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Preface

Drug metabolism and pharmacokinetics (DMPK) is an important discipline in drug 
discovery and development programs, which deal with biotransformation and other 
pharmacokinetic parameters to assess a drug’s safety. DMPK basically evaluates a 
drug’s absorption, distribution, metabolism, and excretion (ADME) properties, 
enabling the discovery and development of a safe and efficacious drug molecule. An 
understanding of the DMPK process and associated properties is an essential require-
ment for a candidate drug to become a successful therapeutic agent. Preclinical 
studies with satisfactory pharmacokinetic, metabolic, and toxicological data reduce 
failure rates of drug candidates in the clinical phase of drug discovery. Besides 
adequate potency against the therapeutic target and an acceptable safety profile, a 
balance of optimized PK properties and minimized drug–drug interactions (DDIs) 
maximizes the chance of a candidate drug becoming a successful therapeutic agent. 
In recent times, there has been increased attention on evaluating the pharmacoki-
netic and safety profile of drug candidates, which includes various pharmacokinetic 
parameters (aqueous solubility, lipophilicity, cell permeability, bioavailability, protein 
binding, and metabolism and elimination half-life), DDIs, and toxicokinetics. Various 
in silico tools and in vitro/in vivo experimental techniques are applied to predict/ 
evaluate such parameters as a rational strategy for the design, optimization, and 
selection of successful drug candidates. Such studies can help researchers and drug 
developers predict potential risks of failure early in drug development, as well as 
provide pre-clinical evidence to conduct clinical trials. 

Mithun Rudrapal
Department of Pharmaceutical Sciences,

School of Biotechnology and Pharmaceutical Sciences,
Vignan’s Foundation for Science, Technology and Research (Deemed to be University),

Guntur, India
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Chapter

Introductory Chapter: 
Pharmacokinetics and Drug 
Metabolism with Special Reference 
to Herbal Formulations
Priyanka Sharma, Deepali Siwan and Mithun Rudrapal

1. Introduction to herbal formulations

Plant-based treatments are crucial in achieving Sustainable Development Goal 
3 (SDG 3) to ensure healthy lives and promote well-being. Integrating effective and 
safe herbal medical systems with traditional pharmaceutical systems can significantly 
enhance essential healthcare services. A survey conducted in Germany revealed that 
various age groups opt for herbal remedies due to dissatisfaction with allopathic 
treatments, the synergistic effects of medicinal plants, historical usage, and unique 
knowledge [1]. In the face of emerging diseases like SARS-COV-2 and mycosis, 
interest in phytotherapy has been rekindled to strengthen the healthcare system 
and combat the ongoing epidemic. Immunity-boosting plants, herbal remedies, and 
AYUSH compositions are being considered as preventive measures. Specific botanical 
formulations include the aqueous solution of Guduchi and pippali, AYUSH 64, and 
Guduchi aq. extracts have shown promise for mild to moderate and asymptomatic 
COVID-19 patients [2]. Ashwagandha and Guduchi extracts are also recommended 
for preventive use against COVID-19, with Withaferin A potentially acting as a thera-
peutic agent to inhibit viral spread. However, further research is needed to determine 
the long-term safety and optimal dosage [3]. Currently, herbal medicines straddle 
the line between conventional drugs and food. This chapter elucidates their historical 
significance, integration into modern healthcare, and metabolic and pharmacokinetic 
profiles within the human body.

1.1  Importance of understanding herbal formulations’ metabolism  
and pharmacokinetics

Researchers are increasingly curious about the impact of herbal formulations 
on metabolism and pharmacokinetics. Pharmacokinetics (PK), a newly developed 
approach, is instrumental in studying drug absorption, distribution, metabolism, 
and excretion in vivo. When combined with other techniques, PK helps determine the 
active components of medicinal plants [4–6]. Pharmacokinetic measures like biologi-
cal half-life, clearance, and AUC reveal dynamic processes of these components in 
vivo. Contrasting pharmacokinetic parameters aids in understanding their character-
istics [7, 8]. This has three benefits: precise explanation of herbal formulation effects 
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by identifying components, clarifying interactions of active substances (Figure 1), 
and demonstrating dynamic actions of active ingredients in vivo (Figure 1). These 
discoveries support the clinical use and understanding of medicinal plants.

Researchers discovered how the active components in medicinal plants produce 
their therapeutic benefits by thoroughly examining them. For instance, artemisinin 
was employed as a malaria preventative. Rhein, geniposide, and 6,7-dimethylesculetin 
were successful treatments for hepatic damage syndrome. Nonbacterial prostatitis 
was treated with berberine. Additionally, research employing PK has helped us to 
better understand the dynamic mechanisms of the active components of medicinal 
plants in vivo [2, 3], shown in Figure 1.

2.  Absorption, distribution, metabolism, and excretion (ADME) of herbal 
compounds

2.1 Absorption of herbal compounds in the gastrointestinal tract

The impact of oral herbal therapies on individuals and their influencing factors 
remains understudied. Oral absorption is critical for defining bioavailability of 
medicinal ingredients from plants. Research on oral absorption is primarily based 
on animal and cell studies (e.g., Caco-2 cells). Some herbal substances have been 
assessed for oral bioavailability values, influenced by factors such as gastric fluid 
solubility, membrane permeability, gastrointestinal tract deprivation, and transport-
ers like P-glycoprotein (P-gp/MDR1/ABCB1). Low or weak intestinal absorption may 
lead to inadequate oral bioavailability of herbal ingredients, as seen with curcumin. 
To enhance bioavailability, various formulations like liposomes and nanotechnology-
based approaches have been developed [9]. Further research is needed to optimize 
oral herbal therapies and maximize their therapeutic potential.

Figure 1. 
Representation of pharmacokinetics studies of active constituents via in vivo. Cmax, maximum plasma 
concentration; MTC, minimum toxic concentration; Tmax, time to Cmax; AUC, area under curve; MEC, 
minimum effective concentration.
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2.2 Distribution of herbal compounds in the body

The albumin from human serum (HSA), 1-acid glycoprotein (AGP), lipoprotein, 
or and globulin are examples of plasma proteins connected to the ADME and pharma-
codynamics properties of drugs in the body through bidirectional interactions.

The hydrophobic cavity in HSA is crucial in explaining how it affects the distri-
bution and efficacy of medications. The hydrophobic cavity in HSA can alter the 
distribution of cells in vivo and in vitro and increase the apparent dissolution of 
hydrophobic drugs in plasma.

Human serum albumin and berberine, a conventional herbal remedy used to treat 
gastrointestinal diseases, were examined by Hu et al. The findings showed that the 
hydrophobic pocket of subdomain IIA was where berberine bound most frequently 
and that electrostatic forces played a significant role in the interaction of berberine 
and HSA.

The blood–brain barrier (BBB), which blocks substances from circulating blood 
from entering the brain through paracellular and transcellular routes, comprises 
humans’ tightly connected brain endothelial cells. These multidrug transporters can 
prevent harmful circulatory chemicals, including herbal medicines, from making it to 
the brain. However, these transporters will impede and lessen the efficiency of herbal 
drugs that impact the central nervous system [10].

2.3 Metabolism of herbal compounds in the liver

The human gut is where herbal substances are subjected to CYP- and UGT-
mediated metabolism, which may be a critical factor in influencing intake and 
bioavailability. Following oral ingestion, herbal essences are vulnerable to presystemic 
oxidative and/or coupling metabolism, and the presence of several CYPs (in par-
ticular CYP3A4), and UGTs is significant in the gut. When absorbing diverse herbal 
compounds from the core, intestinal CYP3A4 can act as a very effective metabolic 
barrier without the help of the liver.

Numerous herbal substances often undergo intestinal hydrolysis, yielding phar-
macologically active or degraded metabolites. Many herbal treatments’ glycosides 
typically undergo intestinal deglycosylation before being absorbed, and phenolic 
compounds’ aglycones are then sulfated or glucuronidated in the gut and liver. 
Emodin and sennidin are broken down in the colon to create their pharmacologically 
effective aglycones [11].

2.4 Excretion of herbal compounds from the body

Herbal medicines taken orally undergo absorption, metabolism, and subsequent 
elimination through feces and/or kidneys. Most plant natural products have a short 
elimination half-life, and their parent chemicals or metabolites can be detected in 
urine and feces. Urinary excretion is the primary route for eliminating herbal medicine 
metabolites or parent chemicals, followed by biliary excretion, involving specific drug 
transporters. For instance, after intravenous administration of 100 mg quercetin, 7.4% 
was excreted in the urine as a conjugation metabolite, and 0.65% remained unchanged. 
Quercetin and kaempferol showed recovery rates of 99.7% and 97.4%, respectively. 
Many herbal medicines are also eliminated through biliary excretion, with fecal recov-
ery rates varying depending on the compound administered [12–16]. The exact role of 
hepatic transporters in biliary elimination of herbal treatments remains uncertain.
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3. Enzymes involved in the metabolism of herbal compounds

Enzymes play a crucial role in the metabolism of herbal compounds, impacting 
their absorption, distribution, and elimination within the body. Phase I enzymes, 
such as Cytochrome P450 (CYP) and Flavin-Containing Monooxygenases (FMO), 
initiate biotransformation reactions like oxidation, reduction, and hydrolysis. These 
reactions can either enhance or reduce the biological activity of herbal compounds. 
Phase II enzymes, like Glucuronosyltransferases, Sulfotransferases, and Glutathione 
S-Transferases, facilitate conjugation reactions, making herbal compounds more 
water-soluble for easier excretion [17]. The interplay between Phase I and Phase II 
enzymes influences the fate of herbal compounds, affecting their pharmacokinetics, 
efficacy, and potential interactions with other drugs. Understanding these enzyme-
mediated processes is crucial for optimizing the therapeutic use of herbal formula-
tions and ensuring patient safety.

3.1 Cytochrome P450 enzymes and herbal drug metabolism

Cytochrome P450 (CYP) enzymes are a group of heme-containing proteins 
primarily found in the liver and other tissues. They play a crucial role in metabolizing 
a diverse range of drugs, including herbal compounds. In the metabolism of herbal 
drugs, CYP enzymes are responsible for transforming the active constituents present 
in herbal formulations. This biotransformation involves various chemical reactions 
such as oxidation, hydroxylation, and dealkylation, leading to the formation of 
metabolites with different pharmacological properties than the original compounds 
[18]. Consequently, the activity of CYP enzymes can significantly impact the efficacy, 
safety, and potential interactions of herbal drugs with other medications. It is crucial 
for healthcare professionals and researchers to understand the role of CYP enzymes in 
herbal drug metabolism to optimize therapies and ensure patient safety when using 
herbal formulations in combination with conventional medicines.

3.2 Glucuronidation and other phase II enzymes

Glucuronidation is a significant Phase II biotransformation reaction 
responsible for metabolizing herbal compounds and other xenobiotics. UDP-
glucuronosyltransferases (UGTs) are the enzymes involved in this process, transfer-
ring glucuronic acid from UDP-glucuronic acid to the functional groups of herbal 
compounds, increasing their hydrophilicity and facilitating their excretion from 
the body. Other important Phase II enzymes in herbal drug metabolism include 
sulfotransferases, methyltransferases, and glutathione S-transferases (GSTs). 
Sulfotransferases add sulfate groups, methyltransferases add methyl groups, and 
GSTs conjugate herbal compounds with glutathione, promoting detoxification and 
enhanced excretion. The interplay of Phase II enzymes complements Phase I reac-
tions, ensuring efficient and safe herbal compound metabolism [19]. Understanding 
these enzymatic processes is crucial for optimizing herbal formulations’ use and 
promoting their safe integration into healthcare practices.

3.3 Transporters and their role in herbal drug interactions

Transporters are membrane proteins that play a crucial role in the absorption, 
distribution, and elimination of herbal compounds and other drugs in the body. 
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Table 1 provides examples of herbal compounds and their interactions with trans-
porters, illustrating the impact on the pharmacokinetics of co-administered drugs. 
The table likely includes information about specific herbal blends, their respective 
transporters, and their effects on the absorption, distribution, and elimination of 
other drugs. These examples showcase how herbal formulations can influence the 
activity of transporters, leading to altered drug bioavailability and potential herb-
drug interactions [20]. Understanding such interactions is crucial for healthcare 
professionals to ensure the safe and effective use of herbal and conventional drugs. 

Enzymes Examples Function

Phase I enzymes Cytochrome P450 (CYP) enzymes Oxidation, Reduction, and Hydrolysis of 
herbal compounds into more water-
soluble metabolites.

Flavin-containing monooxygenases 
(FMOs)

Involved in the oxidation of nitrogen, 
sulfur, and phosphorous-containing 
compounds.

Phase II enzymes UDP-glucuronosyltransferases 
(UGTs)

Conjugation of herbal compounds 
with glucuronic acid, increasing water 
solubility for excretion.

Sulfotransferases (SULTs) Conjugation of herbal compounds with 
sulfate, enhances their excretion.

Glutathione S-transferases (GSTs) Conjugation of herbal compounds with 
glutathione facilitates their elimination.

N-Acetyltransferases (NATs) Conjugation of herbal compounds with 
acetyl groups, promoting excretion.

Cytochrome P450 
(CYP) enzymes

CYP3A4 Metabolizes a wide range of herbal 
compounds and drugs commonly 
involved in interactions.

CYP2D6 Metabolizes several herbal compounds 
and drugs, and genetic polymorphisms 
may affect metabolism.

CYP2C9 Metabolizes various herbal compounds 
and drugs, which is important in drug 
interactions.

Transporters P-glycoprotein (P-gp) Efflux transporter pumps herbal 
compounds out of cells, affecting 
absorption and distribution.

Multidrug Resistance-Associated 
Proteins (MRPs)

Efflux transporters are involved in herbal 
compounds and drug elimination.

Breast Cancer Resistance Protein 
(BCRP)

Efflux transporter limiting absorption 
and distribution of herbal compounds 
and drugs.

Organic Anion Transporting 
Polypeptides (OATPs)

Uptake transporters facilitate herbal 
compound absorption into cells.

Organic Cation Transporters 
(OCTs)

Uptake transporters involved in the 
cellular uptake of herbal compounds

Table 1. 
The examples of enzymes, cytochrome P450 enzymes, and transporters involved in the metabolism and 
interactions of herbal compounds.
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Integrating this knowledge into clinical practice can enhance patient outcomes and 
minimize the risk of adverse effect.

4. Factors affecting pharmacokinetics of herbal formulations

The Pharmacokinetics of herbal formulations is affected by chemical composi-
tion, the bioavailability of active compounds, formulation methods, and individual 
variability in metabolism, genetics, age, and health status. Drug interactions and 
co-administration with other substances also influence the pharmacokinetic profile, 
necessitating safe and effective clinical use consideration.

4.1 Herb-drug interactions and their impact on pharmacokinetics

Herb-drug interactions occur when herbal compounds interact with conven-
tional medications, affecting their pharmacokinetics. These interactions can lead 
to altered drug absorption, distribution, metabolism, or excretion, potentially 
impacting therapeutic outcomes or causing adverse effects. Understanding and 
monitoring such interactions are crucial in clinical settings to ensure the safe 
and effective use of both herbal remedies and pharmaceutical drugs. Healthcare 
professionals must be vigilant in assessing and managing herb-drug interactions to 
optimize patient outcomes and safety [21].

4.2 Influence of genetics and individual variation on herbal drug metabolism

Genetics and individual variation play a crucial role in herbal drug metabolism. 
Genetic polymorphisms in drug-metabolizing enzymes and drug transporters can lead 
to significant inter-individual differences in how herbal compounds are processed and 
eliminated from the body. Variations in these genes can affect the efficacy and safety of 

Dietary component Effect on herbal drug absorption

High-fat foods May increase the absorption of lipophilic herbal compounds.

High-fiber foods Can delay the absorption of herbal drugs and reduce their 
bioavailability.

Grapefruit juice Can inhibit the activity of certain drug-metabolizing enzymes, 
affecting drug absorption.

Alcohol May enhance the absorption of some herbal compounds and alter 
drug metabolism.

Calcium-rich foods Can interfere with the absorption of certain herbal drugs.

Caffeine May enhance the absorption of certain herbal compounds.

Spices and Piperine Piperine present in black pepper can increase the bioavailability of 
herbal drugs.

Probiotics Can influence the gut microbiota and affect the metabolism of 
herbal compounds.

Iron-rich foods May reduce the absorption of certain herbal drugs.

Table 2. 
Effect of food and dietary components on herbal drug absorption [22, 23].
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herbal formulations and contribute to herb-drug interactions. Pharmacogenomic stud-
ies help identify genetic factors influencing herbal drug metabolism, enabling person-
alized treatment approaches. Considering individual genetic variations is essential to 
optimize herbal therapy, minimize adverse reactions, and achieve desired therapeutic 
outcomes for each patient. Moreover, the Effect of Food and Dietary Components on 
Herbal Drug Absorption is preciously discussed in Table 2.

5. Conclusion

The chapter emphasizes the importance of understanding the dynamic processes 
by which herbal compounds are absorbed, distributed, metabolized, and excreted in 
the body. Researchers are increasingly exploring the impact of herbal formulations 
on metabolism and pharmacokinetics using pharmacokinetic (PK) studies. PK helps 
identify active components, elucidate the effects of herbal formulations, and under-
stand their dynamic actions in vivo. Chemical composition, bioavailability, formula-
tion methods, and individual variability in metabolism and genetics influence herbal 
drug metabolism. The chapter also discusses herb-drug interactions, the role of 
enzymes and transporters, and the effect of food and dietary components on herbal 
drug absorption. Understanding these processes is crucial for optimizing herbal 
therapies and ensuring safe and effective integration into healthcare practices.
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Abstract

Drug metabolism comprises the metabolism of endogenous and exogenous 
substances. During metabolism most drugs lose the pharmacological activity and 
are excreted from the body. Drug metabolic reactions are divided into two classes 
i.e. phase I and phase II metabolic reactions. The characterisation of drug metabolis-
ing enzyme is necessary in order to determine the toxic metabolites of drugs. The 
understanding of drug metabolism is essential for new drug design and development. 
The evaluation of pharmacokinetic properties is necessary to see whether they can be 
useful drug candidates. In this chapter we have discussed drug metabolic reaction and 
drug metabolising enzymes with the help of examples of drug molecules.

Keywords: cytochrome p450, glucuronic acid, glutathione, prodrug, toxic metabolites, 
drug design

1. Introduction

The human body is exposed to various foreign particles that are dust particles, 
food, toxins, and air pollutants. These foreign particles are collectively called 
xenobiotics. The term xeno means foreign, which is not a part of our body nor-
mally. When these foreign particles enter the body, the body has a mechanism to 
modify these particles so that they are excreted from the body. This process is called 
metabolism. Drugs are also regarded as xenobiotics as drugs are foreign particles. 
The process of drug metabolism is also called biotransformation. Normally, the 
metabolism decreases pharmacological effect but sometimes metabolism produces 
toxic metabolites or active metabolites. Drugs which undergo metabolism to pro-
duce a pharmacological effect are called prodrugs. Some drugs undergo metabolism 
to produce toxic metabolites that are carcinogenic or mutagenic. The liver is the 
main site of metabolism in the body. Some drugs are metabolised before reach-
ing the systemic circulation, this is called the first-pass effect. Drug metabolism 
also occurs in the kidney, skin and gastrointestinal tract (GIT) etc. There are two 
phases of drug metabolism i.e. phase I metabolic reactions and phase II metabolic 
reactions.
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2. Phase I reaction

These are non-synthetic reactions that introduce a hydrophilic group or unmask 
the already present hydrophilic group in these drugs. Phase I reactions include oxida-
tion, reduction and hydrolysis.

2.1 Oxidation

The process of oxidation is catalysed by a class of enzymes that are collectively 
called cytochrome P450 (Cyp-450). They are present in the smooth endoplasmic 
reticulum (SER) of the liver. These are also known as microsomal enzymes because 
they are present in the microsome of SER [1]. The Cyp-450 consists of a protopor-
phyrin ring (Figure 1) having four (4) pyrrole rings. Pyrrole is a five-membered 
heterocyclic ring which contains one nitrogen atom. In Cyp450, four pyrrole rings are 
linked by a methylene bridge and the nitrogen of each pyrrole ring are combined with 
iron. The iron is present in ferric form (Fe+3) and is also associated with the sulphur of 
cysteine which is the peptide part. It can form a complex with carbon monoxide (CO). 
The complex of ferric (Fe+3) with CO gives an absorption bond at 450 nm wavelength 
hence these enzymes are called CYP-450 [2].

Various drugs undergo the process of oxidation. In oxidation, first of all, the drug 
is attached to CYP-450 to form a complex. The iron in CYP-450 is converted into a 
ferrous form. It gains an electron and this reaction is catalysed by CYP-450 reductase 
and functions with a co-enzyme that is nicotinamide adenine dinucleotide phosphate 
hydrogenase (NADPH) shifts an electron from co-enzyme to iron (CYP-P450). In the 
next step, molecular oxygen gets attached to the complex of the drug and CYP450. 
The oxygen attached to the complex is converted into activated oxygen by a series 
of steps. The iron loses an electron and is converted into a ferric form by CYP-450 

Figure 1. 
Porphyrin ring of cytochrome P450.
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reductase and NADPH. The molecular oxygen is converted into atomic oxygen in the 
process of oxidation. One atom of oxygen is converted into the water molecule and 
another atom of oxygen is incorporated into the xenobiotic. CYP-450 again comes in 
its original form and the drug molecule is oxidised. There are many types and sub-
types of CYP450 but the most important are CYP1A2, CYP2C9, CYP2D6, CYP2A6, 
CYP2E1, and CYP3A4. This system is non-specific and catalyses the oxidation of a 
large number of drugs. Lipid soluble substances are excellent substrates of this system 
because these enzymes are located mainly in lipid tissues. The process of oxidation 
takes place at different functional groups and hetero atoms. For example, aromatic 
rings, the alkyl group and the amino group [3]. This process takes place in drugs 
which contain aromatic rings in their structures. The hydrophilic group is introduced 
in the aromatic ring. This mostly occurs at the para position via the formation of an 
epoxide intermediate. For example, the conversion of acetanilide into acetaminophen 
(Figure 2) is an example of aromatic hydroxylation.

Some drug molecules contain heteroatom in their structure and the process of 
oxidation takes place at the heteroatom. Sulphur heteroatoms are oxidised to sulf-
oxides (Figure 3) and sulfones. Secondary amines are converted into lactam. Flavin 
monooxygenase (FMO) catalyses oxidation in drugs that contain hetero atoms in their 
structure. In this case, first of all, activation of molecular oxygen takes place before 
the attachment of xenobiotics but in the CYP-450 enzyme, the first step involves the 
attachment of the drug and then activation of molecular oxygen. For example, the 
anticancer agent tamoxifen is converted into tamoxifen N-oxide by FMO [4].

