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ABSTRACT: In the present work, we report compilation and analysis
of 245 drugs, including small and macromolecules approved by the
U.S. FDA from 2015 until June 2020. Nearly 29% of the drugs were
approved for the treatment of various types of cancers. Other major
therapeutic areas of focus were infectious diseases (14%); neurological
conditions (12%); and genetic, metabolic, and cardiovascular disorders
(7−8% each). Itemization of the approved drugs according to the year
of approval, sponsor, target, chemical class, major drug-metabolizing
enzyme(s), route of administration/elimination, and drug−drug
interaction liability (perpetrator or/and victim) is presented and
discussed. An effort has been made to analyze the pharmacophores to
identify the structural (e.g., aromatic, heterocycle, and aliphatic),
elemental (e.g., boron, sulfur, fluorine, phosphorus, and deuterium),
and functional group (e.g., nitro drugs) diversity among the approved drugs. Further, descriptor-based chemical space analysis of
FDA approved drugs and several strategies utilized for optimizing metabolism leading to their discoveries have been emphasized.
Finally, an analysis of drug-likeness for the approved drugs is presented.

■ INTRODUCTION

Drug discovery is a complex interdisciplinary process, and it
continues to pose a plethora of challenges for the pharmaceutical
industry and allied fields.1 In recent times, the expectations from
new drugs to exhibit better performance over the existing ones in
the market has increased tremendously.2 The main reason
attributed to this is probably the strict requirements imposed by
different regulatory agencies around the world.3,4 Considering
the last five years of approvals (2015−June 2020) by the Centre
for Drug Evaluation and Research (CDER) of the U.S. FDA, a
total of 245 drugs were approved including small and
macromolecules (Figure 1). Of these, a record number of
drugs were approved in 2018 (59), and a minimum of approvals
came through in 2016 (22). For all the other years of the study
(i.e., 2015, 2017, and 2019), the number of new drug approvals
from the agency remained in the range of 45−48. Approval of 25
drugs until June 2020 indicates that this year also might end up
with a similar number of approvals.5−7 Among the different
therapeutic categories, anticancer drugs accounted for 29% of
drug approvals followed by anti-infectives (14%) and drugs for
neurological disorders (12%). Other major areas of focus from
the pharmaceutical industry wherein approvals came through
were genetic, autoimmune, cardiac, and metabolic disorders
(each ranging between 6 and 8%).
Considering the drug discovery, on an average, one drug out

of every 8000−10 000 compounds is approved for the market.10

The drug-likeness for any compound is largely determined by its
pharmacokinetics (PK), safety, and efficacy. The goal of PK

studies is to ascertain and eventually help achieve the desired
efficacy and safety profile.11−13 Efficacy, safety, and PK are
interconnected, and assigning the cause of failure of a compound
to any one of these factors could be misleading. For example,
extensive metabolism could be one of the reasons for not
achieving the desired efficacy, and toxicity might be observed
because of the formation of metabolites.14 The benzylic C−H
bond and the allylic methyl and O-, N-, S-methyl groups, when
not sterically hindered, are ideal metabolic soft spots and
substrates of cytochrome (CYP) P450 mediated oxidative and
reductive metabolism reactions. Overall, CYP enzymes are
responsible for the metabolism of most of the small molecules.
However, the structure−metabolism relationship of drugs
metabolized through CYPs is complex. Hydrophobic, steric,
hydrogen bonding, or ionic interactions with specific amino
acids at the active site of the enzyme determine the affinity of the
substrate with the active site of an enzyme. Commonmethods to
decrease and/or block metabolism are (1) replacing the H atom
of the C−H bond with a bulky group, bioisostere, a deuterium,
or a halogen atom; or (2) place a bulky group in a neighboring
site to decrease or block the accessibility of the enzyme. For
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example, when a benzylic methyl group is identified as a
metabolic soft spot, a halogen atom, or a −CF3 group, could be
used to replace the H atom of the benzylic methyl group.
An ideal drug candidate should be able to provide sustained

exposure to have increased patient compliance due to decreased
dosing frequency. It should undergo balanced clearance
pathways and should not interfere with DMEs (drug-
metabolizing enzymes) and transporters. In general, drugs are
classified as either victims (directly affected) or perpetrators
(cause interactions) in DDI (drug−drug interactions).15

