here, when combined
with already available surveillance techniques, could help to create a comprehen-
sive picture of the state of the private sector, how it develops over time, and where
interventions are most needed. Future interventions to harness the private sector
for the benefit of TB patients in India and worldwide will benefit greatly from such
monitoring.
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