The alkyl groups are removed from the amino group by the process of oxida-
tion. Tertiary amines are converted to secondary amines and secondary amines are 
converted to primary amines. The rate of N-dealkylation depends upon the chain 
length of the alkyl group [5]. Mephorbarbital has a tertiary amine and it is converted 

Figure 2. 
Conversion of acetanilide into acetaminophen.

Figure 3. 
Oxidation of tamoxifen into tamoxifen N-oxide.
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into phenobarbital which has a secondary amine (Figure 4). The methyl group is 
converted into formaldehyde. Primary amines are more water solubility than second-
ary and tertiary amines. Usually, drugs lose pharmacological activity after oxidation 
but phenobarbital retains its activity after oxidation. The n-dealkylation produces a 
pharmacologically active compound. The conversion of amitriptyline into nortripty-
line is also an example of n-dealkylation.

Drugs molecules that contain a primary amino (NH2) group undergo oxidative 
deamination (Figure 5) in which the amino group is directly removed and oxygen is 
incorporated in drug molecules. Ammonia (NH3) is converted into uric acid that is 
excreted from the body via urine.

Drug molecules having ether linkage in their structure undergo the process of 
oxidative dealkylation. An alkyl group is removed from oxygen in compounds that 
undergo oxidation dealkylation. For example, the conversion of phenacetin into 
acetaminophen (Figure 6).

The hydrophilic group (-OH) has been unmasked in acetaminophen at this site. 
Phenacetin has also analgesic and antipyretic activity but due to hepatotoxicity toxic-
ity, it was withdrawn from the market. But it was proved that phenacetin is converted 
into acetaminophen in the body by oxidative dealkylation which is a safer drug than 
phenacetin.

Figure 5. 
Deamination of amphetamine into phenylpropanone.

Figure 4. 
Examples of n-dealkylation.
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2.2 Reduction

Drug molecules which contain reducible groups like nitro, azo, alkene, aldehydes, 
and ketones easily undergo the process of reduction. The process of reduction is 
catalysed by specific enzymes which catalyse the reduction for specific classes. The 
nitro reductase is required for the reduction of the nitro group. The azo reductase is 
required for the reduction of the azo group. Aldo-keto reductases are required for the 
reduction of aldehydes and ketones. Opiate antagonist naloxone is reduced in liver 
to naloxol. Chloral hydrate undergoes the process of reduction and is converted into 
trichloroethanol (Figure 7). These enzymes are mainly located in the liver but small 
quantities are present in lungs and kidney. The enzymes which carry out the process 
of reduction also require a co-enzyme NADPH (nicotinamide adenine dinucleotide 

Figure 6. 
Oxidative dealkylation of phenacitin into acetaminophen.

Figure 7. 
Nitro and aldo reduction of chloramphenicol and chloral hydrate.
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phosphate hydrogenase) [6]. The reduction introduces a hydrophilic group in the drug 
molecule or unmasks the already present hydrophilic group. The metabolism of chlor-
amphenicol is an example of nitro reduction. It is an antibiotic and a protein synthesis 
inhibitor. It contains the nitro (-NO2) group, reduction takes place in this group and it 
is converted into the amino (-NH2) group and the remaining structure is the same.

Certain drugs contain azo group in their structures, for example, prontosil. The 
azo group is reduced and converted into two fragments sulfanilamide and triamino-
benzene (Figure 8). Sulfanilamide is a prototype sulphonamide used as an antibac-
terial agent. Azo reductases are present in the liver. Sulfasalazine is a sulfonamide 
derivative used in ulcerative colitis. It is a prodrug and carries azo linkage that reduces 
in the intestine to form sulfapyridine and p-amino salicylic acid. Sulfpyridine has 
antibacterial activity. This process of reduction is catalysed by bacteria present in the 
intestines (normal intestinal flora) which produce the enzyme [7].

2.3 Hydrolysis

The process of hydrolysis takes place in drug molecules which contain ester or 
amide linkage in their structure. Drug molecules like acetylcholine, suxamethonium, 
acetylsalicylic acid and procaine carry ester linkage in their scaffolds (Figure 9).

Aspirin is an acid but also contains an ester group in its structure. The ester group 
is hydrolysed. Esterases and pseudocholinesterase are enzymes which catalyse the 
process of hydrolysis of the drugs-containing ester groups. Esterases are specific in its 
action but pseudocholinesterase is not specific in their action. Pseudocholinesterases 
have broad specificity and can catalyse various groups. The hydrolysis of amides 
is catalysed by amidases, and peptidases. Procaine is a local anaesthetic and also 
contains an ester linkage. When the ester group is hydrolysed, acid and alcohol are 
formed. Diethylamino ethanol and p-aminobenzoic acid are products of the hydro-
lysis of procaine. The hydroxyl group is highly hydrophilic so the drug undergoes 
the process of phase II metabolism readily. The hydrolysis of drugs containing 
the amide group is very slow while the hydrolysis of the ester group is faster [8]. 
Chloramphenicol has a bitter taste so combined with palmitic acid to produce 
chloramphenicol palmitate (Figure 10). This prodrug is in ester form and then after 
absorption in the systemic circulation, this ester form of chloramphenicol undergoes 
hydrolysis and releases an active drug that is chloramphenicol.

Figure 8. 
Azo reduction of prontosil and sulfasalazine.
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Therefore, esters are presented as prodrug form and amides can be presented as a 
slow-release drug.

3. Phase II metabolism

Phase II metabolic reactions represents the most important metabolic reaction 
and are called synthetic reactions. In phase II metabolic reactions, an endogenous 
molecule is attached to a drug molecule. Endogenous molecules are hydrophilic and 
increase the hydrophilicity of the drug. Phase II metabolic reactions decrease the 
affinity of the drug with the receptor and they are excreted from the body. The phase 
II reactions are collectively called conjugation reactions. Glucuronic acid conjugation, 
sulfate conjugation, amino acid conjugation, glutathione conjugation, acetylation, 
methylation are different types of phase II metabolic reactions. Phase II metabolic 
reactions are not substrate-specific. At one functional group, more than one conjugat-
ing enzymes can act. For example, the hydroxyl group can undergo glucuronic acid 
conjugation, sulfate conjugation and acetylation reactions. The amino group can be 
metabolised by glucuronic acid conjugation and acetylation.

3.1 Glucuronic acid conjugation

Glucuronic acid is an oxidation product of glucose and is a hydrophilic molecule. 
In this reaction, the molecule of glucuronic acid becomes attached to the drug mol-
ecule or any other xenobiotic (Figure 11). The hydrophilicity of the drug molecule 

Figure 9. 
Ester hydrolysis of aspirin and procaine.

Figure 10. 
Ester hydrolysis of chloramphenicol palmitate.
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increases. Before attachment, it is converted into an activated form/moiety which is 
uridine diphosphate glucuronic acid (UDPGA). Uridine is a combination of uracil and 
ribose sugar. When uridine is attached to the phosphate group, then it is called uridine 
diphosphate [9].

This reaction occurs at (-OH, NH2) hydrophilic site that is already introduced 
or unmarked during phase I reactions. The reaction is catalysed by uridine diphos-
phate glucuronosyltransferase (UGT) which is mainly present in liver and adjacent 
to CYP-450 in the endoplasmic reticulum (ER) of the liver. Drug molecules and 
activated form of glucuronic acid are present in the cytosol while UGT is present in 
SER so drug molecules and UDPGA are transferred to SER where glucuronic acid 
conjugation occurs and metabolite/conjugated product is transferred to the cyto-
plasm [10].

At physiological pH, the carboxylic (COOH) group of glucuronic acid becomes 
ionised. Then the whole conjugate molecule becomes ionised and this ionic form is 
excreted in the kidney by tubules. Some products of glucuronic acid conjugation are 
excreted into the bile. From the bile, they come into the intestine where enzyme gluc-
uronidase is present which hydrolyses the conjugate and the active drug is reabsorbed 
from the small intestine into the systemic circulation and the process is called entero-
hepatic circulation [11].

The process of glucuronic acid conjugation usually terminates the pharmacologi-
cal activity of drugs but in some cases drug is converted into an active form. For 
example, the conversion of morphine into morphine 6-glucuronide. Hydroxyl groups 
are attached at position 3 and 6 of morphine. When the conjugation occurs at posi-
tion 6, a pharmacologically active metabolite is produced. Most of the drugs undergo 
glucuronic acid conjugation and it is the most important amongst phase II metabolic 
reactions. There is an abundant availability of glucose in the body. Glucuronic acid 
conjugation can also take place at amino group (-NH2) group. Examples are sulfon-
amides and desipramine.

3.2 Sulfate conjugation (SO4
−)

The process of sulfate conjugation takes place in drugs that contain hydrophilic 
groups such as hydroxyl and amino groups. Inorganic sulfate (SO4

−) ion is a hydro-
philic group. In the process of conjugation, the SO4

− becomes attached to drug 
molecules/xenobiotics but first of all, sulfate is converted into an activated form 
called 3-phosphoadenosine-5-phosphosulfate (PAPS) (Figure 12). The activated form 
of SO4

− reacts with the drug molecule. Sulfotransferases are enzymes which catalyse 
the transfer of sulfate from PAPS to the xenobiotic molecule [12].

Figure 11. 
Glucuronic acid conjugation of acetaminophen.



21

Drug Metabolism: Phase I and Phase II Metabolic Pathways
DOI: http://dx.doi.org/10.5772/intechopen.112854

Sulfate conjugation is catalysed by sulfotransferases and these enzymes are mostly 
present in the liver in the cytosol. Some sulfotransferases are also present in the Golgi 
apparatus. Sulfotransferases are also present in the intestine, brain and platelets of 
blood. Sulfate conjugation increases the hydrophilicity of drugs which are excreted 
from the body. Drugs which are metabolised by sulfate conjugation are endogenous 
steroids, catecholamines and other neurotransmitters. The pools of sulfate ions are 
limited in the body. Therefore, when a drug is administered for a longer time, then 
sulfate ions are depleted from the body. In this way, the process of glucuronic acid 
conjugation dominates [13].

3.3 Amino acid conjugation

The process of amino acid conjugation occurs in those drugs which contain 
carboxylic groups. For example, ibuprofen, ketoprofen and flurbiprofen. Glycine is 
the most important amino acid with which conjugation takes place but it also occurs 
with ornithine. In this reaction, there is the formation of a peptide bond between an 
amino acid and drug molecules. Amino acids are hydrophilic because they contain 
carboxylic and amino groups. First of all, drugs are converted into an activated form 
[14] (Figure 13). The carboxylic group of the drug reacts with ATP and the AMP 
ester of the drug is formed. Then co-enzyme A (CoSH) reacts with the AMP ester 
of the drug and the formation of the thioester is complete. In the third step, the 
amino acid glycine becomes attached to the drug molecule. The process of amino 
acid conjugation is catalysed by acyltransferase. The co-enzyme A regenerates at the 
end. Acyltransferase enzymes are located in the liver. By the attachment of glycine, 
the hydrophilicity of the drug increases and it is excreted from the body via kidney. 
Glycine conjugation also takes place at low doses but glucuronic acid conjugation 
dominates at large doses [3].

3.4 Glutathione conjugation

Glutathione (GSH) is a molecule which contains three amino acids i.e. Cysteine, 
glycine and glutamic acid. The process of glutathione conjugation takes place in drugs 
having electrophilic centres. These centres are created by electron-withdrawing 
groups. Some anticancer agents undergo the process of glutathione conjugation.  

Figure 12. 
Sulfate conjugation of acetaminophen.
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For example nitrogen mustards and nitrosoureas [15]. These drugs contain electron-
withdrawing groups, they withdraw electrons, a positive charge is produced on the 
adjacent carbon atoms and it becomes electrophilic. Glutathione conjugation takes 
place between the drug and sulphhydryl group (SH) of glutathione (Figure 14). 
Glutathione ionises and hydrogen is removed from the SH group. A negative charge 
is developed on the sulphur atom. Glutathione conjugation does not require the 
activation of the endogenous molecule or substrate. This process is different from 
other conjugation reactions because glucuronic acid, sulfate and amino acid conjuga-
tions take place at nucleophilic centres. The glutathione conjugation is catalysed by 
glutathione-s-transferases located in the liver. Some glutathione conjugation reactions 
take place without the involvement of transferases. Most insecticides are metabolised 
by glutathione conjugation. Electron-withdrawing groups are also present in some 
insecticides and herbicides. Glutathione conjugation is the defensive mechanism of 
the body against toxic metabolites of foreign particles [16]. But glutathione is present 
in limited amounts in the body. If toxic compounds are ingested in large amount, 
the glutathione stores are depleted. In this situation, the body is exposed to the 
harmful effects of these metabolites. This conjugation reaction is a displacement or 
substitution reaction. When a drug is metabolised by glutathione conjugation it is 
not excreted from the body and it is further converted into mercapturic acid which is 
the end product. In this step, glutamic acid and glycine are cleaved from glutathione. 
Some scientists call it phase III metabolism [17].

3.5 Acetylation

The process of acetylation takes place in those drugs which contain amino group, 
hydrazine and hydrazide linkage in their structures. For example, sulfonamides 
and phenelzine etc. (Figure 15). In the process of acetylation, the amino group is 

Figure 13. 
Amino acid conjugation of xenobiotics.

Figure 14. 
Glutathione conjugation of a xenobiotic.
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converted into an amide group. The acetyl group is provided by acetyl co-enzyme A. 
The acetyl co-enzyme A is formed by pyruvic acid, the end product of glycolysis [18]. 
Generally, phase II reaction increase the hydrophilicity of drugs but the acetylation 
does not increase hydrophilicity. The process of acetylation terminates the activity 
of drugs. Acetyltransferase is the enzyme that transfers the acetyl group from acetyl 
coenzyme-A to drugs. These enzymes are mainly present in the liver but also in RBCs 
and lungs. Populations are divided into fast acetylators and slow acetylators. Slow 
acetylators are exposed to the toxic effects of drugs [19].

3.6 Methylation

Methylation is a process in which methyl group becomes attached to the drug 
molecule. The process of methylation mostly takes place in endogenous molecules. 
For example neurotransmitters, noradrenaline is converted into adrenaline by meth-
ylation (Figure 16). In most cases, methylation results in the formation of biologically 
active molecules. But in some cases it produces inactive metabolites.

Methylation does not increase hydrophilicity because methyl group is lipophilic. 
Methyl group is provided by amino acid methionine. Methionine is converted into 
activated form which is called as S-adenosyl methionine. The process of methylation 
is catalysed by methyl transferases enzymes which are located in liver along with 
intestine and kidney [20]. There are three types of methylation i.e. N-methylation, 
O-methylation and S-methylation. Examples of N-methylation are conversion of nor-
adrenaline into adrenaline, and histamine into n-methyl histamine. The conversion of 

Figure 15. 
Acetylation of drug molecules having amino group.
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tyrosine into methoxy tyrosine and dimercaprol into methylated form are examples 
of O-methylation and S-methylation respectively (Figure 17). There are specific 
enzymes for each reaction.

4. Drug metabolism and drug design

The knowledge of drug metabolism is important in new drug design and develop-
ment. If the new drug is quickly metabolised in the body, some non-reactive groups 
are added which resist the drug metabolism. For example, tolbutamide (Figure 18) is 
an anti-diabetic drug and it has a shorter half-life (2.5 hrs). It undergoes the process 
of metabolism and the methyl group converted into a carboxyl group. If the methyl 
group is replaced by the chlorine atom, then this compound (chlorpropamide) 
achieves a longer half-life (12–15 hrs) as compared to tolbutamide [21]. Drug metabo-
lism has a significant effect on pharmacokinetic, pharmacodynamic and safety of a 
drug [22]. Some drugs are administered in inactive forms and are called as prodrugs. 
In prodrug, a drug is chemically modified to overcome its problems of absorption, 

Figure 16. 
Methylation of neurotransmitters.

Figure 17. 
Methylation of tyrosine and dimercaprol.
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route of administration, metabolism and excretion. Prodrugs have labile functional 
groups which are easily metabolised in the body. For example, ester, phosphate, car-
bamate. Masking of polar functional improves oral bioavailability [23]. For example, 
chloramphenicol palmitate and bacampicillin are prodrugs of chloramphenicol and 
ampicillin respectively.

5. In silico pharmacokinetic studies

About 40% of new drugs fail in clinical trials because of poor pharmacokinetic 
properties. Nowadays pharmacokinetic properties of new compounds are evaluated 
by swissADME, ADMETlab and pkCSM web tools. 3D structure of compounds are 
generated on online software and pharmacokinetic properties ADMET (absorption, 
distribution, metabolism, excretion and toxicity) are computed. The GI absorption, 
BBB permeation, P-gp substrate, cytochrome P450 enzyme inhibition/induc-
tion, skin permeation are critical for the oral activity of drug molecules and these 
properties can be predicted. The prediction of pharmacokinetic properties helps to 
understand the behaviour of drug molecules in the human body. In silico predictions 
help to reduce the costly experimental approach [24]. The drug likeness of new 
molecules is also predicted by Lipinski rule of five [25]. According to this rule, drug 
molecules having more than five hydrogen bond donors, more than 10 hydrogen 
bond acceptor, logP more than five and molecular weight more 500 dalton are less 
likely to be orally active. High lipophilicity leads to the poor absorption of drug 
molecules. Similarly, compounds having big weights are less likely to absorb from 
GIT. About 80% drugs have molecular weight less than 450. The molecules having 
polar surface area less than 140°A and number of rotatable bond less than 10 also 
show good oral bioavailability. Drug molecules that follow the RO5 have increased 
chances of reaching the market and have less probability to fail during the clinical 
trials [26].

Figure 18. 
Drug metabolism and drug design.



Drug Metabolism and Pharmacokinetics

26

Author details

Noor ul Amin Mohsin1*, Maryam Farrukh2, Saba Shahzadi1 and Muhammad Irfan3

1 Faculty of Pharmaceutical Sciences, Department of Pharmaceutical Chemistry, 
Government College University Faisalabad, Pakistan

2 Faculty of Pharmaceutical Sciences, Department of Pharmacology, Government 
College University Faisalabad, Pakistan

3 Faculty of Pharmaceutical Sciences, Department of Pharmaceutics, Government 
College University Faisalabad, Pakistan

*Address all correspondence to: noorulaminmohsin@yahoo.com

6. Conclusion

Drug metabolism is very significant in controlling the pharmacokinetics. Drug 
metabolising enzymes carry out the metabolism of endogenous as well as exogenous 
substances. Phase I metabolic reactions introduce a hydrophilic group in the drug 
molecules where phase II metabolic reactions can take place. In this chapter, we 
discussed the drug metabolic reactions and enzymes involved in these reactions. Most 
of the drugs are metabolised by CYP450 enzymes. The study of drug metabolism is 
essential for the safety and efficacy of drug molecules. The pharmacokinetic proper-
ties of drugs can be predicted by carrying out drug metabolism studies. The metabolic 
pathways of new drugs should be determined to predict the possibility of adverse 
drug reactions and drug-drug interactions.
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Abstract

Drug Induced Hematological Disorders (DIHD) are one among the most  
frequently encountered Adverse Drug Reactions (ADRs) among the patients using 
the systemic drug therapy. These unwanted and noxious incidents are often unno-
ticed or even neglected most of the time during the clinical practices. However, they 
largely affect the compliance of the patients with their therapy and subsequently 
affecting the therapeutic outcome of the drug regimen. The inception of the concept 
of Pharmacovigilance has largely enlightened on this neglected issue and raised the 
concern over several scientific sessions. However, this serious issue remained unad-
dressed clinically. These noxious conditions frequently provoke the adverse events or 
precipitate the underlying medical complications affecting the safety of the patients. 
The wise and vigilant use of certain risky medication capable of inducing such clinical 
conditions can significantly reduce these incidences. Thus, the utilization of the 
skills and the expertise knowledge of the clinical pharmacist can play a pivotal role in 
preventing and minimizing such events.

Keywords: blood, drug induced disorders, adverse drug reactions, pharmacovigilance, 
clinical pharmacist, patient safety

1. Introduction

Drugs are now become part of our day-to-day life. The burden of disease in the 
ever-rising trend and the medical fraternity is progressing exponentially. The phar-
maceutical industries are constantly expanding the spectrum of the pharmaceutical 
by carrying out the research and discovering the newer drugs or by synthesizing the 
molecule with the better efficacy. All the newer molecule or the formulations released 
in the market go through the strict regulatory process of their testing for safety and 
efficacy in the clinical subjects. However, it is not possible to the study the drugs 
completely. Thus, none of the drugs available in the markets are completely safe [1].

The molecule goes through the laboratory studies followed by the pre-clinical and 
clinical studies and the molecule able to demonstrate the sufficient safety along with 
the promising efficacy only will release in the market. This procedure generally takes 
the longtime of decade or even two-three decades [2]. Study of any marketed product 
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after their release in the market is known as the post-marketing surveillance. Several 
of drugs with potentiality to threat the safety of the patients are continuously studied 
during this phase and the drugs with the established causality relationship with the 
adverse events are then recalled by the regulatory or the safety agencies. The Indian 
Pharmacopeial commission is one of the apex bodies to continuously monitor the 
safety of the drugs and collects the signals of the suspected adverse drug reactions [3].

Drug induced disorders are technically the adverse drug reactions occurred by that 
drug molecule or by the excipients used in the formulation of the drugs. The drug 
induces the adverse drug reactions by either pharmacokinetic or by the pharmacody-
namic mechanism. Some of the most commonly occurring adverse drug reactions are 
drug induced liver disorders, drug induced pulmonary disorders, drug induced hema-
tological disorders, drug induced renal disorders or any dermatological manifestations 
[4, 5]. Whatever may be the reactions, this incident possesses great risk to the patient 
safety and accounts for several injuries and casualties. These unwanted and noxious 
events generally remain undiagnosed or under-reported due to the various factors. 
However, the medical sciences are becoming vigilant toward such bitter event and 
continuously trying to detect, assess, manage, document, and prevent them [6–8].

Drug-induced hematological disorders (DIHD) are one among the major type 
of adverse drug reactions (ADRs) due to their severity rather than their incidence 
rate. The incidence rate of the DIHD is less compared to other ADRs, however, they 
posses the greater risk of morbidity and mortality. Thus, they are rare phenomenon 
occurring in the clinical setting. Some of the most frequently occurring DIHDs are 
Drug induced aplastic anemia, followed by drug induced agranulocytosis, megalo-
blastic and hemolytic anemia. There are few literatures in the scientific databases 
even reporting the incidences of drug induced thrombocytopenia. The incidence of 
these event is rare and the majority of ADRs are occurring after the chronic use of the 
medications. Thus, these ADRs are difficult to identify during the clinical trials and 
are best detected during the post-marketing surveillance [9–11].

2. Types of drug-induced hematological disorders

There are several types of hematological disorders occurring as an adverse drug 
reaction of drugs, most common types of them are [12, 13]:

1. Drug-induced aplastic Anemia,

2. Drug-induced agranulocytosis

3. Drug-induced megaloblastic anemia

4. Drug-induced thrombocytopenia

5. Drug-induced hemolytic anemia [14–17].

2.1 Drug-induced aplastic anemia

This is the clinical condition characterized by extremely low count of blood cells 
due to the inability of the bone marrow to produce the sufficient amount of new 
blood cells [18–21]. This is an extremely condition and is generally life-threatening 
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reactions associated with some category of drugs. These drugs are generally having 
their toxic effect toward the bone marrow and affect the process of blood cell syn-
thesis. This is again life-threatening condition due to its impact on all types of blood 
cells including white blood cells (WBC), red blood corpuscles (RBC) and platelets 
(Thrombocyte). Thus, the condition is clinically interpreted by the decline in all types 
of blood cells.

2.1.1 Mechanism involved or pathophysiology of the drug-induced aplastic anemia

The underlying mechanism to induce the aplastic anemia is the activation of the 
immune complex by these suspected drugs and the patient’s own immune system is 
directed toward the bone marrow. The immune related injury to the bone marrow 
will results in the synthesis of limited number of blood cells (hypoplastic anemia) or 
sometime make them almost empty (aplastic anemia).

Another hypothesis states that there is the generation of the intermediate toxic 
compounds that binds to several functional proteins and deoxyribose-nuclease acid 
(DNA) of these hematopoietic bone marrow cells leading to the direct injury of bone 
marrow. However, the generation of these toxic intermediate is highly dependent 
to the genetic variability of an individual. Some of the other research suggests the 
generation of toxic intermediates as an idiosyncratic condition.

2.1.2 List of common drugs responsible for aplastic anemia

• Salicylates: Aspirin

• Antimalarial: Chloroquine

• Diuretics: Hydrochlorothiazide, furosemide, thiazide

• Antibiotics: Chloramphenicol, sulphonamides, penicillamines

• Anti-neoplastic agents: Propylthiouracil

• Anticonvulsants: Carbamazepine, phenytoin

• Miscellaneous: Benzene containing compounds, drugs containing heavy metals.

2.1.3 Clinical manifestations of drug-induced aplastic anemia

The most significant clinical presentation of aplastic anemia is the decline in the 
count of blood cells and the condition is widely termed as pancytopenia. Aplastic 
anemia can be clinical characterized by either decrease in one type of blood cells or 
by the overall decrease of blood cells in most of the cases. Some of the other clinical 
features are:

• White blood cells fall below 3500cells/mm3

• Hemoglobin level fall below 10gm%

• Complain of easy tiredness and fatigue by the patients
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• Generalized weakness and feeling of drainage of energy

• Thrombocyte counts fall below 55,000 cells/mm3

• Incident of prolonged bleedings

• Epistaxis

• Gum bleeding

• Fever (Mild to moderate)

• High propensity for acquiring the infections

• Reticulocyte count fall below 30,000 cells/mm3

• There might be the fall of the blood cells counts signifying the severity of the 
aplastic anemia and the fall of reticulocyte index to 1%, neutrophil level to 500 
cells/ mm3 and platelet levels to 20,000 cells/mm3 is the indication of severe 
aplastic anemia.

• The condition of aplastic anemia can be life threatening if its level goes beyond 
the levels of severe aplastic anemia.

2.2 Drug-induced agranulocytosis

This is a clinical condition where there is a decrease in the body’s total number of 
mature myeloid cells (Granulocytes and immature ones) to 500 cells/mm3 or fewer 
[22–25]. Occurrence of agranulocytosis is mainly seen in females and aged people 
with an approximated yearly incidence rate of one to 12 cases per 10 lacs population. 
This hematological condition will generally settle over time with approving care and 
prevention and management of infection.

2.2.1  Mechanism involved or pathophysiology of the drug-induced agranulocytosis 
(DIA)

The exact reason for drug induced agranulocytosis is still not recognized but many 
mechanisms were put forward, nonetheless the recent studies revealed that medica-
tions may have a direct toxic effect on the bone marrow, neutrocytes or stem cells. 
The first mechanism involves the anti-thyroid drugs (ATD) such as methimazole and 
propylthiouracil which have been outlined to cause agranulocytosis. Apoptosis occur 
which activates inflammasomes (important for innate immune system). The follow-
ing figure shows the direct toxicity of ATD-Induced agranulocytosis. In recent outline 
7–23% of DIA cases occur due to anti-thyroid drugs. Higher dose of methimazole 
received by patient showed neutropenia.

The second kind of mechanism comprises antibodies, neutrophils, immune-
mediated medications, or drug metabolites. This process suggests that the medication 
is adsorbing through the neutrophile membrane. The drug-containing membrane 
functions as a hapten to promote the production of antibodies. As a result of the 
antibodies’ binding to the drug-membrane complex, the phagocytic system activates 
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complement, which in turn causes the WBC to be destroyed. When medications like 
penicillin derivatives are administered at larger doses, this hapten-type response 
occurs as depicted in Figure 1.

There are also several other immune-mediated processes that have been identified. 
The culprit medicine reforms the neutrophil membrane through the autoantibod-
ies forming to a membrane mechanism. This alteration triggers the production of 
autoantibodies, which kill cells.

2.2.2 List of common drugs responsible for agranulocytosis

Anti-thyroid drug (ATD): Carbimazole, methimazole, propylthiouracil.
Beta-lactam antibiotics: penicillin, penicillamine, ampicillin.
Anticonvulsants: Carbamazepine.
Cardiac glycosides: Digoxin, digitalis.
Propranolol: beta blockers.
Corticosteroids: Prednisone.
ACE-inhibitors: Captopril.
Anti-infectives: Dapsone.

2.2.3 Clinical features of drug-induced agranulocytosis

Symptoms of agranulocytosis occurs rapidly in less than a weeks after the intake of 
culprit drug.

• Having a sore throat is a very common symptom

• Complains of discomfort, illness

Figure 1. 
Antibody and complement system-based mechanism of toxicity.



Drug Metabolism and Pharmacokinetics

34

• People being febrile

• Increased propensity toward infections

2.3 Drug-induced megaloblastic anemia

A condition where the growth of RBC precursors (Megaloblasts) in the bone mar-
row is aberrant [26–28]. Drugs including amino salicylic acid, colchicine, neomycin, 
and metformin can prevent the absorption of vitamin B12. Megaloblastic anemia 
from these agents is extremely uncommon because of how little B12 the body needs 
and how much of it is present in most diets.

2.3.1 Pathophysiology of drug induced megaloblastic anemia

Megaloblastic anemia is most frequently brought on by cobalamin (vitamin B12) or 
folate insufficiency (vitamin B9). For the development of healthy cells, such as the precur-
sors of red blood cells, these two vitamins act as building blocks. Since most dietary causes 
of folate and vitamin B12 deficiency may be resolved, drugs have emerged as a more 
significant contributor to megaloblastic anemia. Megaloblasts-inducing medications are 
frequently employed in clinical settings, although the caused changes to DNA synthesis 
pathways aren’t always welcomed. The most crucial biochemical process during DNA 
synthesis is the synthesis of thymidine, which is a component of DNA but not RNA. As a 
result, it is susceptible to drug inhibition. Through the methylation of pyrimidine, which 
is a folate and vitamin B12 dependent process, thymidine is produced. Megaloblastosis 
is brought on by medications that physically destroy vitamins, compete with reducing 
enzymes, or obstruct folate or vitamin B12 absorption, transport, or delivery.

2.3.2 Causative drugs

• Anticonvulsants: Phenytoin

• Barbiturates: Phenobarbital

• Anticonvulsants: Primidone

• Antimetabolites: Methotrexate

• Sulphonamides: Cotrimoxazole

• Biguanides: Metformin

• Nucleoside reverse transcriptase inhibitors (NRTIs): Zidovudine

• Antimetabolites: 5-Flurouracil

2.3.3 Clinical manifestation

• Shortness of Breath

• Malaise
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• Muscle Weakness

• Irregular Heartbeats

• Dizziness

2.4 Drug-induced thrombocytopenia

A disorder known as thrombocytopenia occurs when there are not enough 
platelets in the blood [29–31]. Blood cells called platelets aid in blood clotting. 
Bleeding risk is increased by a low platelet count. When thrombocytopenia is 
present, the platelet count falls below 104 cells/mm3 or falls below 50% of the 
normal level. About 10 cases/105 people are affected by drug-induced throm-
bocytopenia per year. Except for cases linked to heparin, none of the numerous 
epidemiological studies have been reported. Find patient-specific risk factors for 
medication-induced thrombocytopenia that do not just involve exposure to drug 
classes.

2.4.1  Mechanism involved or pathophysiology of the drug-induced thrombocytopenia 
anemia

DITP is a distinctive immune-mediated reaction. Medication-dependent antibod-
ies are a rare family of antibodies that bind securely to platelet surface glycoprotein 
epitopes only when a sensitizing drug is present. Drug-dependent antibodies are very 
sensitive to the chemical makeup of drugs. According to this hypothesis, medicines 
bind non-covalently and reversibly to antibodies as well as platelets, generally at loca-
tions on GP IIb-IIIa and/or GP Ib-V-IX. The resulting “sandwich” (seen in Figure 2) 
encourages the development of strong interactions between the antibody and platelet 
epitopes. The Fab domains’ capacity to identify medicines bound to platelet epitopes 
is used to select the antibodies that are produced because of exposure to sensitizers. 
Antiplatelet antibodies that are dependent on a medicine typically start to show up 1 
to 2 weeks after first exposure. Drug-dependent antibodies may also develop fol-
lowing prolonged, irregular drug use. Unlike neutrophils and erythrocytes, platelets 
are significantly more frequently the target of drug-dependent antibodies for unex-
plained reasons.

Figure 2. 
Drug-dependent model with specific affinity with thrombocytes.
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2.4.2 Clinical features of drug-induced thrombocytopenia

The most significant clinical feature of thrombocytopenia is significant drop in the 
platelet count (<50% of normal platelet range). Due to the platelet count drop lots of 
sign and symptoms may noticed in patients like,

• In this case platelet count in the blood drops below 10,0000 cells/mm3

• Abnormal bleeding.

• Bleeding when brushing teeth.

• Easy bruising

• Red spots (petechiae) on the skin.

2.5 Drug-induced Hemolytic Anemia

Haemolytic anemia is a blood condition that occurs primarily when red blood cells 
are destroyed faster than they can be replaced [32–34]. Red blood cells are normally 
released from the bone marrow and survive for about 120 days before being cleared 
by phagocytic cells in the spleen and liver. The process by which immature red blood 
cells are destroyed is called haemolysis. This haemolysis occurs due to red blood cell 
defects or abnormal changes in the intravascular environment. Both processes may 
facilitate drug-induced haemolysis. It can develop rapidly or slowly and can be mild or 
severe.

2.5.1 Mechanism involved or pathophysiology of drug induced hemolytic anemia

Drug-induced haemolytic anemia is a type of blood disorder in which the body’s 
defense system is triggered by drugs, resulting in an attack on its own red blood cells. 
This leads to premature destruction of red blood cells, known as haemolysis. The drug 
causes the immune system to see its own red blood cells as foreign. The body responds 
by producing antibodies that destroy its own red blood cells. Immunoglobulin G 
(IgG) and/or immunoglobulin M (IgM) bind to antigens on the surface of red blood 
cells and begin to destroy them.

2.5.2 List of common drugs responsible for hemolytic anemia

• Antibiotics: Cephalosporins, Beta-lactum antibiotics, Ciprofloxacin

• Diuretics: Hydrochlorothiazide

• Antihypertensives: Methyldopa,

• Antiarrhythmic: Qiunidine, Procainamide

• NSAIDS: Diclofenac,

• Insulin secretagogues: Sulfonylureas
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• Proton-pump inhibitors: Omeprazole, lansoprazole

• Miscellaneous: Acetaminophen, levodopa, probenecid, erythromycin

2.5.3 Clinical features of drug-induced immune hemolytic anemia

The sign and symptoms resemble the clinical features like anemia, patient may 
complain of fever with chills and rigor, breathlessness etc.

2.6 Identification of drug-induced hematological disorders

The adverse event of drug induced hematological disorders are best identified dur-
ing the clinical use of the suspected drugs. The patients administrating the suspected 
drug with potential to induce these hematological events should be closely monitored 
and any suspicious events should be assessed for the causal relationship with the 
drugs using the causality assessment scale. There are several scales to establish the 
causal relationship, assess the severity and preventability of the drugs with these 
adverse effects. The suspected drug should be withdrawn immediately, and the drug 
should not be rechallenged as these incidences are severe in nature. The suspected 
adverse drug reactions are then submitted to the local, zonal, or regional pharmaco-
vigilance centers. The reporting can also be done to the competent authorities by their 
website with the complete information of the events and product.

2.7 Diagnosis tools

2.7.1 History taking

The complete and detailed history taking helps in diagnosing most of the cases. 
The patients usually have the history of taking the medications susceptible to induce 
these adverse drug reactions.

2.7.2 Monitoring of therapy

The monitoring of the therapy containing these agents also help in the prevention 
or early detection of such events.

2.7.3 Laboratory findings

The other mean to diagnose the cases are to obtaining the laboratory report and 
clinical correlation to the past medication history. The laboratory reports show the 
decline in the blood cells post commencement of medication therapy. Laboratory tests 
mainly performed are:

2.7.3.1 Complete blood count (CBC)

This test measures the levels of platelets and other blood cells in the blood.

2.7.3.2 Blood smear

A portion of patients’ blood is placed on a glass slide under the microscope to 
observe the platelets.
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2.7.4 Bone marrow examination

These tests check to see if the bone marrow is healthy.

2.7.5 Vigilant use of risky medication

Some drugs with the frequent occurrence of aplastic anemia are chloramphenicol 
and propyl thiouracil thus, these therapy needs to be monitored.

2.7.6 Study of factors affecting the ADRs

There are various intra and intersubjective variability including the immunologi-
cal factors, genetic factors, pharmacokinetics, and pharmacodynamics factors. Such 
factors can be identified and documented for some vulnerable patients. Early diag-
nosis is important to limit the injury caused by the drugs and restore the peripheral 
count of blood cells.

2.8 Management

2.8.1 Goals of therapy of DIHD

• The mains’ goal of drug induced hematological disorder is to ameliorate the ADR 
by timely withdrawal of suspected medications.

• Timely assessment and identification of any insult to the hematopoietic system 
caused by any suspected drugs.

• Another goal is to ensure the safe therapy and warn the patients about the drugs 
and their probable ADRs in future.

• To limit the decline in the blood cells.

• To minimize the risk of infection and bleeding.

2.8.2 Specific treatment of drug-induced aplastic anemia

• Immediate withdrawal of the culprit drugs. The removal of the culprit drug will 
arrest the insult to the hematopoietic system and reverse the condition.

• Fever can be treated by use of antipyretics and broad-spectrum antibiotics. 
However, the recent evidence suggests that the patients should not be adminis-
tered with broad spectrum antibiotics as a chemoprophylaxis.

• Treating the adverse drug reactions by administering another drug is not 
recommendable.

• Generally mild aplastic anemia will reverse over the time and no specific treat-
ment is required. The nature of specific treatment depends upon the level of 
cytopenia. The extreme low level of blood cells needs to be replaced by the 
transfusion as per clinical need.
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• Immunosuppressive therapy and use of corticosteroids (methylprednisolone 
and/or prednisolone 1 mg/kg/day up to months or 6 weeks) can be warranted 
in the typical case of drug induced aplastic anemia due to the involvement of 
immunological system. E.g., antithymocyte globulin and cyclosporine.

• Hemopoietic stem cell transplantation can be suggested in the extreme cases. But 
rejection of therapy is the major challenge in this approach.

2.8.3 Specific treatment of drug-induced agranulocytosis

• Immediate withdrawal of the culprit drug.

• Filgrastim and sargramostim lessen the timeline of neutropenia, and the line 
antibiotic therapy, with hospital stay.

• Fever can be treated by use of antipyretics and broad-spectrum antibiotics.

• Treating the adverse drug reactions by administering another drug is not 
recommendable.

2.8.4 Specific treatment of drug-induced megaloblastic anemia

• Most individuals are treated with cobalamin or folate once drug-induced megalo-
blastic alterations and myelodysplasia-related megaloblasts have been ruled out. 
Due to the progressive development of megaloblastic anaemias, many patients 
can cope with low hemoglobin levels and do not need blood transfusions. Only 
individuals with severe, uncomplicated, and life-threatening anemia should get 
transfusion therapy.

• The causative agents of megaloblastosis must be identified to manage and 
treat drug-induced megaloblastic anemia. If there is an alternative, it will 
take the place of the cause. However, if the chemotherapeutic treatment that 
caused the anemia were to be stopped, there would be no real therapeutic 
alternative, and the anemia would then become a tolerable side effect. In 
this situation, ensuring appropriate consumption of folate and vitamin B12 
is necessary. Additionally, when medical professionals utilize substances 
that prevent DNA synthesis, they should exercise additional caution. Folate 
antagonists and purine and pyrimidine analogues are stronger and can 
cause anemia very quickly. As a result, it is advised to employ less strong 
inhibitors; however, megaloblastic anemia may progress more slowly in this 
situation.

• There is no effective treatment for chemotherapy-related drug-induced 
megaloblastic anemia, hence the condition is tolerated as a side effect of 
treatment. If cotrimoxazole causes drug induced megaloblastic anemia, a trial 
course of folic acid, 5 to 10 mg up to four times per day, can treat the anemia. 
The megaloblastic anemia brought on by either phenytoin or phenobarbital is 
frequently treated with folic acid supplementation of 1 mg per day, but some 
practitioners contend that this can lessen the efficiency of the antiepileptic 
drugs.
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2.8.5 Specific treatment of drug induced thrombocytopenia

• Immediate withdrawal of the culprit drug.

• Platelet interfering drugs should be avoided like Heparin, Clopidogrel etc.

• Corticosteroids or IV immunoglobulin may be given for suspected immune 
thrombocytopenia.

• If the patient’s thrombocytopenia condition in severe and bleeding in there, 
platelet transfusion can be given.

2.8.6 Specific treatment hemolytic anemia

• Immediate withdrawal of the culprit drugs. The removal of the culprit drug will 
stop the destruction it may be causing to red blood cells and reverse the condition.

• Glucocorticoids containing drug may find their clinical implications in the seri-
ous cases.

• Additional treatment contains the use of monoclonal antibodies like anti-CD20, 
rituximab and other modified immunoglobulins. However, they always possess 
the serious ADRs.

2.9 Prevention of drug induced hematological disorders

• Drug induced hematological disorders are often unpredictable, rare and life-
threatening adverse drug reactions. These incidences can be minimized by 
adopting the following preventive measures.

• Obtain the detailed medical and medication history.

• Make a note of previous drug-allergy.

• Avoid designing the complex therapy by adding the multiple drugs as the poly-
pharmacy is one among the major reason for ADRs.

• Patient should avoid taking the medication from the pharmacy store without any 
proper prescription.

• The patient prescribed with the potential drug needs to be counseled for the 
expected side effects and ADRs and educate them to report to the hospital 
immediately after occurrence of such events.

• Utilizing the specialist service of clinical pharmacist in educating the patients, 
creating awareness, drug therapy review and optimization of drug and individu-
alizing the drug therapy can prevent the occurrence of these event.

• Timely prediction, assessment, and management of these event can prevent the 
magnitude of injury and helps in the prevention of occurrence.
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• The patients with the known drug sensitivity can be alerted by providing the 
yellow card.

• Monitoring of the therapy for the prescribed time to find any unwanted events.

3. Conclusions

Drug use became a part of healthcare delivery system in the modern days. The 
marketed drugs pass the stringent approval process from the regulatory authorities. 
However, they carry the possible threat of serious adverse effects among the patients. 
All the drugs are associated with side effects ranging from mild to life threatening 
effect. The drug induced blood disorders are one among the major class of adverse 
drug reactions. The vigilant use of these medications may help in early detection and 
management of this drug induced events. These events are preventable in large scale 
by adopting the safe health care delivery system by adopting the expert knowledges 
in the multi-disciplinary team. The drug induced events are unavoidable, but the 
incidences can be prevented, or the severity can be flattened in majority of cases.

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 4

Metabolomics: Special Emphasis  
on Basic Drug Discovery  
and Development
Dipankar Nath and Dipak Chetia

Abstract

Metabolomics utilizes analytical profiling technique for measuring and comparing 
large numbers of metabolites produced in the biological fluids. Traditional process 
of drug development is not sufficient enough to understand the proper biochemical 
processes within the targets which may finally lead to the failure. Metabolomics can 
be very useful to overcome such failure as it involves in the detailed profiling and 
understanding of the biochemical processes which helps in identification of target 
engagement (TE) markers as well as predicting mode of action (MOA). Currently 
pharmaceutical companies are utilizing this approach in the early drug develop-
ment stage to combat failure. This chapter will mainly highlight the advantages 
of this concept over traditional concept of drug development along with recent 
developments of it.

Keywords: metabolomics, drug, disease, drug discovery and development, analytical 
approaches

1. Introduction

Pharmaceutical company that wants to thrive in this highly competitive field of 
introducing novel therapeutic agents for a variety of ailments at an extremely high 
pace, must devote a significant number of resources to the process of drug discovery. 
To create newer, more potent, and safer medications, they must make strides and look 
at different possibilities. The drug development process scenario has seen significant 
change since the turn of the twenty-first century [1].

From the initial step of target validation through clinical trials to clinical 
practice, the drug development process is a drawn-out, painful, and incredibly 
expensive one. The net output of such a method has also been subpar and frequently 
results from small improvements in currently available therapeutic agents. The 
current paradigm for drug development asks for the discovery of particular molecu-
lar targets that can be used to create highly powerful and selective inhibitors with 
little off-target activity. These substances may be synthetic small compounds that 
need medicinal chemistry optimization, or they may be natural products and their 
synthetic derivatives.
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A systems biochemical understanding of the disease, the therapeutic agents’ 
pharmacological properties (i.e., absorption, distribution, metabolism, excretion, 
and toxicity, or ADMET), and their functional impact on the human body both on-
target and off-target would logically be necessary for the entire process, from target 
discovery to target validation to clinical testing and ultimately clinical adoption.

System biochemistry refers to the “global biochemical networks and molecular 
regulations”. This is a challenging task for drug discovery, development, and its 
application using conventional methods, as is the case with all systems techniques. 
The effective and prosperous commercialization of promising therapeutic medi-
cines is fundamentally hampered by the absence of systems biochemical methods 
and, consequently, functional understanding in the past. A systems biochemical 
understanding of the human body can now be envisioned for the first time due to the 
advancements in genomes, functional genomics, proteomics, and now metabolomics. 
Once created, this will hasten the knowledge of disease mechanisms and the creation 
of therapeutics at a rate never before seen. Comprehension of the biology of disease 
requires a thorough understanding of metabolism in human disorders. The metabo-
lome is an essential component of molecular homeostasis regulation. Metabolomics, 
or the investigation of the metabolome, is currently being utilized for treating a wide 
range of disorders, mostly through metabolite profiling for biomarker discovery [2].

In recent years, the rapidly developing discipline of metabolomics has taken on 
a significant role due to its numerous applications in the area of drug discovery and 
development. Metabolomics has recently made significant strides, and it may now be 
used as a key tool in the process of finding and developing new drugs.

2. Metabolomics and its evolution

Dr. David Wishart’s Human Metabolome Project has completed a year of study on 
the human metabolome, which contains 2500 metabolites, 1200 medicines, and 3500 
dietary components. The $7.5 million research recruited 53 scientists and archived find-
ings on the Human Metabolome Database. The study employs cutting-edge techniques 
such as NMR spectroscopy, mass spectrometry, multidimensional chromatography, and 
machine learning to profile metabolites without bias and characterize metabolite inter-
actions using multivariate methodologies [3]. Professor Jeremy Nicholson first put up 
the idea of metabolomics in 1999. Using a similar principle to genomics and proteomics, 
metabolomics is a method to quantitatively analyze all metabolites produced by organ-
isms to determine their link to pathological and physiological changes [4, 5].

The substrates and end products of metabolism, known as metabolites, fuel vital 
cellular processes such as energy production and storage, signal transduction, and 
apoptosis. Metabolites can come from bacteria, xenobiotics, food, and other foreign 
sources as well as to being produced naturally by the host organism [6]. Metabolomics is 
the study of the organism’s internal store of non-proteinaceous small molecules. A thor-
ough examination of the entire metabolome (the sum of all the low molecular weight 
compounds that are present in cells during a specific physiological condition. It alludes 
to the list of molecules found in a particular organism) under a specific set of circum-
stances is called metabolomics. Metabolomics is the only technique that can quantify 
interactions between the genome, proteome, and the biological “wild card” known as 
the outside environment. The emerging field of genomic science is metabolomics. The 
metabolomic society correlates with other post-genomic sciences; ideally, metabolomic 
data sets will be merged with its other omic sciences to provide comprehensive views 
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into the molecular processes of system biology. However, unlike genomics or pro-
teomics, which concentrate on characterizing huge macromolecules (DNA, RNA, and 
proteins), metabolomics concentrates on characterizing the small molecule, catabolic, 
and metabolic products resulting from the interactions of these large molecule [ 7 ].  

  3. Metabolomic study design 

 Metabolomics experiment involves Experimental design, sample collection and 
preparation, sample analysis, data processing, and interpretation (  Figure 1  ) . 

  3.1 Experimental design 

 A proper experimental design is crucial for accurate interpretation of data, includ-
ing sufficient subjects, matching covariates, proper sample collection, and appropri-
ate data analysis techniques [ 9 ]. 

  3.1.1 Sample collection and preparation 

 Metabolic profiling analyses metabolites in both vivo and vitro samples. 
Metabolomics can analyze various biological materials, including biofluids, cells, tis-
sue, and feces [ 10 ]. Standardized procedures for sample collection and storage improve 

  Figure 1.
  Metabolomic workflow [ 8 ].  Note:  NMR (nuclear magnetic resonance), MS (mass spectroscopy), FTIR (Fourier 
transform infrared spectroscopy).          
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quality and reproducibility. Factors like fed vs. fasting state, medications, blood col-
lection time and processing time, addition of additives and potential sample hemolysis 
considerations can affect metabolites, leading to false-positive or false-negative results. 
Sample preparation depends on the analytical approaches to be utilized for analysis, 
such as NMR approaches requiring less preparation as a result it does not affect the 
sample much whereas mass spectrometry-based approaches requiring sample extrac-
tion by using different solvents. Metabolomics studies examine metabolites at specific 
time points, enabling more dynamic assessments of specific metabolic pathways. 
Recent development by introducing metabolite with isotope (13C) allows dynamic 
assessment of metabolic pathways, determining intracellular molecule sources, 
metabolite fate, flux, and cellular redox balance, providing details information which 
are not available in case of steady-state metabolomics experiments [10–14].

Sample pretreatment plays an important role. Pretreatment separation modali-
ties include gas chromatography for gas phase separation of molecules useful in the 
analysis of traces of volatile compounds in samples, high performance liquid chroma-
tography allows high pressure elution that leads to increase in the chromatographic 
separation of the samples makes it more versatile separation technique, capillary 
electrophoresis works on the principle of electrokinetic separation useful in the sepa-
ration of small inorganic ions to larger proteins. These techniques offer advantages in 
characterizing specific aspects of a metabolome [15].

3.2 Detection methods

Targeted and untargeted metabolomic analyses are the two main categories that 
can be used, in theory. Targeted analysis would concentrate on a certain number of 
identified compounds. Untargeted metabolomics, also known as discovery metabolo-
mics, tries to gather all the metabolomic data in a sample, while In the latter, features 
of relevance are identified after being filtered using various uni and multi-variate 
statistical techniques following data capture [16].

For the isolation and quantification of metabolome components, a wide range of 
targeted and untargeted approaches have already been documented in the literature. 
It was discovered, however, that no one analytical platform is able to collect complete 
metabolomics data in a single run (Figure 2) [17].

Metabolic profiling manly based upon the two specialized analytical techniques 
viz. NMR spectroscopy and MS. These techniques are efficient enough to identify and 
quantify wide range of molecules requiring small amount of sample. NMR spectros-
copy based on the frequency pattern resulting from the interaction of nuclei of the 
molecule with the electromagnetic field. This pattern can give the information such 
as structure of the molecule, its motion, and chemical environment [18]. The identi-
fication and measurement of metabolites utilizing NMR techniques, such as proton 
NMR, 13C NMR, 19F NMR, and 31P NMR spectroscopy, have improved recently. The 
development of cryoprobes and microprobes, which have decreased the detection 
limit by a factor of around 3 to 5, is noteworthy. This approach is further enhanced by 
using two-dimensional total correlation spectroscopy (2D TOCSY) for the confirma-
tion of assigned peaks. Other examples of two-dimensional NMR that have been used 
to enhance NMR-based data acquisition and metabolite structure analysis include 
Nuclear Overhauser effect spectroscopy (NOESY), heteronuclear single quantum 
coherence (HSQC), exchange spectroscopy (ES), and J spectroscopy (JS). These 
techniques provide better information than one-dimensional NMR, particularly 
for small-molecule metabolites. Furthermore, better outcome in the metabolome 
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analysis can be achieved by the combination of 2D NMRs such as NOESY and HSQC 
and TOQCY and HSQC, by combining with MS with NMR or by 3DNMR [8]. NMR 
spectroscopy is rapid, non-destructive and gives reproducible results which makes its 
most reliable. Furthermore, samples that have undergone NMR analysis may undergo 
subsequent MS analysis. This technology’s shortcomings are its lack of sensitivity and 
high user obtaining the necessary tools comes at a significant initial start-up cost and 
requires special training [19]. In contrast, the destructive analytical method known 
as mass spectrometry relies on the production of gas phase ions that are then distin-
guished by their charge/mass ratio. The number of ions for each mass/charge ratio 
is then calculated once the ions have reached the detector. In order to determine the 
molecular identities of the constituents, this is processed and compared against acces-
sible mass spectral databases. MS is a very sensitive sample analysis technique that 
may be applied to both targeted and non-targeted analyses. However, the experimen-
tal setup and the instrument parameters have a significant impact on the detection’s 
sensitivity and accuracy [18, 19].

The MS methodology is typically combined with chromatographic methods that 
have variable degrees of sensitivity, such as liquid chromatography (LC-MS), particu-
larly high-performance liquid chromatography (HPLC- MS), and gas chromatogra-
phy (GC-MS). Capillary electrophoresis and the MS method can also be combined for 
better outcome (CE-MS) [20].

A part from NMR and MS, FTIR is another tool which can be utilized successfully 
for metabolomic study (Table 1) [21].

3.3 Data analysis

This phase entails identifying metabolites and figuring out their relative abun-
dance. The platform and method (targeted vs. untargeted) affects how metabolite 
identification occurs [23].

Standards are typically run in targeted studies and metabolite identification is 
less uncertain [24]. Whereas metabolite identification in the untargeted technique 

Figure 2. 
Major analytical platforms for metabolomic studies in human and animal samples. Note: HPLC (high 
performance liquid chromatography), GC (gas chromatography), CE (capillary electrophoresis).
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is uncertain comparatively, the spectra’s are analyzed using either proprietary or 
publicly accessible software [25].

Additionally, the data should be checked for anomalies and samples or metabolites 
with a large number of missing values. Samples or metabolites that do not adhere to 
quality control standards should be eliminated at this stage. These actions result in the 
acquisition of a set of robustly measured metabolite [26, 27]. Rapid and precise statis-
tical tools are required to handle the complexity and volume of the enormous amount 
of created data. For data analysis, several metabolomic features may be employed as 
the input. Spectral bin areas, metabolite concentrations, and spectral peak areas are 
some of these [28].

Numerous univariate and multivariate statistical methods can be used, focus-
ing on data pre- and post-processing tasks such peak fitting, noise reduction, run 
order drift correction, and signal extraction/peak recognition. They are collectively 
referred to as chemometric approaches. The metabolomic characteristics are indepen-
dently analyzed using univariate techniques [29]. Due to the fact that they use more 
widely accepted and understood statistical techniques, they are frequently simpler to 
interpret. However, the presence of interactions between various metabolic features 
is not taken into account in this approach. Confounding factors like gender, nutri-
tion, or BMI are not taken into account. This raises the likelihood of receiving inac-
curate results. Unlike univariate analysis, multivariate analysis takes into account all 
imputed metabolomic variables and attempts to uncover connections between them. 
These methods are divided into two categories: supervised methods and unsupervised 
methods. The most prevalent unsupervised method is principal component analysis, 
which is capable of detecting data patterns with biological variables. Supervised 
approaches find patterns within variables of interest while ignoring other sources of 
variation. Partial least squares regression analysis is the most commonly used super-
vised statistical procedure [30].

There are a number of software tools available for doing metabolite set enrich-
ment analysis and visualizing the results. Metaboanalyst (www.metaboanalyst.ca) 

Properties Techniques

NMR HPLC-MS CE-MS GC-MS

Sensitivity − ++ + +++

Reproducibility High Low Low Low

Resolution Low High High High

Quantity of sample 
requirement

Low Medium Medium Extensive

Cost Costly Cost friendly Cost friendly Cost friendly

Range of metabolites Polar and 
Non-Polar

RPLC: Non-
Polar; HILIC: 
polar

Polar Volatile polar and 
non-polar

Metabolite 
identification

Easy Difficult 
(Database 
need to be 
improved)

Difficult 
(Database need 
to be improved)

Easy (Spectral 
libraries)

Note: RPLC: Reverse Phase Liquid Chromatography; HILIC: Hydrophilic Interaction Liquid Chromatography [22].

Table 1. 
Comparison of commonly employed analytical techniques.
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is a website for metabolomics data analysis, which includes many tools for pathway 
enrichment analysis [31]. Metlin (https://metlin.scripps.edu), a massive database of 
metabolites with their MS-derived ions that serve for creative pathway analysis, is an 
online platform that allows extensive analyses and interpretation of omics data [9]. 
Metabox (free at http://kwanjeeraw.github.io/metabox/) (retrieved on January 10, 
2020) under the GPL-3 license) [32] and MetaboAnalyst (http://www.metaboanalyst.
ca/MetaboAnalyst [accessed: January 10, 2020]) [22]. Others such as SECIMTools, 
Meta XCMS, XCMS, XCMS2, MetAlign, MZmine for MS data processing, and MetDAT 
for statistical analysis and pathway visualization are among the tools available [8].

4. Metabolomics in the drug discovery and development

Drug research has become increasingly expensive, challenging, and risky over 
the previous two decades. The costs of research and development have risen, as has 
the cost of bringing a novel medicine through all stages of testing, which has a direct 
impact on the frequency with which a new drug is launched to the market. This is 
because pharmaceutical companies are unable to identify the therapeutic target 
or because of the multiple targets in case of complicated diseases such as cancer, 
heart disease, obesity, Alzheimer’s disease etc. Another key issue is that the rate of 
converting a promising lead to a drug is decreasing; just one out of every thirty lead 
compounds reaches phase-I clinical trials, and only one out of every six drugs crosses 
clinical trials and enters the market. Still, there is a 5% chance that the drug may be 
withdrawn from the market due to adverse occurrences. Such failures can be costly 
for pharmaceutical corporations, affecting drug pricing directly. These failures can be 
addressed or reduced by strengthening drug target screening, tracking drug toxicity 
in the preclinical or developmental stage, and monitoring and reporting ADRs during 
the prescription or physician stage. Metabolomics, an emerging discipline of Omics 
science, can help to mitigate such failures and accelerate the drug discovery process 
[33–35]. In recent development ADME studies are commonly employed in drug 
discovery to optimize the balance of attributes required to turn leads into safe drugs. 
Metabolite characterization has recently emerged as a key driver in the drug discovery 
process, assisting in the optimisation of ADME characteristics and increasing drug 
success rates. For decades, it has been a valuable and important aspect of the drug 
development process. Over the last decade, there has been an increased effort to solve 
metabolic concerns using high throughput technologies for screening compounds, 
which has resulted in a strong need for more quick approaches for metabolite identifi-
cation [7]. It has been discovered that metabolomics can provide drug researchers and 
regulators with an efficient and cost-effective method for discovering and developing 
viable medicinal products (Figure 3).

Metabolomics could aid in the following areas of drug discovery and development 
process:

4.1 Lead compound identification

Metabolomics, natural product chemistry and synthetic medicinal chemistry 
mainly focusses on the identification and characterization of small molecules as 
maximum of the FDA approved drugs are small molecules with a molecular weight 
(≤1500 Da) [37]. It is estimated that majority of these approved drugs are of pre-
existing metabolites or preexisting natural product in nature (few examples such as 
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corticosteroids and their derivatives to treat inflammation, ascorbic acid from citrus 
fruit to treat scurvy, quinine from cinchona tree to treat malaria, paclitaxel from 
yew bark to treat breast cancer etc.).It has been observed that small molecules are 
cofactors or substrates for at least one third of human proteins, hence identifying the 
unexplored ones from plant and human could become an excellent source for new 
drug candidates or drug scaffolds. Combination of experimental, computational and 
bibliographic surveys are underway to identify and characterize new or little-known 
metabolites that plays important roles in cell physiology, enzymatic activity, stress 
response and disease [ 38 ,  39 ]. Prior metabolite knowledge about known or hypo-
thetical compounds is used in conjunction with NMR or MS data to identify novel 
compounds which are similar to currently available molecules. More than 20 million 
NMR and MS libraries of compounds are now available online can have impact on 
identification of new metabolite [ 40 ].  

  4.2 Lead prioritization and optimization 

 A number of leads will be generated as a result of any screening programme. One 
of the most important considerations in the drug development process is deciding 
which lead to prioritize. Compounds can be prioritized via metabolic profiling based 
on their capacity to generate the desired biochemical changes. Prioritization is now 
based on response strength and theoretical considerations of metabolism and toxicity. 
An inaccurate guess at this time could lead to the failure of the entire programme. A 
metabolomic analysis can help to distinguish the leads based on their primary and 
secondary reactions. 

 In order to progress from a lead to a therapeutic candidate, the lead is employed 
as a basis structure for the synthesis of hundreds of derivatives in a process known as 
“lead optimisation.” In this step, chemists make several changes to the initial lead and 
test the impact of the alterations on activity. Each lead is assigned a metabolic profile, 
and the lead is optimized depending on the profile. This procedure is continued until 
the final lead candidate with the fewest secondary effects is chosen [ 41 – 44 ].  

  Figure 3.
  Application of metabolomics in drug discovery and development [ 36 ].          
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4.3 Target identification and validation

Identifying bioactive molecule targets is a major difficulty in chemical biologi-
cal research. Metabolons, a proprietary technology platform, allows researchers to 
precisely gauge the multitude of metabolic alterations inherent in a specific disease 
and then map these changes to known pathways, helping them to better understand 
the disease.to establish a biochemical hypothesis for an ailment quickly. Based on 
this concept, illness-causing enzymes and proteins can be identified, and drug-
gable disease targets can be located [7]. There are two basic methods for identify-
ing chemical inhibitor targets: direct and indirect. The target proteins bound to 
the inhibitor are isolated and immediately identified by mass spectrometry in the 
direct technique. The indirect technique to identifying chemical inhibitor targets is 
searching for candidates by profiling biological data. If the drug was discovered to 
disrupt some cellular event for which the regulatory signaling pathway is known, 
targets can be identified by studying the compound’s influence on each stage of the 
pathway. In some circumstances, omics research (for example, proteomics, tran-
scriptomics, and metabolomics) can aid in the thorough analysis of a compound’s 
effect on a potentially huge number of biological stages. Metabolomic profiling 
approaches gives the information about the biochemical fingerprint for a specific 
target. The target can be biochemically validated by identifying any unanticipated 
adverse effects and by comparing the target to the disease itself. It is also feasible 
to discover unanticipated secondary effects inherent in a target, so as to discard a 
target that may pose prohibitive risk [45, 46].

4.4 Biomarker identification

Being able to quantitatively detect, measure, or monitor the disease for which the 
medicine is being created is crucial to drug development. A medicine to treat a disease 
cannot be produced until the disease is measured. Many of today’s disease assays 
and diagnostic tests utilize small molecules (i.e., Metabolite) biomarkers as indica-
tors of disease or condition (absence/presence/severity). Metabolomics is primarily 
concerned with the detection and quantification of small molecule biomarkers (i.e., 
biomarkers for disease and therapeutic efficacy). Metabolomics has already been used 
to identify small molecule biomarkers or multi-metabolite signatures for a wide range 
of diseases such as hypertension, heart failure, Parkinson’s disease, prostate cancer, 
breast cancer, ovarian cancer, schizophrenia, Alzheimer’s disease, and coronary heart 
disease, etc. [47–56]. The most successful application of metabolomics is to discover 
inborn errors of metabolism (IEMs), with NMR-based metabolomics capable of 
identifying and monitoring more than 85 different IEMs and MS-based metabolomics 
capable of detecting and monitoring 130 different IEMs. (For example, phenylketon-
uria can be diagnosed by low tyrosine levels, Tay Sachs disease by high GM2 ganglio-
side levels, and cystinuria by high lysine and cystine levels.) [36, 57].

4.5 Mode of action

The justification of MoA using metabolomics usually demands prior informa-
tion on the impacted metabolic pathways. In other words, drug-induced metabolic 
changes are statistically analyzed using route maps, and the most significantly 
affected nodes (proteins) are then selected for additional investigation/validation. 
This type of analysis can be performed by combining untargeted metabolomics with 
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in silico or chemoinformatic techniques [58]. It can be utilized to predict not just the 
mode of action of the drug, but also the harmful mechanism of action [7].

4.6 Measuring drug metabolism

ADME testing is one of the most important aspects of drug development process. 
The process is very time consuming, expensive and error-prone [59]. The emergence 
high throughput metabolomic methods has opened up a new avenue for experimen-
tally monitoring ADME and identifying metabolites and metabolic pathways associ-
ated with drug metabolism [60]. Methods for identifying drugs or drug metabolites 
rely more directly on experimental data analysis and spectral comparisons of dosed 
and un-dosed bio samples. These include mass defect filtering techniques [61] and 
multivariate data analysis of LC-MS chromatograms for MS and STOCSY for NMR 
spectroscopy, which can be used in conjunction with high resolution MS instruments 
such as FTICR (Fourier Transform Ion Cyclotron Resonance) or OrbitrapTM [60] 
spectrometers to generate exact molecular formulas. Compound identification is 
clearly only a subset of what is usually necessary for full ADME experiments. It is 
crucial to measure the amount, distribution, and location of a substance once it has 
been identified. It is also crucial to compare these results to those of other metabolites 
over time and space, and to conduct these measurements using additional biologi-
cal or technical replicas. Fortunately, the high-throughput characteristic of most 
metabolomics technologies enables these multicomponent, multi-sample analyses to 
be carried out with great repeatability and at a reasonable cost [61].

4.7 Preclinical study

Metabolomics approaches can be applied rapidly and noninvasively in a number of 
toxicological assays such as Identification of target organ or region of toxicity, iden-
tification of biochemical mechanism of toxicity, identification and quantification of 
biomarkers profile which measure toxic effects, measurement of time course of toxic 
effects [62]. This can be employed as a safety screening mechanism by many pharma-
ceutical companies as an alternative to expensive and time-consuming toxicological and 
histopathological screening. Furthermore, it can be utilized to find toxicity biomarkers 
as a result of the identification of various biomarkers utilizing this platform [63].

4.8 Clinical study

Clinical trial monitoring and screening is very important in the drug discovery 
and development process. Clinical trial monitoring not only involves the effect of 
drug but also involves the influence of diet, drug use/abuse and behavioral factors 
on the outcome. Metabolomics can be can be useful in-patient monitoring by detect-
ing the presence of over-the-counter drugs, herbal supplements, drugs of abuse and 
food by products in clinical trials settings to assure patients compliance [64–67]. This 
method be useful in the patient screening and drug patient matching. This approach 
can be utilized to examine drug metabolism characteristics in individual patients. 
There is significant diversity in patient responses to specific classes of medicines (such 
as antidepressants), which is largely owing to differences in drug metabolism profiles 
[68]. Certainly, detecting susceptible/refractory patients prior to recruitment (in 
clinical trials) or prescription (in clinical practice) would improve outcomes. The use 
of metabolomic-based phenotyping in clinical trials or drug dosage in clinical practise 
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has the potential to be a quick and low-cost screening method for patient selection 
or drug dosing. These metabolomic assays would almost certainly be far less expen-
sive in terms of both time and money than traditional approaches. Metabolomics 
is extremely effective in monitoring drug doses of relatively toxic pharmaceuticals 
(anticancer drugs such as methotrexate, 6-mercaptopurine, 5-flurouracil, etc., blood 
thinning agents such as warfarin, immunosuppressants such as mycophenolic acid 
and ciclosporin). Furthermore, it plays a critical role in detecting and monitoring 
ADRs, which are a huge burden for the pharmaceutical business and healthcare 
system (due to patient death and hospitalization). Endogenous metabolite levels in 
the blood and urine can be used to detect many undesirable medication effects [61].

5. Challenges for metabolomics

Data analysis is one of the most difficult aspects of metabolomics research. 
Metabolomics provides enormous volumes of data, often with complicated structures 
and patterns that necessitate the use of advanced computer techniques to analyze.

A second difficulty is sample deterioration and standardization. Metabolomics is a 
young discipline with few widely agreed standards for sample collection, processing, 
and analysis. Importantly, after a sample is extracted, its metabolic signature may 
differ from what it was in the biological system. This emphasizes the importance of 
sample preparation and makes comparing results between research and replicating 
trials challenging.

Another issue is the existing metabolomics techniques’ lack of sensitivity and 
specificity. Despite substantial technological breakthroughs, contemporary metabo-
lomics techniques are still incapable of detecting all metabolites in a given sample. 
This can result in false negatives or incorrect results [69].

6. Conclusion

Metabolomic principles have the potential to revolutionize the drug discovery and 
development process. Metabolomics focuses on the small molecules that are essential 
for life to exist and act as the molecular foundation for cells by supplying fuel for cel-
lular processes. Small molecules also help to preserve cellular integrity, fights environ-
mental stress, and acts as a cellular messenger for a variety of cellular activities. Drug 
discovery is a time-consuming, high-risk, and tremendously expensive procedure. 
Metabolic profiling is a sensitive indicator of phenotypic alterations as well as phar-
macological on and off target of drug candidates. High-resolution metabolic profiling 
is possible using minimal sample preparation, and as part of various drug testing 
processes. Metabolomics can also offer drug selection markers that can be employed 
in vivo which are phenotypic specific.

Metabolomics allows scientists to investigate the known roles of small molecule 
metabolites in greater detail and with better precision than ever before. The increas-
ing breadth of available coverage, increased sensitivity, greatly improved analytical 
software, and trends towards more accurate quantification enable certain types of 
novel metabolomics experiments that were only a dream a few years ago. Continuing 
development in the field metabolomics along the growing investment by the phar-
maceutical industry players and FDA will foster a rapid and more cost-effective drug 
discovery and development process.
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Abstract

Bioinformatics plays a crucial role in various aspects of drug discovery, drug 
metabolism, and pharmacology. In drug discovery, bioinformatics enables the 
efficient analysis and interpretation of large-scale biological data, facilitating target 
identification, lead compound optimization, and prediction of drug-target interac-
tions. It aids in the identification and characterization of potential drug targets 
through genomic and proteomic analyses. Additionally, bioinformatics assists in the 
prediction of drug metabolism and pharmacokinetic properties, offering insights into 
the safety and efficacy of potential drug candidates. Furthermore, it contributes to 
pharmacology by enabling the analysis of drug-drug interactions, adverse drug reac-
tions, and personalized medicine approaches. The integration of computational tools 
and algorithms with biological and chemical data has accelerated the drug discovery 
process, improved success rates, and reduced costs. Bioinformatics has become an 
indispensable tool in the development of novel therapeutics and the optimization of 
drug efficacy and safety. This book chapter elucidates the profound impact of bio-
informatics in drug metabolism and pharmacology, emphasizing the transformative 
potential it holds for the future of pharmaceutical research, ultimately improving 
patient outcomes and bringing innovative therapies.

Keywords: bioinformatics, technology, drug metabolism, pharmacology, innovative, 
drug discovery

1. Introduction

The process of drug development is a complex and resource-intensive undertaking 
that is crucial to the pharmaceutical industry’s objective of enhancing healthcare 
outcomes on a global scale. The endeavor encompasses a diverse range of experiences 
that last over an extended period, encompassing multiple phases, and necessitating 
significant financial resources [1]. Drug development is primarily motivated by the 
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objective of developing therapies that are safer, more effective, and characterized by 
innovation, with the aim of addressing medical requirements that have not yet been 
satisfied [2].

The initial step is the identification of a specific chemical or pathway that is 
associated with a particular disease [3]. The commencement of this preliminary 
stage frequently arises from comprehensive biological investigation and a profound 
comprehension of the fundamental causes of the disease [3–6]. After the identifica-
tion of a target, drug candidates are formulated, manufactured, and subjected to 
comprehensive laboratory testing. The initial preclinical phases involve evaluating the 
potential effectiveness and safety of the proposed drugs [7]. After successful selec-
tion, candidates progress to the clinical phase, which encompasses a series of human 
trials specifically designed to assess the safety, dose, and efficacy of the intervention. 
This phase is comprised of three distinct segments. Phase I trials typically encompass 
a limited number of individuals who are in good health, Phase II trials thereafter 
encompass a larger cohort of patients diagnosed with the specific ailment under 
investigation, and Phase III trials comprise an even more extensive and diverse 
patient population. Clinical trials are frequently characterized by their lengthy 
duration, substantial financial investment, and stringent regulatory oversight, all of 
which are implemented to safeguard the safety and effectiveness of the prospective 
pharmaceutical compound [8]. The process of regulatory submission is characterized 
by its stringent nature, necessitating the provision of comprehensive data pertaining 
to safety, efficacy, and manufacturing quality [9–11]. In conjunction with clinical 
trials, pharmaceutical corporations allocate significant resources toward research and 
development (R&D), which involves the employment of extensive teams comprising 
scientists, physicians, and support workers. In addition, researchers are required to 
effectively manage a multifaceted network of intellectual property concerns, wherein 
they engage in the process of patenting their findings as a means to safeguard their 
investments and establish market exclusivity.

The process from the identification of an objective through the attainment of 
regulatory approval is replete with many hurdles, encompassing the potential for 
failure at any given point. The majority of medication candidates fail to successfully 
complete the entire process, primarily owing to safety concerns, lack of efficacy, 
or other factors. The attrition rate, when coupled with the substantial expenses 
associated with clinical development, renders drug development a high-stakes and 
resource-intensive undertaking. Hence, the process of drug development is complex, 
time-consuming, and expensive, necessitating the integration of scientific knowl-
edge, financial capital, regulatory supervision, and a steadfast dedication to enhanc-
ing worldwide healthcare. Despite the intricate nature and difficulties associated with 
it, the pharmaceutical sector continues to persist in its endeavor to develop innovative 
treatments that have the potential to revolutionize the quality of life and mitigate the 
impact of illnesses on the broader community.

With the rapid progress in technology, it is noteworthy that bioinformatics has 
emerged as an essential instrument in contemporary biological research. This field 
empowers scientists to get significant insights from extensive and intricate informa-
tion. Bioinformatics is an interdisciplinary domain situated at the convergence of 
biology, computer science, and data analysis. The field encompasses the utilization of 
computational methodologies and statistical approaches to effectively handle, scru-
tinize, and elucidate biological information [12, 13]. The aforementioned discipline 
holds significant importance in multiple domains of biology, encompassing genom-
ics, proteomics, evolutionary biology, and drug development. This book chapter 



67

The Role of Bioinformatics in Drug Discovery: A Comprehensive Overview
DOI: http://dx.doi.org/10.5772/intechopen.113712

provides a comprehensive examination of the pivotal role that bioinformatics plays in 
the realms of drug metabolism and pharmacology.

2. Bioinformatics in drug metabolism

The process of drug metabolism holds significant importance in the field of 
pharmaceutical research and development, as it governs the ultimate disposition of 
pharmaceuticals within the human body. The field of bioinformatics assumes a piv-
otal function in comprehending and enhancing the mechanisms of drug metabolism. 
Bioinformatics plays a pivotal role in advancing drug metabolism research through 
several significant avenues (Figure 1) [12, 13].

The prediction of metabolic pathways involves the utilization of bioinformat-
ics techniques and databases to anticipate the potential metabolic transformations 
that a medication may undergo within the physiological context of the human body 
[14–18]. The aforementioned is crucial in evaluating the safety and effectiveness 

Figure 1. 
Application of bioinformatics in drug metabolism.
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of a pharmaceutical compound under consideration [12, 19–24]. The utilization of 
bioinformatics facilitates the identification of distinct enzymes that play a role in the 
process of drug metabolism. The identification of the specific enzymes involved in 
the metabolism of a drug is of utmost importance in the anticipation of drug-drug 
interactions and the potential manifestation of adverse effects. The utilization of 
bioinformatics tools facilitates the process of identifying and characterizing drug 
metabolites. Metabolites possess distinct pharmacological characteristics in compari-
son to the original drug, and their identification is crucial for assessing the compre-
hensive effects of a medication. The utilization of bioinformatics models enables 
the prediction of probable harmful metabolites or drug metabolism products, hence 
facilitating the evaluation of the safety profile of drug candidates by researchers.

The field of pharmacogenomics investigates genetic differences in drug-metab-
olizing enzymes across diverse populations. The aforementioned data is used to 
individualize pharmaceutical interventions, hence guaranteeing that individuals are 
administered the most efficacious and secure medications in accordance with their 
genetic characteristics [25].

Bioinformatics tools play a crucial role in the analysis of high-throughput screen-
ing data for drug discovery. These tools assist in the identification of prospective 
medication candidates and the prioritization of compounds for subsequent testing, 
utilizing their metabolic profiles. Drug repurposing, a process facilitated by bioinfor-
matics, involves the analysis of metabolic pathways and the identification of potential 
off-target effects of existing medications, leading to the discovery of novel therapeu-
tic applications. The implementation of this approach has the potential to expedite 
the process of medication development while simultaneously mitigating financial 
expenditures [26–28].

In summary, the discipline of drug metabolism has been significantly transformed 
by the advent of bioinformatics, which has introduced robust tools and procedures 
for the analysis and interpretation of data. The consideration of individual genetic 
differences in medication response plays a pivotal role in optimizing drug develop-
ment processes, enhancing drug safety, and promoting the progress of personalized 
medicine. The ongoing progression of technology necessitates the further integration 
of bioinformatics within the realm of drug research and development, hence foster-
ing innovation and enhancing patient outcomes within the pharmaceutical sector.

3. Pharmacology and bioinformatics integration

The amalgamation of pharmacology and bioinformatics exemplifies a potent 
synergy between conventional pharmacological methodologies and state-of-the-
art computational tools [23, 25, 29–32]. The integration of bioinformatics in drug 
development pipeline has greatly improved our capacity to identify, create, and 
refine pharmaceuticals with heightened accuracy and effectiveness. This part of the 
chapter provides an overview of the integration of pharmacology and bioinformatics, 
highlighting its transformative impact on the domain of drug discovery and develop-
ment (Figure 2).

First, bioinformatics tools facilitate the methodical examination of biological data 
encompassing genomes, proteomics, and transcriptomics, with the aim of identifying 
and validating new therapeutic targets [33–36]. Through the examination of extensive 
datasets, researchers have the ability to identify particular genes, proteins, or path-
ways that assume critical functions in the development and progression of diseases. 
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Subsequently, these targets undergo a comprehensive pharmacological validation 
process to verify their significance and appropriateness for therapeutic intervention.

Second, bioinformatics-driven computational techniques, such as molecular 
docking and molecular dynamics simulations, are utilized for the purpose of virtual 
screening and the generation of prospective drug candidates. This enables research-
ers to rapidly examine a wide range of chemical compounds, hence optimizing time 
and resource use throughout the initial phases of drug discovery. Bioinformatics 
plays a crucial role in the prioritization of candidate drugs based on their binding 
affinity and specificity toward target proteins through the utilization of predictive 
models [29, 35, 37–39]. In addition, the utilization of bioinformatics models enables 
the anticipation of pharmacokinetic characteristics and toxicity of potential drug 
candidates, encompassing absorption, distribution, metabolism, and excretion. 
Moreover, these models evaluate the possible toxicity and unwanted effects, assisting 
in the identification of safer and more efficacious medication candidates prior to their 
advancement into expensive experimental stages.

The merging of pharmacogenomics and bioinformatics facilitates the advance-
ment of personalized medicine strategies. The utilization of bioinformatics enables 

Figure 2. 
Application of bioinformatics in pharmacology.
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the prediction of an individual’s pharmacological response by examining their genetic 
composition. This data enable healthcare practitioners to customize pharmacological 
therapies based on the distinct genetic characteristics of individual patients, thereby 
enhancing therapeutic results while avoiding adverse reactions [19, 25, 40–43]. 
Interestingly, the vast amount of biological and clinical data produced in contempo-
rary drug development is substantial. Bioinformatics encompasses a range of tech-
nologies and methodologies that are essential for the effective storage, management, 
and analysis of biological Big-Data. The utilization of sophisticated data analytics and 
machine learning algorithms has the ability to reveal latent patterns, biomarkers, 
and potential correlations between drugs and diseases that may go unnoticed when 
employing conventional methodologies [44].

It is noteworthy that the utilization of bioinformatics is of paramount importance 
in the field of drug repurposing, which involves the exploration of existing medica-
tions for novel therapeutic purposes. Through the examination of data from diverse 
sources, such as clinical records and molecular databases, the field of bioinformatics 
possesses the capability to discern innovative applications for approved pharma-
ceuticals. This ability expedites the process of incorporating these drugs into newer 
treatment approaches.

Furthermore, the field of network pharmacology employs network-based meth-
odologies in the realm of bioinformatics, allowing scientists to examine diseases and 
the effects of drugs within the intricate framework of biological networks [32, 35, 
45–47]. The adoption of a holistic perspective facilitates a more profound comprehen-
sion of the interrelatedness of biological mechanisms and assists in the recognition 
of multi-target medications capable of regulating several elements within a disease 
network. In essence, the amalgamation of pharmacology and bioinformatics has 
revolutionized the field of drug research and development, rendering it a data-centric 
and increasingly accurate discipline. The integration of experimental pharmacology 
and computational biology holds promise for enhancing drug safety and efficacy, 
expediting the drug development process, and ultimately enhancing patient care 
through personalized treatment approaches. The ongoing progress of technology will 
ensure that the partnership between these two fields remains a prominent aspect of 
pharmaceutical research and innovation.

4. Bioinformatics for toxicology and safety assessment

The field of bioinformatics plays a crucial role in the domain of toxicology and 
safety assessment. Bioinformatics has become an indispensable instrument in the realm 
of toxicology and safety assessment, facilitating the evaluation of possible dangers 
linked to chemical substances, medicines, and environmental factors (Figure 3) [48]. 
The below part provides the main applications of bioinformatics in the field of toxicol-
ogy and safety evaluation.

The utilization of bioinformatics techniques facilitates the field of chemo-infor-
matics, which encompasses the examination of chemical structures and their correla-
tion with toxicity. Machine learning models that have been trained using extensive 
chemical databases possess the capability to forecast the toxicity of novel compounds 
by leveraging their structural resemblances to established dangerous substances [49]. 
Predictive models play a crucial role in the timely detection of potentially hazardous 
compounds, hence optimizing efficiency and conserving resources in the field of 
toxicological testing [49].
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On the other hand, toxico-genomics is an interdisciplinary field that integrates 
genomics and toxicology to investigate the impact of toxic chemicals on genes and 
gene expression. The field of bioinformatics is of utmost importance in the analysis of 
high-throughput gene expression data obtained from microarray and RNA sequenc-
ing investigations [50]. Through the identification of genes and pathways impacted 
by hazardous substances, toxicologists are able to get valuable knowledge regarding 
the underlying processes of toxicity, as well as prospective biomarkers that could 
be utilized for the early detection of such toxicity. Bioinformatics techniques are 
utilized to evaluate adverse event reports derived from clinical trials and post-market 
surveillance databases, with the aim of identifying patterns of toxicity that are linked 
to medications and other items. The aforementioned analyses have the potential to 
facilitate the discovery of safety risks that were previously unknown, hence motivat-
ing regulatory interventions or alterations in product labeling [51].

Metabolomics, a branch of bioinformatics, is dedicated to the investigation of 
small chemicals known as metabolites that are generated by cells and organisms. The 
identification of alterations in metabolite profiles resulting from toxin exposure is 

Figure 3. 
Application of bioinformatics in toxicology and safety assessment.
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of paramount importance in the field of toxicology. Bioinformatics technologies are 
utilized for the purpose of analyzing this data and establishing connections between 
modifications in metabolic pathways and distinct harmful consequences [12, 52–56]. 
The field of in silico toxicology encompasses the application of computer simulations 
to forecast the toxicological characteristics of chemical substances. Bioinformatics 
models have the capability to predict the toxicity of a chemical by the simulation of its 
interactions with biological molecules, including proteins and enzymes. This method-
ology facilitates the prioritization of substances for subsequent testing and diminishes 
the necessity for animal experiments. Hence, Bioinformatics plays a pivotal role in the 
quantitative assessment of risks by effectively integrating various datasets pertaining 
to exposure, toxicity, and biological response.

In summary, the field of bioinformatics has brought about a significant trans-
formation in the realm of toxicology and safety assessment. This transformation is 
primarily attributed to the provision of data-driven, cost-effective, and efficient tools 
that enable the evaluation of possible dangers associated with diverse chemicals and 
compounds. The capacity to combine and analyze extensive datasets from various 
sources facilitates the generation of more precise toxicity predictions, expedites the 
discovery of dangerous compounds, and enhances the comprehension of the underly-
ing mechanisms associated with toxicity. Bioinformatics will continue to play a crucial 
role in safeguarding the integrity of products, medications, and the environment as 
the science progresses.

5. Conclusion

The present chapter has explored the crucial function of bioinformatics in the 
field of drug metabolism and pharmacology, emphasizing its importance in mul-
tiple facets of drug discovery and development. The discipline of bioinformatics 
has become an essential instrument that has brought about significant changes by 
expediting the process of identifying targets, assisting in the design of drugs based 
on logical principles, easing the screening of large volumes of data, and support-
ing the development of biomarkers for personalized medicine. Nevertheless, this 
process has encountered many difficulties. In order to effectively use the promise of 
the discipline of bioinformatics, several challenges need to be addressed, including 
data quality and integration, computational resources, ethical considerations, and 
the translation of findings into clinical applications. Notwithstanding these hurdles, 
the prospects for bioinformatics in the fields of drug metabolism and pharmacology 
appear to be auspicious. In summary, the prospects of bioinformatics in the domains 
of drug metabolism and pharmacology are characterized by a notable emphasis on 
novel advancements and cooperative efforts. As the comprehension of biological 
systems and computational approaches progresses, bioinformatics will persist as a 
pivotal catalyst in the transformation of drug development, enhancement of patient 
outcomes, and introduction of groundbreaking medicines to the market. Through 
the acknowledgment and resolution of obstacles, as well as the adoption of emerging 
technology, the area is positioned to experience additional significant advancements 
in the foreseeable future.
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Abstract

Aptamers are single-stranded DNA or RNA that can mimic the functional prop-
erties of monoclonal antibodies. Aptamers have high affinity and specificity for 
their target molecules, which can make them a promising alternative to therapeutic 
antibodies or peptide ligands. However, many aptamer drug candidates in clinical 
development have been discontinued due to suboptimal metabolic stabilities and 
pharmacokinetics. To address these issues, chemical modification can be used to 
enhance the metabolic stability and prolong the half-life of aptamer candidates. The 
chapter reviewed published data regarding the metabolic stability and pharmacoki-
netics of aptamer drug candidates from preclinical and clinical studies. The benefits 
and possible shortcomings of current modification strategies used in these aptamers 
were briefly discussed.

Keywords: metabolic stability, pharmacokinetics, aptamer, chemical modification, 
renal clearance

1. Introduction

Aptamers are single-stranded DNA or RNA oligonucleotide-based synthetic 
molecules that can replicate the functional features of monoclonal antibodies. Nucleic 
acid aptamers are generally screened from a library of random nucleic acids utilizing 
systematic evolution of ligands by exponential enrichment (SELEX) technology [1]. 
To effectively create an aptamer against a given target molecule, the SELEX procedure 
requires multiple phases. The aptamer and desired target molecule are incubated to 
initiate the binding affinity process, which is followed by the division of bound and 
unbound sequences. After that, binding sequences are amplified by PCR, and ssDNA 
is extracted to start a new cycle [2, 3]. As a result, aptamers have a high affinity and 
selectivity for a wide range of target molecules, including peptides, proteins, tiny 
compounds, and even living cells. Because inhibitory aptamers that affect the activ-
ity of pathogenic target proteins may be utilized as therapeutic agents directly, they 
are a viable alternative to therapeutic antibodies or peptide ligands [4]. Aptamers 
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have several benefits over antibodies, including ease of synthesis, reduced time and 
cost, lesser immunogenicity, greater stability, and superior refold ability. As a result, 
aptamers are prospective replacements for homologous antibodies. The United States 
Food and Drug Administration (FDA) granted approval for the initial aptamer drug 
(Macugen®) to treat wet-form neovascular age-related macular degeneration (AMD) 
in 2004 [5, 6]. Several therapeutic aptamers are currently undergoing clinical trials in 
phases II and III.

However, aptamer candidates’ druggability can be considerably impacted by their 
metabolic stability and pharmacokinetics. Indeed, due to inadequate qualities in 
these domains, certain aptamers under clinical development have been abandoned. 
The renal filtration cut-off value is 30–50 kDa. Native nucleic acid aptamers face 
challenges in vivo due to their susceptibility to nuclease-mediated cleavage and rapid 
renal filtration, primarily attributed to the abundance of serum nucleases and their 
relatively low molecular weight (20 kDa). Consequently, these aptamers are rapidly 
eliminated from the body, leading to a short biological half-life. These are key issues 
that are impeding the clinical translation of the nucleic acid aptamer. Chemical 
modification can be utilized to improve the metabolic stability and half-life of 
aptamer candidates to solve these difficulties. To begin, changes in metabolic stability 
may increase nucleic acid aptamer formation while increasing nuclease resistance. 
Second, long-term alterations might permit nucleic acid aptamer boosting molecular 
weight substantially over the renal filtration cut-off level (Figure 1). The chapter 
reviewed published data regarding the metabolic stability and pharmacokinetics of 
aptamer drug candidates from preclinical and clinical studies. The advantages and 
disadvantages of current modification procedures employed in these aptamers were 
briefly explored.

2. Strategies for enhancing metabolic stability of aptamers

Modification tactics for improving metabolic stability of aptamer drug can-
didates may be carried out in two ways: pre-SELEX chemical modifications and 

Figure 1. 
The common strategies in the chemical modifications of nucleic acid aptamers and their purposes.
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post-SELEX chemical modifications. Pre-SELEX alterations mostly entail chemical 
changes that are critical for the aptamer’s functions [6]. Nucleobase modifications 
and genetic alphabet extension are typical examples. The goal of adding these new 
chemical moieties or bases to aptamers is to improve their functionality and allow 
them to engage with additional targets. These changes immediately affect the three-
dimensional structure of aptamers [7]. Aptamer activity may be fully eliminated by 
adding these chemical groups following SELEX. As a result, pre-SELEX alteration is 
the most effective strategy to minimize activity loss. The fundamental disadvantage 
of this method is that the alteration might impair the nucleotide’s capacity to act as a 
substrate for DNA or RNA polymerase [8]. During solid-phase chemical synthesis, 
changes at multiple sites are added to preselected aptamers in post-SELEX techniques 
for the best performances such as high affinity, high stability, and high specificity. 
Because aptamer affinity/specificity and function are structure-dependent, post-
SELEX alteration may modify the intrinsic characteristics and folding structures of 
the original aptamers, compromising binding affinity [9]. As a result, alterations 
must be properly tailored to the intended functions [10]. Unfortunately, general 
guidelines do not exist for all aptamers, and tedious evaluation/optimization is 
frequently required [11]. The following are some of the most prevalent nucleic acid 
aptamer modifications:

2.1 Nucleobases modifications

The research on SELEX using unnatural nucleobases has seen rapid growth in 
recent years, with two main categories of efforts: (1) creating unnatural base pair 
systems that are independent of Watson-Crick base pairs and (2) integrating peptide-
like functional groups into native nucleobases [12]. However, a significant challenge 
in using unnatural nucleobases in SELEX is the need for encoding and decoding these 
nucleotides throughout the selection process, which often requires compatibility with 
polymerases. Ensuring high accuracy in base pairing selection with or between modi-
fied bases during the encoding and decoding stages is another obstacle in nucleobase 
modifications. To overcome these challenges and expand the range of nucleobase 
changes available for in vitro aptamer selection, researchers have developed several 
innovative strategies.

2.2 Ribose modifications

The creation of medicinal antisense oligonucleotides spurred early advances in 
chemical modifications of aptamers. These changes were made largely to improve 
resistance to nuclease-mediated degradation [13]. Initially, changes were introduced 
at the 2′-position of the ribose sugar unit. Modifications at all nucleotides, on the 
other hand, are seldom tolerated since a sugar alteration reduces aptamer activity 
[14]. Point-by-point changes and activity testing take time and money. As a result, 
including changed nucleotides in the SELEX procedure should be investigated. 
The presence of a polymerase that can be modified is the most significant aspect. 
Nowadays, replacing fluorine (2′-F) (Figure 2a), methoxy (2′-OMe) (Figure 2b), 
or amino (2′-NH2) (Figure 2c) groups for the 2′-hydroxy residue of RNA greatly 
improves aptamer stability against nuclease degradation [15].

2′-Aminopyrimidines were utilized in the first ribose-modified SELEX experi-
ment [16]. Then, a change was made to the T7 RNA polymerase to improve substrate 
compatibility. It has been demonstrated that 2′-fluoro and 2′-deoxypyrimidine are 
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incorporated by T7 RNA polymerase with the Y639F mutation [17–19]. Pyrimidine 
alterations have frequently been used as a starting point for aptamer synthesis 
because they prevent RNase A-mediated degradation [5]. However, in contrast to 
2′-fluoropyrimidine, 2′-aminopyrimidine is seldom used in the present SELEX 
technique due to reduced coupling efficiencies in chemical synthesis, a predilection 
for the C2′-endo ribose conformation, and a detrimental influence on base pairing 
stability [20].

Pegaptanib (Macugen®), the sole FDA-approved oligonucleotide-based medicine 
on the market, exemplifies a sugar-modified aptamer. It was developed in vitro using 
a combination of unmodified purine nucleotides and 2′-F-pyrimidine nucleotides 
[9]. The remaining unmodified purine nucleotides were converted to 2′-OMe units 
through solid-phase synthesis. Additionally, two 2’-F-modified thrombin-binding 
aptamers (PG13 and PG14) showed a fourfold increase in thrombin-binding affinity 
and up to a sevenfold improvement in nuclease resistance. In 10% FBS, the improved 
aptamer’s G-quadruplex stability was enhanced up to 48-fold [21]. Lin et al. created a 
human neutrophil elastase (HNE) aptamer with a 2’-NH2 group, demonstrating high 
binding affinity and 10-fold increased stability in human serum and urine compared 
to the original aptamer [22]. It has also been found that basic fibroblast growth factor 
(bFGF) can be effectively inhibited by RNA ligands modified with 2′-amino-2′-
deoxypyrimidine. When incubated in human serum, 2′-aminopyrimidine-modified 
RNA aptamers are much more stable than naturally unmodified RNA aptamers 
(>1000-folds) [23]. In another study by Green et al., Vascular permeability factor/
vascular endothelial growth factor (VPF/VEGF)-binding RNA and DNA aptamers 
demonstrated a good binding affinity and nuclease resistance [24].

2.3 Phosphate modifications

Modifications to the phosphate portion of aptamer are thought to be a significant 
technique for aiding aptamer’s resistance to nuclease in vivo. Sulfur can replace two 
nonbridging oxygens to generate thiophosphorus (PS) (Figure 2d) and phospho-
rodithioate (PS2) (Figure 2e). Solid-phase synthesis had developed PS-modified 
DNA. The vulcanization phase replaces the oxidation step in the PS DNA synthesis. 
Beaucage reagent is used for vulcanizing a recently generated phosphite triester ester. 
Two isomers would be produced as a result of this reaction [25]. Through high-per-
formance liquid chromatography (HPLC), a single PS modification can be isolated, 
and synthetic methods can produce several pure diastereomers of PS modifications 
[26]. The PS modification’s ability to enhance the affinity between aptamers and 
targets can be illustrated with the following examples.

Figure 2. 
Chemical structures of modifications for the improvement of nuclease resistance of aptamers: (a) 2′-fluoro-RNA 
(2′-F); (b) 2′-methoxy-RNA (2′-OMe); (c) 2′-amino-RNA (2′-NH2); (d) Thiophosphorus-DNA/RNA; (e) 
Phosphorothioate-DNA/RNA.



85

The Modification Strategies for Enhancing the Metabolic Stabilities and Pharmacokinetics…
DOI: http://dx.doi.org/10.5772/intechopen.112756

Wu et al. created two DNA aptamers, XQ-2 and a shortened variant termed 
XQ-2d, to target Pancreatic Ductal Adenocarcinoma (PDAC), the most frequent pan-
creatic adenocarcinoma [27]. They made phosphorothioate and 2’-OMe derivatives of 
XQ-2d to boost serum stability; however, they discovered that the thioaptamer form 
of XQ-2d had decreased binding to PL45 cells, while the 2’-OMe version did not [28]. 
Chen et al. investigated a 50-polyethylene glycol (PEG)-modified form of Adipo8 
with phosphonothioate linkages placed right after the first base and just before the 
last base [29]. When examined in tissue culture and in vivo, the addition of these 
two thioate connections boosted serum stability by a tiny but statistically significant 
amount. Because this aptamer can identify white adipocytes from brown adipocytes 
and preadipocytes, it might be used to provide adipocyte-specific treatment [30]. 
PS2 alterations, which replace both nonbridging oxygen atoms with sulfur, have been 
incorporated into RNA aptamers chosen for binding to VEGF165. PS2 alterations 
increase nuclease resistance and aptamer stability in human serum [31].

2.4 Isomerized nucleoside modifications

2.4.1 Spiegelmers

A method for altering aptamers is the creation of “mirror-image” aptamers, also 
known as spiegelmers (Figure 3a). Spiegelmers counteract nucleases’ stereoselectivity 
by inverting the chirality centers inside sugar molecules, resulting in a mirror image of 
wild-type DNA or RNA. This structural change makes spiegelmers more stable in vivo, 
as they evade recognition by nucleases and the immune system [32]. Traditionally, 
spiegelmer selection involved a two-step process, where researchers first created a 
mirror-imaged target and selected D-aptamers using standard SELEX. The chosen 
D-aptamer was then converted into the corresponding spiegelmer [33]. However, 
recent advancements in molecular systems capable of replicating and transcribing 
L-nucleotides have simplified and reduced the cost of the selection process [34].

Figure 3. 
Chemical structures of second-generation modifications for the improvement of nuclease resistance of aptamers: 
(a) Spiegelmers; (b) d−/l-isonucleoside; (c) inverted thymidine; (d) circular Aptamers.
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Spiegelmers have found applications in cancer research and therapy. For example, 
Roccaro et al. developed a spiegelmer targeting SDF-1 to inhibit bone marrow metas-
tasis of multiple myeloma cells [35]. In cell and animal tests, the spiegelmer effec-
tively neutralized SDF-1, demonstrating its potential to inhibit metastasis. NOX-A12, 
an SDF-1 binding spiegelmer, is currently undergoing phase II clinical trials, showing 
an 86% response rate against relapsed/refractory chronic lymphocytic leukemia. 
However, further research is needed before NOX-A12 can be approved as a therapeuti-
cally viable drug [33].

2.4.2 d−/l-Isonucleoside modifications

Isonucleosides are nucleoside analogs where the bases are repositioned to the 
nucleoside’s 2′ or 3′ position (Figure 3b). Oligonucleotides incorporating isonucleo-
sides exhibit increased resistance to nuclease-mediated hydrolysis [36]. Yang et al. 
explored the potential of d−/l-isonucleosides as modifiers for three aptamers (TBA, 
GBI-10, and AS1411). The strategic incorporation of d−/l-isonucleosides, particularly 
in the loop regions, led to notable enhancements in spatial conformation stability 
and chemical robustness within the modified aptamers [37, 38]. Consequently, the 
modified aptamers exhibited significantly heightened resistance against biodegrada-
tion. Interestingly, modifications with L-isonucleosides had a more profound impact 
on enhancing the biological activity of the aptamers compared to changes with 
D-isonucleosides. These findings underscore the significance of isonucleoside chiral-
ity in influencing the functional characteristics of modified aptamers.

2.4.3 Inverted nucleoside modifications

Oligodeoxynucleotides were commonly modified with inverted thymidine 
(5′-,3′-inverted T) (Figure 3c) to render them resistant to nucleases. Pegaptanib also 
has a 40 kDa poly (ethylene glycol) moiety at the 5′ end to help with renal clearance, 
as well as a 3′-3′-linked deoxythymidine residue to help with nuclease destruction. 
Despite these changes, pegaptanib retained an exceedingly high affinity for its 
VEGF165 target and demonstrated sustained in vitro [39] stability. Moreover, the 
antifactor IXa RNA aptamer RB06 is composed of unmodified purine nucleosides, 
2′-F-pyrimidine nucleosides, 5′-terminal 40 kDa-PEG moiety, and 3′-terminal 
3′-inverted deoxythymidine preserved excellent affinity to the target, high in vivo 
stability and robust anticoagulant efficacy [40].

2.5 Nuclease-resistant circular Aptamers

The creation of circular aptamers (Figure 3d), which solve the difficulty of 
metabolic instability, is a recent accomplishment in aptamer modification. Aptamers 
can avoid exonuclease degradation by connecting the 5′ and 3′ termini of nucleic 
acids to create a closed circular shape, resulting in increased resistance to nucleases 
[40]. King et al. created multivalent circular aptamers with anticoagulant activity, 
illustrating the power of cyclization in the creation of functional aptamers [41]. 
Cyclization enhances aptamer resistance to nucleases, increasing heat stability and 
guaranteeing structural homogeneity. Tan et al. reported the development of bivalent 
circular aptamers employing three aptamers that target live cancer cells (Sgc8, TD05, 
and XQ-2d) [42–44]. The cyclization technique provides an economical and practical 
approach to improving the stability and binding ability of aptamers, allowing them to 
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be used in diagnostic and therapy. The usage of circular aptamers is a viable option for 
increasing aptamer stability and functional qualities, bringing up new possibilities for 
their use in a variety of biological applications [45].

3. Strategies for prolonging the half-life of aptamers

Due to their quick elimination via renal filtration, tiny aptamers continue to 
provide a barrier for renal clearance (Figure 4). To solve this, several techniques, 
including the attachment of cholesterol, PEG, proteins, liposomes, and other materi-
als, have been reported. PEGylation, in particular, is a well-established and commonly 
utilized technique for prolonging medication half-life. Other approaches, such as lipid 
nanoparticle delivery systems and attachment to bioactive natural proteins, have also 
been used to improve the metabolic stability and pharmacokinetic features of thera-
peutic nucleic acid aptamers. Alternative PEGylation approaches, such as employing 
long-half-life proteins and low molecular weight coupling agents, have also been 
investigated to extend the half-life of aptamers. These methodologies may be adapted 

Figure 4. 
Schematic illustration of chemical modification prevents the aptamer from renal clearance.



Drug Metabolism and Pharmacokinetics

88

to specific aptamer applications and therapeutic purposes, allowing for the creation 
of aptamers with increased stability, bioavailability, and circulation half-life.

3.1 Polyethylene glycol

Polyethylene glycol (PEG) (Figure 5a) is a group of synthetic polymers with high 
molecular weight, having linear or branched structures and hydroxyl groups [46]. 
Its molecular weight can vary from a few hundred to tens of thousands, leading to 
diverse physicochemical characteristics. PEG with a molecular weight below 700 
remains liquid at typical temperatures, while PEG exceeding 1000 assumes a pre-
dominantly solid form [47]. Thanks to its low toxicity and immunogenicity, the FDA 
has granted approval for PEG’s pharmaceutical applications. PEGs weighing less than 
30 kDa are typically cleared through the kidneys, while those with molecular weights 
exceeding 20 kDa are excreted in feces [48].

The process of PEGylation involves attaching PEG to macromolecules like 
proteins, peptides, and nucleic acids. This coating of medication molecules with 
a hydrophilic shield diminishes immune recognition and enzymatic degradation 
within the body [49]. Additionally, PEGylation augments the size of drug molecules, 
thereby reducing renal clearance, as it predominantly relies on the molecule’s size. 
Consequently, PEGylated drugs often exhibit increased efficacy due to their pro-
longed biological half-life. Several examples highlight how PEGylation effectively 
extends the biological half-life of medicinal aptamers. The biological half-life of 
aptamers is extended differently by different molecular weights of PEG. To reduce 
renal clearance, the initial version of the von Willebrand factor (VWF) aptamer 
ARC1779 was modified with a 20 kDa-PEG moiety. However, its limited half-life of 
approximately 2 hours restricted its clinical application [50]. In contrast, the second-
generation VWF aptamer ARC15105 was developed with higher molecular weight 

Figure 5. 
Chemical structures of modifications for prolonging the half-life of aptamers. (a) Cholesterol-oligonucleotide 
conjugates; (b) polyethylene glycol (PEG)-oligonucleotide conjugates; (c) dialkylglycerol (DAG)-oligonucleotide 
conjugates; (d) albumin-oligonucleotide conjugates.
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PEG moieties (40 kDa), leading to a significantly extended half-life of 66 hours while 
maintaining the same level of VWF inhibition [51].

Pegaptanib, commercialized as Macugen, is the first FDA-approved PEGylated 
RNA aptamer for the treatment of age-related macular degeneration. Pegaptanib 
binds to vascular endothelial growth factor (VEGF) selectively and inhibits its inter-
action with VEGF receptors, hence reducing neoangiogenesis. Pegaptanib has been 
modified with a PEG moiety of 40 kDa. Pegaptanib exhibited a half-life of around 
ten days in clinical studies, and therapy with pegaptanib maintained steady visual 
acuity in a substantial percentage of patients [52]. NOX-A12, also known as Olaptesed 
pegol, is an RNA Spiegelmer modified with a 40 kDa branched PEG moiety [53]. It 
selectively binds to the chemokine CXCL12, hindering its interaction with CXCR4 
and CXCR7. This inhibition effectively hampers angiogenesis and metastasis, thereby 
enhancing cancer treatment. In phase I/II clinical trial, NOX-A12 demonstrated 
a half-life of 53.2 hours at a dose of 4 mg/kg. Similarly, another PEGylated RNA 
Spiegelmer, NOX-H94 or lexapeptid pegol, exhibits preferential binding to human 
hepcidin, leading to the inactivation of its biological function and simultaneously 
improving blood iron content and transferrin saturation. NOX-H94 was also modified 
with a 40 kDa branched PEG moiety. It displayed a dose-dependent increase in serum 
iron content and transferrin saturation, with a half-life ranging from 14.1 to 26.1 hours 
[54]. These findings illustrate the potential of PEGylated RNA Spiegelmers as promis-
ing candidates in various therapeutic applications.

While PEGylation has been frequently used to extend the biological half-life of 
liposomes for drug administration, repeated injections of PEGylated liposomes can 
cause an accelerated blood clearance (ABC) phenomenon, shortening the biologi-
cal half-life. Aside from PEGylation, several methods for prolonging the half-life of 
nucleic acid aptamers have been investigated, including PAS [55] (proline, alanine, 
and serine sequences) and PLGA [56] (poly(lactic-co-glycolic acid)). PASylation is 
accomplished by the use of synthetic polypeptides composed of Pro, Ala, and/or Ser 
amino acids, which have characteristics similar to PEG. The synthetic polymer PLGA, 
which is made of lactic acid and glycolic acid, has low toxicity, biodegradability, and 
biocompatibility. PLGA has been used in nanocarriers for medication delivery sys-
tems, including nucleic acid delivery systems. PEGylation has long been the primary 
approach for increasing medication half-life. However, due to the mixed nature of 
commercial reagents, their usage has prompted concerns about the consistency of 
PEGylated medicinal products, as well as safety and bioaccumulation difficulties 
[57]. Hypersensitivity responses and the development of antibodies against PEG can 
result in decreased effectiveness in prolonging biological half-life [58]. As a result, 
various PEGylation techniques have been investigated in order to increase the half-life 
of biopharmaceuticals. Furthermore, connecting nucleic acid aptamers to bioactive 
natural proteins is a promising technique with future development potential.

3.2 Albumin

Human serum albumin (HSA) (Figure 5b) is a common protein in human plasma 
with a high affinity for drug binding (approximately 40 mg/mL). Utilizing its long 
biological half-life of around 19 days [59] and a molecular weight of 67 kDa, albumin 
has become increasingly popular as a drug carrier in pharmaceutical applications 
[60]. Extending the half-life of aptamers can be achieved by improving the blood cir-
culation half-life of HSA through its interaction with the neonatal Fc receptor (FcRn), 
which facilitates cellular recycling [61]. This approach can enhance the stability and 
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persistence of aptamers in the bloodstream, ultimately leading to improved therapeu-
tic efficacy. Creating albumin-aptamer conjugates through chemical conjugation of 
aptamers with albumin is a favored method for aptamer administration.

A novel albumin-oligodeoxynucleotide assembly method was developed by 
Matthias Kuhlmann et al., involving the conjugation of albumin’s cysteine residue 
at position 34 (cys34) with maleimide-derivatized oligodeoxynucleotides at the 3′ 
or 5′ end [62]. This construct remained stable in 10% serum over a 24-hour period. 
Similarly, Julie Schmkel et al. devised a site-specific conjugation technique for attach-
ing an anticoagulant aptamer to recombinant albumins, ensuring the retention of 
aptamer activity and albumin receptor engagement [63]. Remarkably, the binding 
affinity of the aptamer conjugate to FcRn was significantly strengthened when it was 
coupled to recombinant albumin engineered to have enhanced FcRn affinity. These 
innovative techniques have the potential to significantly alter the pharmacokinetic 
profile of aptamers, paving the way for improved therapeutic outcomes. Apart from 
albumin, the human immunoglobulin G (IgG) Fc domain is another long-half-life 
protein in human blood that can be employed to modify aptamers and enhance their 
pharmacokinetic characteristics. The IgG Fc domain is commonly utilized to improve 
the pharmacokinetics of biologically active proteins or peptides [64]. In vivo, IgG 
exhibits a longer half-life compared to albumin. Therefore, when a drug is conju-
gated with the Fc domain of IgG, it displays superior pharmacokinetic properties 
compared to albumin-based conjugates. This modification strategy holds promise for 
extending the circulation time of aptamers and enhancing their therapeutic efficacy. 
Furthermore, the Fc domain has a molecular weight equivalent to albumin or PEG. 
Although no study has been published on using the Fc domain to conjugate aptamers 
for half-life extension, it is unknown whether Fc domain-modified aptamers have 
a longer elimination half-life than albumin-modified ones. Aptamer medicines are 
often exclusively provided through injection. However, because of the high propor-
tion of the macromolecular moiety in the macromolecule-aptamer combination, 
increasing the subcutaneous dose of the aptamer moiety within a constant subcutane-
ous administration volume is difficult, limiting its therapeutic potential. As a result, it 
is critical to overcome the constraint of the dose increase space coming from macro-
molecular modification techniques.

Another method for modifying aptamers is to use tiny compounds with low 
molecular weight. Albumin, as previously stated, contains extensive hydrophobic 
interface cages that may bind particular low molecular weight chemical agents to cre-
ate molecular complexes. Specific low molecular weight chemical agents can be used 
to alter aptamers and generate conjugates that bind albumin, resulting in molecular 
complexes with an average mass greater than the renal filtration cut-off threshold, 
hence increasing their half-life. Noncovalent binding allows medication attachment 
to albumin in this technique. Evans Blue (EB), for example, has a strong affinity for 
albumin and has been demonstrated to have a long half-life in vivo [65]. EB has been 
found to bind to the hydrophobic region of albumin, leading to the formation of a 
drug/albumin complex with an extended half-life in circulation and improved physi-
ological stability. Due to this property, EB derivatives have been commonly utilized to 
enhance the pharmacokinetic properties of peptides and proteins. Researchers have 
utilized EB to modify Sgc8, an aptamer that specifically targets the PTK7 receptor 
[66]. Following the conjugation with EB, the aptamer showed a significantly pro-
longed half-life, and its targeting efficacy was markedly improved when compared 
to the original unconjugated aptamer. This modification with EB holds great promise 
for enhancing the therapeutic potential of aptamers and optimizing their in vivo 
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performance. Furthermore, because albumin binds and transports fatty acids, they 
are often employed for long-term modification. For example, Patients with type 2 dia-
betes frequently require insulin shots to keep their blood sugar levels steady. However, 
numerous injections may cause compliance issues, limiting total therapy efficacy. To 
reduce dose frequency, long-acting glucagon-like peptide-1 receptor agonists (GLP-
1RAs) such as liraglutide modified with palmitic acid (half-life of three days) and 
semaglutide modified with an octadecandioic acid derivative (half-life of seven days) 
have been created [67]. Jin et al. modified floxuridine homomeric oligonucleotide 
(LFU20) with a lipid having two fatty acid derivative tails [68]. By utilizing this tech-
nique, LFU20 was able to interact with the hydrophobic cavity of albumin, resulting 
in the formation of an LFU20/albumin complex. This complex exhibited enhanced 
tumor accumulation, thanks to the improved permeability and retention effect, and 
was subsequently internalized into the lysosomes of cancer cells. This approach holds 
great promise for targeted drug delivery and improving the therapeutic efficacy of 
anticancer agents.

When compared to PEGylation, the fatty acid modification techniques discussed 
above greatly enhance the fraction of aptamers. Fatty acids, on the other hand, can 
bind to fatty acid-binding proteins (FABPs), which are found in a variety of tissues 
throughout the body. This binding may cause drug loss inside those tissues, reducing 
the quantity of medication in circulation.

3.3 Cholesterol

Cholesterol conjugation (Figure 5c) is an alternate method for improving the 
pharmacokinetic properties of aptamers. Because low density lipoprotein (LDL) has 
a strong affinity for cholesterol, cholesterol is an excellent option for alteration. As a 
result, a cholesteryl-oligonucleotide (cholODN) was created by chemically bonding 
cholesterol to an aptamer’s 5′ end [69]. Then, in contrast to its unaltered counterpart, 
the cholODN-LDL complex displayed exceptional resistance to nuclease hydrolysis in 
serum, resulting in a tenfold extension of half-life.

An RNA aptamer was modified with 2′-F-pyrimidine and connected to cholesterol 
in one research, resulting in a chol-aptamer [70]. This chol-aptamer was capable of 
cellular absorption and successfully prevented the replication of Hepatitis C viral 
RNAs. Importantly, both in vitro and in vivo tests found no evidence of chol-aptamer 
toxicity. Furthermore, the gene expression profile remained essentially unaltered, 
notably for typically implicated immune-related genes. Notably, mice who were given 
the chol-aptamer in vivo showed no obvious problems. The chol-aptamer displayed 
a considerably longer half-life and a ninefold decrease in plasma clearance rate 
when compared to unmodified aptamers. The addition of cholesterol to the aptamer 
improved its hydrophobicity, allowing it to bind to plasma lipoproteins and reduce 
renal clearance. Preclinical research has shown that cholesterol-conjugated aptamers 
had a longer circulation half-life and better biodistribution patterns. However, like 
with PEGylation, cholesterol conjugation may have an effect on the binding affin-
ity of aptamers to their target molecules. As a result, the conjugation location and 
cholesterol moiety should be optimized.

3.4 Dialkyl lipid (DAG)

Willis et al. developed a way to increase the activity of an aptamer targeting vas-
cular endothelial growth factor (VEGF) by conjugating it with diacylglycerol (DAG) 
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(Figure 5d). The aptamer’s DAG moiety was attached to a lipid tail and integrated 
into a liposome’s lipid bilayer. This DAG-aptamer-liposome complex performed bet-
ter. Notably, as compared to the unmodified aptamer, the complex displayed consid-
erably longer plasma retention duration.

4. Conclusions

Aptamers encounter problems such as lower in vivo stability and fast renal 
excretion. To address these difficulties, researchers used chemical changes to boost 
aptamer resistance to nucleases and in vivo stability. Modification can be accom-
plished either during the SELEX procedure (selection process) by adding functional 
groups to random libraries or after the SELEX methodology has been completed using 
solid-phase chemical synthesis. The latter approach is especially effective for adding 
phosphorothioate units that are resistant to nuclease digestion and inhibit fast renal 
filtration. The limited half-life extension provided by PEG components may require 
frequent subcutaneous injections, reducing compliance. Developing aptamers with 
higher proportion of the active aptamer component and employing low molecular 
weight modification approaches can enhance therapeutic efficacy.
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Chapter 7

Bioactive Indanes: Development
and Validation of a Bioanalytical
Method of LC-MS/MS for the
Determination of PH46A, a New
Potential Anti-Inflammatory
Agent, in Human Plasma, Urine
and Faeces
Tao Zhang, Gaia A. Scalabrino, Neil Frankish and
Helen Sheridan

Abstract

PH46A, a new chemical entity developed by our group, has shown potent anti-
inflammatory activities through various pre-preclinical studies. The aim of this work
was to develop and validate a sensitive and robust LC-MS/MS analytical method to
determine the levels of PH46 in human plasma, urine and faeces. The linearity (0.5–500
ng/mL for plasma/urine, and 10–2000 ng/g for human faeces), accuracy (within
100 � 15% for plasma/urine or 100 � 20% for faeces), precision (≤ 15% CV for
plasma/urine or ≤ 20% CV for faeces) and the method’s specificity were demonstrated
to be acceptable. No significant matrix effects or carry-over was observed for PH46 and
IStd, and the recovery was consistent. About 10- and 100-fold dilutions in control
matrix were found not to affect the assays’ performance. PH46 was proven to be stable:
at room temperature for>24 hrs in plasma through 3 freeze-thaw cycles, at –20°C for 83
days in plasma/32 days in urine/33 days in faeces, and at –80°C for 154 days in plasma/
33 days in faeces. The re-injection reproducibility of PH46 in matrix extracts was at least
239 hrs at 4°C in plasma/25 days in urine/6.5 days in faeces. This method was success-
fully applied to the pharmacokinetic evaluation of the Phase I clinical studies.

Keywords: bioanalytical, development, validation, LC-MS/MS, PH46A, human
plasma, urine, faeces

1. Introduction

The therapeutic effect of indane derived molecules has been clinically evident for
treatment of many disease conditions, ranging from inflammation [1], cancer [2],
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neurological conditions [3] to HIV [4]. Several classes of indane dimers have been
developed, characterised and investigated by our research group [5–7] for various
biological activities, including smooth muscle relaxation, mediator release inhibition
and inflammatory conditions [8–14]. In particular, A lead, first-in-class molecule,
[6-(Methylamino)hexane-1,2,3,4,5-pentanol 4-(((1S,2S)-1-hydroxy-2,3-dihydro-
1H,10H-[2,2-biinden]-2-yl)methyl)benzoate (PH46A) (Figure 1) with S, S configura-
tion [15] has been considered as a potential new treatment for inflammatory bowel
disease (IBD) based on the observation of its biological effect in two different well-
established preclinical models of murine colitis: the acute dextran sodium sulphate
model and the chronic and spontaneous Interleukin-10 (IL-10�/�) knock-out mouse
model. During the course of our work, PH46A was subject to a range of preclinical
studies [16–19] prior to entering a Phase I clinical trial which has recently been
completed [20].

This manuscript describes the development and validation of a sensitive and spe-
cific liquid chromatography-tandem mass spectrometry (LC-MS/MS) bioanalytical
method for determining PH46 (the free acid form of PH46A salt) (Figure 1) in
human plasma, urine and faeces samples according to the US Food and Drug Admin-
istration (FDA) Guidance Document on Bioanalytical Method Validation [21] and the
European Medicines Agency (EMA) Guidelines on Bioanalytical Method validation
[22]. The method was subsequently used to analyse the clinical samples from healthy
volunteers in the Phase 1 trial [20]. The lower limit of quantification (LLOQ) in
plasma and urine was 0.5 ng/mL and the LLOQ in faeces was 10 ng/g faecal
equivalent.

2. Results and discussion

2.1 Stability of PH46 and IStd in stored stock solutions

The mean accuracy of the stored solutions compared to freshly prepared solutions
met the acceptance criteria. Both PH46 and Compound 1 (Internal Standard, IStd)
(Figure 1) stock solutions were found to be stable at 4°C for at least 200 and
250 days, respectively. The stability of IStd working solutions for at least 192 days at
4°C, and PH46 stock solutions for at least 24 h at room temperature (RT) was
demonstrated.

Figure 1.
Chemical structures of PH46A, PH46 and compound 1 (internal standard, IStd).
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2.2 Linearity and specificity

The calibration data from reported human plasma (12 batches), urine (3 batches)
and faeces (3 batches) standards over a range of 0.5–500 ng/mL (plasma or urine) or
10–2000 ng/g (faecal equivalent), duplicate run at each concertation, were analysed.
The data are presented in Table 1 for human plasma and Table 2 for human urine and
faeces batches.

In all cases, all concentrations determined for these standards met the acceptance
criteria being at least 75% of standards [including at least one replicate at the LLOQ
and the upper limit of quantification (ULOQ) levels] used to construct each calibra-
tion line met the acceptance criterion of the determined concentrations being within
100 � 15% (plasma and urine batches) or 100 � 20% (faeces batches) of the nominal
concentrations (100 � 20% for plasma and urine batches or 100 � 25% for faeces
batches of the nominal concentration at the LLOQ).

Regression analysis of the peak area ratios of PH46:IStd against the concentration
showed good linearity for human plasma, urine and faeces over the range of concen-
tration tested (0.5–500 ng/mL for plasma/urine samples and 10–2000 ng/g faecal
equivalent for faeces samples) using a linear regression with a weighting factor of 1/x2

(Tables 3 and 4). All calculated concentrations for these standards met the acceptance
criteria.

The quality control (QC) sample data for the supporting QC samples are presented
in Table 5, which met the acceptance criteria. The selectivity of the assay for PH46
and IStd was determined by extraction and analysis of the following samples: one
double blank (DB) sample (control matrix only without PH46 or IStd) from six
independent sources of control matrix; three single blank (SB) samples (control
matrix with IStd only) in a single source of control matrix; three ULOQ samples (no
IStd) in the same source of control matrix as for the SB samples. The assay specificity
demonstrated there were no significant interfering substances (IStd, PH46 or any
impurity) at the retention times of PH46 and IStd, respectively. Samples containing
either PH46 or IStd showed no significant interfering substances at the retention time
of the other compound. Therefore, the assays were deemed to be specific to PH46.
Representative chromatograms of human plasma extracts containing PH46 and IStd
(LLOQ and ULOQ) are shown in Figure 2.

2.3 Assay recovery and matrix effects

For PH46 and IStd in plasma, the recovery was consistent. When the concentration
of PH46 at 1.25 ng/mL, the IStd-normalised Matric Factors (MFs) (six sources) were
calculated: 1.40, 1.35, 1.46, 1.51, 1.57, 1.25, 1.37 and the associated precision was
determined to be 7.8%. When the PH46 concentration at 400 ng/mL, the IStd-
normalised MFs were 1.35, 1.26, 1.45, 1.38, 1.44, 1.21, 1.25 and the corresponding
precision was found to be 7.2%. These results confirmed that the matrix effects met
the acceptance criteria, and no significant matrix effect was present for PH46 and IStd
in human plasma by the current method.

2.4 Assay carry-over and matrix dilution

For human plasma, urine and faeces samples, no significant carry-over was
observed in the matrix blank and solvent samples injected after a ULOQ sample for
PH46 or IStd using needle-wash solution: [H2O:acetonitrile (ACN):trifluoroacetic acid
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(TFA) (25:75:0.1, v/v/v); H2O:ACN:formic acid (FA):TFA (90:10:0.1:0.005, v/v/v/v)].
The accuracy and precision for plasma and urine samples prepared at 4000 ng/mL or
faeces samples at 16000 ng/g eq., and diluted at 10- and 100-fold, also met the
acceptance criteria (Table 6). The results showed that dilutions of samples in control
plasma, urine and homogenised faeces had no effect on the accuracy and precision of
the method.

2.5 Intra- and inter-batch assay accuracy and precision

The intra-batch accuracy and precision of the assay for PH46 in plasma, urine and
faeces met the acceptance criteria at each of the four concentrations assessed. The
inter-batch accuracy and precision for PH46 in plasma also meet the acceptance
criteria on each occasion (Table 7).

Batch Nominal concentration of PH46 (ng/mL) Calibration curve parameters

0.500 1.00 3.25 12.5 50.0 150 450 500 Slope Intercept R2

1 0.524
0.458

1.08
1.01

2.99
3.34

13.5
11.3

51.8
50.1

158
157

444
414

469
513

0.05576 0.002248 0.9951

2 0.489
0.534

0.894
1.03

2.99
3.31

15.6*

14.7*
55.0
52.2

185*

171
400
441

471
NR

0.07431 0.005518 0.9908

4 0.493
0.510

0.929
1.03

3.28
3.41

13.3
12.8

53.7
52.0

159
145

445
404

468
458

0.09615 0.002045 0.9958

5 0.454
0.548

0.897
1.04

3.63
3.46

12.2
12.2

48.5
49.6

157
156

444
442

466
484

0.08515 0.007061 0.9948

6 0.563
0.427

1.07
0.964

3.28
3.22

13.7
12.7

51.6
46.7

166
147

420
372*

445
397*

0.1433 0.001421 0.9909

7 0.521
0.471

1.08
0.931

3.48
3.15

14.6*

13.9
53.3
48.3

163
152

427
386

457
401*

0.1846 0.006788 0.9919

8 0.425
0.577

0.935
1.03

3.18
3.57

12.3
13.6

50.4
53.7

145
163

408
443

460
465

0.1267 0.002473 0.9909

9 0.500
0.490

1.01
1.02

3.22
3.29

12.7
13.3

52.0
50.1

150
153

459
425

491
449

0.06133 0.001111 0.9981

10 0.495
0.496

0.986
1.03

3.28
3.42

12.5
12.6

50.7
52.4

148
153

426
446

468
492

0.05657 0.002131 0.9987

11 0.465
0.540

0.959
0.964

3.52
3.56

12.6
12.7

49.1
54.4

147
145

406
465

486
471

0.04653 0.003935 0.9952

12 0.505
0.485

1.03
0.982

3.48
3.17

13.3
13.4

51.3
49.9

155
148

419
416

478
486

0.07467 0.005944 0.9971

Mean 0.499 0.996 3.33 12.9 51.2 154 428 472 0.09137 0.003698 0.9945

Precision (%) 8.0 5.6 5.3 5.0 4.1 4.8 4.8 3.5 – — —

Accuracy (%) 99.8 99.6 102.5 103.2 102.4 102.7 95.1 94.4 — — —

–: not applicable.
*Outside acceptance criteria (100 � 15%), value not used in statistical calculations or regression analysis. NR: no result as
no internal standard peak detected in sample, value not used in statistical calculations.

Table 1.
Calibration curve data and parameters for PH46 in human plasma.
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2.6 Stability experiments of PH46 in matrix

The results of different stability experiments are summarised in Table 8 with the
detailed data presented in Tables 9–11.

The mean stability results of PH46 in human plasma, at low, high and diluted
concentrations, after at least one-month (33 days) storage at �20°C did not meet the
acceptance criteria. This experiment was repeated after 35 days storage and similar
results were obtained (Table 11). The data were unexpected as no stability issues had
been observed in the previous studies of PH46 in dog and rat plasma [16]. Stability
studies of PH46 in human plasma at �80°C, was subsequently assessed after at least
one month (30 days) storage alongside the assessment of the �20°C stability after at
least two months (83 days) storage (Table 11). The mean stability results at all
concentration levels met the acceptance criteria for both storage temperatures and
durations. The data generated for the two-month stability timepoint at �20°C con-
tradict that of the one-month timepoint, but provide confidence that there should not
be stability issue at �20°C. At one-month timepoint at �20°C, fresh calibration

Nominal
conc.
(ng/mL)

PH46 in human urine PH46 in human faeces

Response Calculated
conc. (ng/mL)

Bias
(%)

Nominal
conc.

(ng/g eq.)

Response Calculated
conc.

(ng/g eq.)

Bias
(%)

0.500 0.013704 0.525 5.0 10.0 0.179251 9.54 �4.6

0.012990 0.502 0.4 0.195100 10.4 4.0

1.00 0.028823 1.02 2.0 20.0 0.336200 18.5 �7.5

0.025742 0.923 �7.7 0.397292 21.9 9.5

3.25 0.076650 2.60* �20.0* 48.0 0.784065 43.9 �8.5

0.085737 2.90 �10.8 0.874742 49.1 2.3

12.5 0.320860 10.7 �14.4 120 2.033762 115 �4.2

0.329679 11.0 �12.0 2.459854 139 15.8

50.0 0.502113 49.7 �0.6 280 4.485738 254 �9.3

1.470794 48.6 �2.8 4.704624 267 �4.6

150 4.622468 153 2.0 720 12.464152 708 �1.7

4.632629 153 2.0 13.952398 793 10.1

450 14.258525 471 4.7 1800 33.899934 1930 7.2

15.531203 513 14.0 31.771859 1810 0.6

500 16.297231 538 7.6 2000 33.258315 1890 �5.5

16.758430 554 10.8 33.933302 1930 �3.5

Slope 0.03028 0.01759

Intercept �0.002197 0.01151

R2 0.9910 0.9922

Bias: difference between determined concentration and nominal concentration. Conc.: concentration.
*Value outside acceptance criteria 100 � 15% (urine) and not used in regression analysis.

Table 4.
Assay linearity for PH46 in human urine and faeces.
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standard (CS) and QC stock solutions were prepared and tested to ensure the stocks
were suitable for use. The stock solutions were then used to prepare fresh bulk CSs
and QC samples in control matrix., and the stability samples were extracted alongside
these fresh CS and QC samples. The acceptance criteria for both CSs and supporting
QC samples were met for each of the stability batches, therefore giving no reason to
suspect the failing stability data after one-month storage at �20°C.

Nominal conc. (ng/mL) 1.25 15 400

PH46 in plasma Batch 6 1.22 15.3 354

1.20 14.9 368

Batch 7 1.20 15.4 341

1.17 14.6 347

Batch 8 1.14 14.7 387

1.35 14.5 382

Batch 9 1.16 15.6 392

1.28 15.6 378

Batch 10 1.28 15.0 400

1.22 15.5 388

Batch 11 1.33 16.1 362

1.18 15.0 410

Batch 12 1.24 14.8 373

1.30 15.3 374

Mean 1.23 15.2 375

Precision (%) 5.3 3.0 5.3

Accuracy (%) 98.4 101.3 93.8

Nominal conc. (ng/mL) 1.25 15 400

PH46 in urine Batch 5 1.24 15.1 412

1.28 9.23* 388

Mean 1.26 12.2 400

Precision (%) — — —

Accuracy (%) 100.8 81.3 100.0

Nominal conc. (ng/g eq.) 25.0 100 1600

PH46 in faeces Batch 6 21.2 69.4* 1180*

25.2 91.1 1780

Mean 23.2 80.3 1480

Precision (%) — — —

Accuracy (%) 92.8 80.3 92.5

-: no applicable. Conc.: concentration.
*Outside acceptance criteria value included in statistical analysis.

Table 5.
Quality control data relating to PH46 in human plasma, urine and faeces.
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At the one-month timepoint for �80°C and two-month timepoint for �20°C, a
further fresh set of CS and QC stock solutions were made and used to prepare the
fresh bulk CS and QC samples extracted alongside the stability samples. The accep-
tance criteria for these CSs and supporting QC samples were met. As the stability
samples stored at �20°C and �80°C extracted in this batch also met the acceptance
criteria, this demonstrates that both sets of samples prepared at different times were
appropriate for use. Although there is still no explanation for the anomalous results at

Figure 2.
Chromatograms of a human plasma extract (left) containing PH46 (LLOQ, 0.5 ng/mL) & internal standard
and a human plasma extract (right) containing PH46 (ULOQ, 500 ng/mL) & internal standard.

Replicate Plasma Urine Faeces

DF DF DF

10 100 10 100 10 100

1 3550 4260 4520 3940 16,800 15,600

2 3950 3660 4530 3910 16,500 15,600

3 3160 3830 4480 4100 17,800 19,400

4 3450 5000 4430 4050 18,700 16,200

5 4210 3320 4360 4000 17,100 19,400

6 3890 4310 4540 3820 18,100 14,600

Mean 3700 4060 4480 3970 17,500 16,800

Precision (%) 10.4 14.6 1.6 2.5 4.8 12.4

Accuracy (%) 92.5 101.5 112.0 99.3 109.4 105.0

Initial concentration of PH46: 4000 ng/mL (plasma and urine) or 16,000 ng/g eq. (faeces). DF: dilution factor.

Table 6.
Effects of dilution of PH46 with human plasma, urine and faeces homogenate.
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one-month timepoint for �20°C storage, it does provide confidence that there is not a
stability issue for PH46 in human plasma at �20°C for the timeframe tested
(Table 11). After at least four months (153 days) storage at �20°C, the mean stability
results met the acceptance criteria at high and diluted concentrations but did not meet
at the low concentration. The low concentration samples were repeated and the failure
to meet the acceptance criteria was confirmed. The mean stability results, after storing
PH46 in human plasma �80°C for at least three months (100 days) and five months
(154 days) met the acceptance criteria at all levels of low, high and diluted concentra-
tion (Table 11).

Following the successful method establishment, this validated bioanalytical
method was applied to determine PH46 in human samples obtained from the healthy
volunteering during the phase I clinical study (ISRCTN90725219) [20].

Nominal conc. (ng/mL)
Occasion

0.5 1.25 15 400

1 2 3 1 2 3 1 2 3 1 2 3

A Intra-assay Mean
(n = 6)

0.443 0.487 0.476 1.21 1.30 1.22 15.7 14.0 14.8 404 354 371

Intra-assay precision
(%)

10.0 4.6 14.5 6.8 6.8 4.5 6.8 5.2 4.4 5.5 3.8 5.1

Intra-assay accuracy
(%)

88.6 97.4 95.2 96.8 104.0 97.6 104.7 93.3 98.7 101.0 88.5 92.8

Inter-assay Mean 0.469 1.24 14.8 376

Inter-assay precision
(%)

10.6 6.7 7.2 7.4

Inter-assay accuracy
(%)

93.8 99.2 98.7 94.0

B Nominal conc.
(ng/mL)

0.5 1.25 15 400

Intra-assay mean
(n = 6)

0.566 1.38 16.7 429

Intra-assay precision
(%)

6.4 4.1 1.9 1.5

Intra-assay accuracy
(%)

113.2 110.4 111.3 107.3

C Nominal conc.
(ng/g eq.)

10 25 100 1600

Intra-assay mean
(n = 6)

9.56 26.5 111 1500

Intra-assay precision
(%)

7.3 8.5 11.0 5.7

Intra-assay accuracy
(%)

95.6 106.0 111.0 93.8

A: human plasma assay. B: human urine assay. C: human faeces assay. Conc.: concentration.

Table 7.
Intra- and inter-assay accuracy and precision for PH46 in human plasma, urine, and faeces.
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3. Materials and methods

The research work reported in this article was carried out following the Principles
of the Organisation for Economic Co-operation and Development (OECD) of Good
Laboratory Practice (GLP) as accepted by international regulatory authorities,
including EMA (EU), FDA & EPA (USA) and MHLW, MAFF & METI (Japan).

Stability study Results

Short-term frozen storage stability and
freeze/thaw stability of PH46 in matrix

At low, high and diluted concentrations, the mean
stability results (after 3 freeze/thaw cycles in plasma,
Table 9A, one month storage at �20°C and �80°C in
urine and faeces, Table 10A and B) met the acceptance
criteria.

Ambient room temperature stability of PH46 The results of the 24-h ambient room temperature
stability of PH46 in human plasma at low, high and
dilution concentrations also met the acceptance criteria
(Table 9B).

Stability of PH46 in human plasma, urine and
faeces extracts (re-injection reproducibility)

The mean reinjection reproducibility of PH46 extracts of
plasma for 239 h, urine for 25 days and faeces for 6.5 days,
stored in an autosampler at 4°C before being re-injected,
also met the acceptance criteria (Tables 9C and 10C, D).

Extended frozen storage stability PH46 is stable in human plasma after two months
(83 days) at �20 to 80°C and at least 5 months (154 days)
at �80°C (Table 11).

Table 8.
Summary of stability results of PH46 in human plasma, urine and faeces.

0.5* 1.25* 400* 4000*, #

A. B.L. 3 Cycles B.L. 3 Cycles B.L. 3 Cycles B.L. 3 Cycles

Mean (n = 6) – – 1.30 1.22 354 365 3750 3510

Precision (%) – – 6.8 5.8 3.8 7.2 2.5 6.4

Accuracy (%) – – 97.6 91.3 87.8

B. B.L. 24 h B.L. 24 h B.L. 24 h B.L. 24 h

Mean (n = 6) – – 1.30 1.21 354 369 3750 3610

Precision (%) – – 6.8 7.0 3.8 2.7 2.5 4.1

Accuracy (%) – – 96.8 92.3 90.3

C. 0.5* 1.25* 15.0* 400*

Mean (n = 6) 0.512 1.24 15.2 378

Precision (%) 7.2 6.9 2.3 4.6

Accuracy (%) 102.4 99.2 101.3 94.5

A. Freeze/thaw stability; B. Ambient temperature stability; C. Autosampler stability (plasmas extract stored at 4°C,
reinjection reproducibility). B.L. Baseline.
*Nominal concentration of PH46. #Samples diluted 10-fold prior to extraction and analysis.

Table 9.
Stability tests (freeze/thaw, ambient temperature & reinjection reproducibility) of PH46 in human plasma.
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Ethical approval was obtained through Trinity College Dublin which complies with
the Council for International Organisations of Medical Sciences’ (CIOMS), Interna-
tional Guiding Principles for Biomedical Research.

3.1 Chemical and reagents

PH46A [purity 97.1% with moisture and solvent free; correction factor (purity and
salt content): 0.6429] and Compound 1 as IStd (Figure 1) were obtained from Trino
Therapeutics Ltd. (Ireland). Control human plasma (using lithium heparin as antico-
agulant), urine and faeces were obtained from Charles River Laboratories (UK) and
stored at �20°C when not in use. All control plasma was mixed and centrifuged prior
to use. Control human faeces was homogenised prior to use with addition of deionised
H2O (1:3, faeces:H2O, w/v). HPLC grade solvents and additives, including methanol
(MeOH), ACN, H2O, ammonia solution (28.0–30.0%), acetic acid (AA), acetone,
dimethylsulphoxide (DMSO), chloroform (CHCl3), TFA and FA, were purchased
commercially between VWR (Ireland), Fisher Scientific (Ireland) and Sigma-Aldrich
(Ireland) and were of analytical/HPLC grade or equivalent.

�20°C �80°C

A. 1.25* 400* 4000*,# 1.25* 400* 4000*,#

Mean (n = 6) 1.23 402 3990 1.18 405 4100

Precision (%) 3.8 4.3 2.5 2.9 1.6 13.9

Accuracy (%) 98.4 100.5 99.8 94.4 101.3 102.5

�20°C �80°C

B. 25.0* 1600* 16,000*,# 25.0* 1600* 16,000*,#

Mean (n = 6) 23.1 1400 15,200 23.8 1480 13,800

Precision (%) 10.3 15.0 6.2 12.0 8.2 9.1

Accuracy (%) 92.4 87.5 95.0 95.2 92.5 86.3

C. 0.5* 1.25* 15* 400

Mean (n = 6) 0.544 1.36 16.4 424

Precision (%) 6.4 2.6 2.5 1.2

Accuracy (%) 108.8 108.8 109.3 106.0

D. 10* 25* 100* 1600

Mean (n = 6) 8.76 24.4 103 1460

Precision (%) 7.5 10.4 10.1 5.3

Accuracy (%) 87.6 97.6 103.0 91.3
*Nominal concentration of PH46 (ng/ml for urine and ng/g eq. for faeces). #samples diluted 10-fold prior to extraction
and analysis. A. freezing stability (urine); B. freezing stability (faeces); C. reinjection reproducibility (urine);
D. reinjection reproducibility (faeces).

Table 10.
Stability tests (one month storage and reinjection reproducibility) of PH46 in human urine and faeces.
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3.2 Instrumentation and operation conditions

AB Sciex API3000 LC/MS/MS spectrometer system: HPLC pump, vacuum
degasser, column oven (Series 200, Perkin Elmer), autosampler (HTS Pal, CTC Ana-
lytics) along with data handling system (Analyst Version 1.4.2, AB Sciex) and Labo-
ratory Information Management System (Watson 7.0, Thermo Fisher Scientific) for
operations and data analysis. Halo C18 LC column (75 � 2.1 mm, 2.7 μm, HiChrom)
and PreFrit Filter guard column (0.5 μm, 6.35 � 1.57 mm, Anachem) were used.
Column and autosampler temperatures were 60°C and 4°C, respectively. Mobile

Baseline 1 M 1 M+ 2 M 3 M 4 M 4 M+ 5 M

A.

1.25*

Mean (n = 6) 1.30 1.06 0.918 1.22 – 1.03 1.01 –

Precision (%) 6.8 5.9 5.8 6.8 5.6 2.9

Accuracy (%) n/a 84.8^ 73.4^ 97.6 82.4^ 80.8^

400*

Mean (n = 6) 354 321 268 389 – 355 – –

Precision (%) 3.8 2.9 2.4 2.2 1.2

Accuracy (%) n/a 80.3^ 67.0^ 97.3 88.8

4000*,#

Mean (n = 6) 3750 3310 3140 3940 – 3810 – –

Precision (%) 2.5 2.7 3.5 4.8 1.4

Accuracy (%) n/a 82.8^ 78.5^ 98.5 95.3

B.

1.25*

Mean (n = 6) 1.22 1.19 – – 1.15 – – 1.21

Precision (%) 9.2 2.9 3.3 5.7

Accuracy (%) n/a 95.2 92.0 96.8

400*

Mean (n = 6) 371 363 – – 389 – – 377

Precision (%) 2.1 3.7 1.5 2.8

Accuracy (%) n/a 90.8 97.3 94.3

4000*,#

Mean (n = 6) 3820 3640 – – 3740 – – 3720

Precision (%) 1.8 1.6 0.7 2.2

Accuracy (%) n/a 91.0 93.5 93.0

M: month. – : not applicable. A. stability test at �20°C; B. stability test at �80°C.
*Nominal concentration of PH46. +Repeat timepoint experiment. #Samples diluted 10-fold prior to extraction and
analysis.^Does not meet acceptance criteria (100 � 15%).

Table 11.
Storage stability tests of PH46 in human plasma at �20°C and �80°C.
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phase A: MeOH:AA (100:0.2, v/v) and mobile phase B: H2O:AA (100:0.2, v/v). The
gradient was 60% A (0 min), 80% A (5.0 min), 100% A (6.0 min), 60% A (6.5 min).
Flow rate was 0.3 mL/min with injection volume of 10 μL and run time of 6.5 min. The
solvent mixtures as needle wash were H2O:ACN/TFA (25:75:0.1, v/v/v) and H2O:ACN:
FA:TFA (90:10:0.1:0.005, v/v/v/v). Sample diluent was MeOH:H2O:AA (50:50:0.2, v/
v/v). TurboIonSpray negative ionisation mode was applied to carry out the detection
of mass spectrometry. Nitrogen (API3000) was used for nebulizing and drying, with
700°C of ion spray temperature and�4500 V of ion spray voltage. PH46 and IStd ions
monitored were 381.10–135.10 (�0.5) and 409.20–164.00 (�0.5) dwell time 200 ms.

3.3 Preparation of CSs and QC samples

The PH46 and IStd primary stock solutions were prepared at 1 mg/mL in ACN:
DMSO (50:50, v/v). The plasma/urine CSs at concentrations of 0.5, 1, 3.25, 12.5, 50,
150, 450 and 500 ng/mL) were made by serial dilutions of the primary stock in control
matrix. For each batch of plasma/urine samples, 200 μL aliquots of the bulk CSs were
extract (duplicate) resulting in different concentrations of PH6 within the linear
concentration range of the assay. 15 ng/mL of IStd solution was also made from the
primary IStd stock solution using a mixture of MeOH:CHCl3 (50:50, v/v). The bulk
faeces CSs were prepared by serially diluting the stock solution in homogenised
control faeces to give 10, 20, 48, 120, 280, 720, 1800 and 2000 ng/g faecal equivalent.
For each batch of faeces samples, aliquots (1 mL, equivalent to 250 mg of faecal
material) of the bulk CSs were extracted in duplicate to give a range of concentrations
of PH46 within the linear range of the assay and a fixed concentration of IStd (60 ng/g
faecal equivalent).

Plasma/urine QC samples were prepared in control matrix from the primary PH46
stock solution in similar manner as CSs, to give QC samples at 0.5 (LLOQ), 1.25 (low),
15 (medium) and 400 (high) ng/mL plasma/urine concentrations and aliquots
(200 μL) of the bulk QC samples were extracted for analysis. For faeces QC samples,
concentrations were made at 10 (LLOQ), 25 (low), 100 (medium) and 1600 (high)
ng/mL faecal equivalent, and aliquots (1 mL, equivalent to 250 ng of faecal material)
of the bulk QC samples were extracted for analysis. All sample solutions were stored
in a freezer set to maintain a temperature of �20°C in dark when not use and brought
to RT before analysis. To all weighing, a correction for batch specific purity and a
correction for salt content (free acid (382.5)/salt (577.7)) were applied.

3.4 Preparation of control matrix and sample extraction

Control plasma (Lithium Heparin anticoagulant), urine and homogenised faeces
(1:3 faecal/H2O slurry, w/v by blending until a smooth consistency was obtained),
stored at �20°C when not in use, were removed from the freezer and allowed to thaw
at RT. Control matrix (pooled) was vortex mixed and centrifuged (3500 rpm, 4°C & 5
min) prior to use. 200 μL (1 mL in the case of homogenised faeces, equivalent to
250 mg faeces) was added to a clean, dry screw cap glass tube (12 � 75 mm) for DB
(control matrix only without PH46/IStd) and SB (control matrix with IStd only)
samples. CSs, QC and test samples were removed from the freezer and allowed to
thaw at RT and vortex mixed prior to aliquoting. 200 μL of aliquots (1 mL in the case
of faeces) of each sample solution were added to clean glass tubes (12� 75 mm). 50 μL
(10 μL in the case of in the case of faeces) of IStd in MeOH:CHCl3 (50:50, v/v) at a
working concentration of 0.06 μg/mL (1.5 μg/mL) was added to all samples except for
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the DB samples, where 50 μL (10 μL instead in the case of faeces) of MeOH:CHCl3
(50:50, v/v) was added. A further 2 mL of MeOH:CHCl3 mixture (50:50, v/v) (4 mL of
CHCl3 in the case of faeces) was added to all samples and the tubes were sealed and
vortex mixed thoroughly prior to centrifugation (3500 rpm, 5 min, 4°C). The super-
natant from all samples (the lower CHCl3 layer in the case of faeces) was transferred
to clean tubes, dried under nitrogen at 60°C and then reconstituted in 100 μL of
MeOH:H2O:AA (50:50:0.2, v/v/v). The extracts were then vortex-mixed and trans-
ferred into plastic matrix tubes before being centrifuged for 5 min at 3500 rpm at 4°C.

3.5 Validation procedures

When the reference standard PH46A was weighed, a correction factor was made
for the salt content. Therefore, all peak area measurement and determined concen-
trations reported in the study were for PH46 (the free acid form). Each batch of
samples had matrix DB, matrix SB, CSs, QC and test sample extracts. Duplicate DB
and SB samples and CSs at each level were extracted. The CSs which met the accep-
tance criteria were used to construct the calibration curve. Two replicates were
injected: one at the start and one at the end of the run. Concentration order was used
for CS injections in each section of the run. QC samples were made in control matrix
at three concentrations: low, medium and high (n ≥ 2 at each level). Where n = 2 at
each level were prepared, the samples were injected as follows: one low-QC and one
medium-QC level samples were injected at the start of the run following the first set of
CSs, one Low-QC and one High-QC level samples were injected at the end of the run
prior to the second set, and the remaining Medium-QC and High-QC level samples
were injected midway through the run. In the case of n > 2 at each level were
prepared, extra QC samples were appropriately distributed through the run. In order
to avoid potential assay carry-over, the injections of solvent or extracted matrix DB
samples were made after the high concentration extracts before the injection of low
concentration extract.

The acceptance criteria were: (i) at least 75% of the CSs must back-calculate to
within 100 � 15% (plasma and urine assays) or 100 � 20% (faeces assay) of the
nominal concentrations (100 � 20% at the LLOQ for plasma and urine assays or
100 � 25% at the LLOQ for faeces assay); (ii) at least 67% of the total number of QC
samples in each batch had to be within 100 � 15% (plasma and urine) or 100 � 20%
(faeces) of the nominal concentrations for the determined concentrations, including
at least one QC sample at each concentration had to meet this criterion. Precision was
calculated as CV of mean. Accuracy was calculated as mean determined concentra-
tion/nominal concentration.

3.5.1 Determination of stability of stored spiking solutions

The stability of the PH46 storing stock solutions in ACN:DMSO (50:50, v/v) in a
refrigerator set to maintain 4°C was examined by comparing the peak area ratios of
the fresh stock solutions with the stock solutions on 200 days storage. The preparation
of all stock solutions were performed in the same way. The ULOQ solutions were
prepared by diluting the stock solutions using an appropriate diluent. The stability of
the IStd storing solutions in ACN:DMSO, (50:50, v/v) for the stock solution and
MeOH:CHCl3 (50:50, v/v) for the working solution, in a refrigerator set to maintain 4°
C was also studied by comparing the peak area ratios of the freshly prepared and
diluted stock and working solutions with the previous stocks on 250 days storage and
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previous working solutions on 192 days storage, respectively. PH46 and IStd were
considered to be stable if the mean responses (MRs) for the stored solutions were
within 100 � 10% of the MRs of the fresh solutions and ≤ 10% for the precision.

The stability of the PH46 storing stocks at ambient RT was also investigated by
comparing the peak area ratios of an aliquot of the stock solution (4°C) against an
aliquot of the same stock solution on storage at ambient RT for 24 h. Dilutions were
made to both solutions to the ULOQ level with an appropriate diluent. PH46 was
considered to be stable at RT when the MRs of the solutions stored at RT were within
100 � 10% of the MRs from the solutions at 4°C and ≤ 10% for the precision.

3.5.2 Linearity and specificity

For each batch, the calibration curve over 0.5–500 ng/mL (plasma and urine
assays) or 10–2000 ng/g (faeces assay) was constructed from PH46:IStd area response
ratios plotted against the nominal matrix concentrations of PH46 to determine the
optimum regression parameters, using linear regression with 1/x2 weighting factor.
The matrix concentration of PH46 from each CSs was calculated from the
corresponding curve. DB and SB samples were also extracted and analysed; but not
included in the regression analysis. For the batch to be acceptable the determined
matrix concentration of PH46 for each sample used to construct the calibration curve,
had to be 100 � 15% (plasma and urine assays) or 100 � 20% (faeces assay) of the
nominal matrix concentration (100 � 20% (plasma and urine assays) or 100 � 25%
(faeces assay) of the nominal matrix concentration at LLOQ). At least 75% (including
at least one LLOQ and one ULOQ samples) of the CSs had to meet the above criteria.

The specificity of the assay for PH46 and IStd was determined by extraction and
analysis of one DB sample from six independent sources of control matrix, three SB
samples in a single source of control matrix and three ULOQ samples (without IStd) in
the same source of control matrix as for SBs. If interfering peaks at the retention time
of PH46 and/or IStd were noted, these were deemed to be insignificant if the response
at the retention time of PH46 in the DB and SB samples was ≤20% of the average
analyte response in LLOQ CSs and if the response at the retention time of IStd in DB
and ULOQ samples was ≤5% of the IStd response accepted in the calibration curve,
including SBs.

3.5.3 Assay recovery and matrix effect

The matrix effects on the plasma assay were determined by extracting replicate
(n = 6) samples of control matrix, from six individual sources with one of these
sources also presented as haemolysed plasma and spiking appropriate volumes of
PH46 and IStd solutions (prepared in MeOH:H2O:AA (50:50:0.2, v/v/v) following
extraction. Three replicate matrix effect samples at each of the matrix equivalent
concentrations (1.25 and 400 ng/mL) and IStd concentration (15 ng/mL) were gener-
ated. Spiking appropriate volumes (as above) of the PH46 and IStd solutions in the
same ratio as the extract samples resulted in replicate (n = 3) non-extracted QC
samples. The ratio of the MR of replicate samples spiked into matrix to the MR of the
non-extracted samples was calculated to determine the MF for PH46 and IStd in each
source of matrix. The value of (PH46-MF)/(IStd-MF) from the same source was
calculated to determine the IStd-normalised MF. There was deemed to be no matrix
effect in the samples when the precision of the IStd-normalised MF (calculated from
the six sources) was ≤15% at each level.
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The recovery of the plasma assay was investigated following the preparation,
extraction and analysis of replicate (n = 3) matrix-effect samples, at low, medium and
high levels, from a single matrix source. Replicate (n = 3) extracted samples were
prepared following the details in Section 3.5.4 at the same concentration levels (low,
medium and high) as the matrix-effect samples. The recoveries of PH46 and IStd were
calculated as: MRs in the extracted samples/MRs in the matrix-effect samples.

3.5.4 Intra-batch assay accuracy and precision

The accuracy and precision of intra-batch assay were assessed using replicate
(n = 6) QC samples prepared in control matrix at 0.5 (LLOQ), 1.25 (low), 15
(medium) and 400 (high) ng/mL for the plasma and urine assays, and 10 (LLOQ), 25
(low), 100 (medium) and 1600 (high) ng/g faecal equivalent for the faeces assay. The
intra-batch accuracy expressed as the mean percentage determined concentration/
nominal concentration. For the plasma and urine assays, the acceptance criteria were
expected to be within 100 � 15% at each concentration level (100 � 20% at LLOQ
level) for all three occasions. For the faeces assay, the criteria for acceptance at each
level were within 100 � 20% (100 � 25% at the LLOQ level). The intra-batch
precision was determined by the CV of the mean determined concentration. The
criteria for acceptance should be ≤15% at each level (≤20% at LLOQ level) for all
three occasions for the plasma and urine assays or ≤ 20% (≤25% at the LLOQ level)
for the faeces assay. The inter-batch assay accuracy and precision were determined on
three occasions (on different days). The acceptance criteria at each level were that
assay accuracy for all three occasions was within 100 � 15% (100 � 20% at the LLOQ
level), and that the assay precision for all three occasions was ≤15% (≤20% at the
LLOQ level).

3.5.5 Assay carry-over and matrix dilution

Carry-over was assessed by the preparation, extraction and analysis of replicate
(n = 2) samples prepared in control matrix at concentrations of 0.5 ng/mL (assay
LLOQ) and 500 ng/mL (assay ULOQ). Additional replicate (n = 2) DB samples were
also prepared, extracted and analysed. The samples were analysed in the following
sequence: ULOQ (x1), DB (x2), LLOQ (x1), ULOQ (x1), solvent samples (MeOH:
H2O:AA, 50:50:0.2, v/v/v) (x2) and LLOQ (x1). The assay was deemed to have no
carry-over for PH46 when the responses for PH46 in DB and solvent samples
were ≤ 20% of the detector responses for PH46 in the next LLOQ samples. The assay
was deemed to have no carry-over for IStd if the responses for IStd in DB and solvent
samples were ≤ 5% of the detector responses for the IStd in the previous ULOQ
samples. A bulk stock (4 mg/mL of PH46 in control plasma/urine or 16 mg/g faecal
equivalents in control homogenised faeces) was prepared in control matrix. Replicate
(n = 6) QC samples from this stock were diluted 10- and 100-fold with control matrix.
Aliquots (200 μL for plasma/urine assays or 1 mL equivalent to 250 mg faecal material
for faecal assay) (n = 6 of each dilution factor) were then extracted (nominal concen-
trations of 400 and 40 ng/mL respectively for plasma/urine assays or 1.6 mg/g and
160 ng/g faecal equivalent respectively for the faecal assay). The determined concen-
trations were corrected for the dilution factors. Matrix dilution was considered to be
acceptable if the assay accuracy was within 100 � 15% for the plasma/urine assays or
100 � 20% for the faeces assay, and the assay precision was ≤15% for the urine assay
and ≤ 20% for the faeces assay.
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3.5.6 Stability experiments

For the following stability experiments, bulk QC samples were prepared at the
appropriate low, high and dilution levels for each assay. A 10-fold dilution in control
matrix was carried out on the dilution level QC before extraction and analysis.

3.5.6.1 Determination of short-term frozen storage stability and freeze/thaw stability of
PH46 in matrix

Six aliquots (200 μL) at each concentration were extracted and analysed immedi-
ately to confirm the suitability of the stability samples. The remainder of each bulk
was aliquoted into tubes (n = 18 for plasma, n = 48 for urine and n = 46 for faeces)
containing a greater volume than required for analysis. Half of the replicates in each
matrix (urine and faeces) were stored at �20°C and the other half of the replicates in
each matrix were stored at �80°C. The effects of the corresponding stability samples
were investigated after at least 1 month storage. The freeze/thaw stability of PH46 in
plasma matrix assay was performed by using QCs samples (n = 6) at each concentra-
tion subjecting to freeze/thaw cycles (�3) in a freezer set to maintain �20°C (initial
freeze cycle 24 h as minimum, freeze cycles 2 and 3 at least 12 h and thaw cycle for one
h � 6 min at RT unprotected from light). At the time point, replicate samples (n = 6)
at each concentration and each condition were then extracted and analysed with fresh
CSs and QCs. The samples were deemed to be stable if the accuracy was within
100 � 15% (urine and plasma) or 100 � 20% (faeces) of the nominal concentration
and the CV was ≤15% (urine and plasma) or ≤ 20% (faeces) at each concentration
level.

3.5.6.2 Determination of re-injection reproducibility

The accuracy and precision batch for each assay was re-injected, having stored the
extracts in an autosampler at 4°C for at least 239 h for plasma extracts, at least 25 days
for urine extracts and at least 6.5 days for faeces extracts.

3.5.6.3 Determination of ambient RT stability of PH46 in matrix

Ambient RT stability of PH46 in plasma was assessed on further QCs (n = 6) at
each level after being left at ambient temperature (unprotected from light) for
24 h � 30 min before extraction with fresh CSs and QCs.

3.5.6.4 Determination of extended frozen storage stability of PH46 in matrix

Six aliquots (200 μL) at each concentration were extracted and analysed immedi-
ately to show that the stability samples had been suitably prepared. The remainder of
each bulk was aliquoted into glass tubes (n ≥ 48) containing a greater volume than
required for analysis. The extended frozen storage stability of PH46 in human plasma
was investigated after at least one, two and four months at �20°C and the effects of
storing samples at �80°C were also assessed after at least one, three and five months.
At each time point, replicates (n = 6) at each concentration were extracted and
analysed with fresh CSs and QC samples. The samples were deemed to be stable if the
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accuracy was within 100 � 15% of the nominal concentration and the CV was ≤15% at
each concentration level.

3.6 Data handling, processing and calculations

Analyst® 1.4.2 software was used for data collection during the study. Thermo
Fisher Scientific Watson™ 7.0 software was employed to determine the calibration
parameters/values, including slope, intercept and coefficient of determination, the
mean, standard deviation and accuracy data. Three significant digits were presented
for the nominal matrix concentration (CS and QC samples) and the determined
concentration results. The calculations of the accuracy and precision data were made
from the rounded mean values and from the unrounded determined concentration
data and peak area data, respectively, and were displayed to one decimal place. Four
significant digits were reported for slopes and intercepts, four decimal places were for
coefficients of determination, and six decimal places for instrument responses.

4. Conclusions

In summary, we developed and validated a sensitive and specific bioanalytical
method for the determination of PH46, a potential anti-inflammatory bowel disease
agent, in human plasma, urine and faeces. A range of testing, including solution
stability, specificity, assay linearity, accuracy, precision, recovery, matrix effect,
carry-over, dilution effect and stabilities, were established for the matrices. The
method meets EMA validation criteria. This method was successfully applied to the
clinical pharmacokinetic study of PH46A in human.
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