Medicinal chemists optimizing their compounds for candidate
selection are often posed with the following questions: (1)What
is the elimination pathway for themolecule of interest? (2)What
are the metabolic liabilities of the molecule? (3) Does the
compound of interest have the chance to undergo bioactivation
to form a reactive metabolite? (4) Do any of the metabolites
have either on- or off-target activity?16 Two other essential
parameters controlling rate and extent of absorption of drugs are
solubility and permeability, and a Biopharmaceutics Classi-
fication System (BCS) for correlating in vitro dissolution and in
vivo bioavailability has been proposed.17 Several theories are
available on predicting the “requisite” physicochemical proper-
ties for “drug-like” absorption potential for new chemical
entities. As per Lipinski’s rule, reduced intestinal permeability is
reported for compounds (intended to be administered orally)
with more than two out-of-range parameters from the following:
more than five hydrogen-bond donors (sum of OH and NH
groups), more than 10 hydrogen-bond acceptors (sum of N and
O), molecular weight (MW) > 500, and log P > 5.18−20

While compiling this Perspective, we came across many
worthy reviews on FDA approved drugs which are either yearly
publications focusing on a particular issue6,7,21,22 or are relatively
old.23 In this Perspective, we broadly categorized and discussed
in the first section the U.S. FDA approved drug candidates of the
last five years (2015−June 2020) based on their therapeutic
areas, year of approval, sponsor, target, chemical class (small and
macromolecules including antibody−drug conjugates), major
drug-metabolizing enzyme(s), route of administration/elimi-

nation, and DDI liability (perpetrator and victim). The data was
collected from the U.S. FDA Web site and the DrugBank
database. In a later section, we comprehensively analyzed the
structural (e.g., aromatic, heterocycle, and aliphatic), elemental
(e.g., boron, sulfur, fluorine, phosphorus and deuterium), and
functional (e.g., nitro drugs) diversity and frequency, and
chemical space among the approved drugs and finally
pharmacokinetic aspects and market outlook are discussed.

■ ANTI-CANCER DRUGS

According to the WHO, more than 100 types of cancer are
currently known, and the five most common cancers in 2018
were lung, colorectal, stomach, breast, and liver.24 Total deaths
due to various types of cancer were more than 9 million in that
year. Each cancer type requires a separate diagnosis and
treatment strategy, which further creates an additional burden
on and challenge for the discovery of anticancer drugs. Since the
advent of the first anticancer therapy in the 1940s using nitrogen
mustards and antifolate drugs,25 there has been an incredible
improvement in the design of new anticancer drugs.26 The last
five years have witnessed the FDA approving a total of 69 drug/
drug combinations for the treatment of various types of cancers
including 51 small molecules (Table 1, Figures 2 and 3) and 19
macromolecules (Table 2).
Neratinib (15), a kinase inhibitor, was approved for the

treatment of HER2-overexpressed/amplified breast cancer. The
other approved anticancer kinase inhibitor drugs included
cobimetinib (4), copanlisib (22), and acalabrutib (19) as
inhibitors of MAPK, PI3K/AKT, and BTK, respectively. Drugs
targeting vascular endothelial growth factor (VEGF; lenvatinib,
7 and brolucizumab), basic fibroblast growth factor (bFGF;
erdafitinib, 40 and pemigatinib, 43), platelet-derived endothelial
growth factor (PDGFR; olaratumab), and granulocyte colony-
stimulating factor (CSF; pexidartinib, 37) were approved in the
study period to prevent the formation of new blood vessels and
thus subsequently suppress tumor growth. There was one
antiapoptotic drug; venetoclax (12) targeting Bcl-2 was
approved in the year 201727 for the treatment of chronic

Figure 1. Bar graph illustration of the number of year-wise drug approvals for various diseases/disorders. The data pertains to 2015−June 2020. The
source of the data is the U.S. FDA Web site8 and DrugBank database.9
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Table 1. Illustrative Compilation of U.S. FDA Approved Anti-Cancer Drugs (Small Molecules) from the Year 2015 until June
2020, Featuring Their Indication, Year of Approval, Sponsor, Target, Chemical Class, Major Drug Metabolizing Enzyme(s),
Route of Administration/Elimination, and Drug Interactions (Perpetrator or/and Victim)¶
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Table 1. continued
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lymphocytic leukemia. The agency approved first-in-class
enasidenib (14), an inhibitor of mutated isocitrate dehydrogen-
ase 2 (IDH2) for acute myeloid leukemia, confirming

metabolism-altering drugs as a means of targeting and killing
cancer cells. The agency also approved Amgen’s talimogene
laherparepvec, the first cancer-killing virus. Several monoclonal

Table 1. continued

aNo interaction reported. ¶ALK: anaplastic lymphoma kinase; HR: hormone receptor; HER: human epidermal growth factor; CDK: cyclin
dependent kinase; EGFR: epidermal growth factor receptor; NSCLC: nonsmall-cell lung carcinoma; EGFR: epidermal growth factor receptor;TK:
Tyrosine kinase; MAPK: mitogen-activated protein kinase; VEGFR: vascular endothelial growth factor receptor; PARP: polyadenosine 5′-
diphosphoribose polymerase; CLL: chronic lymphocytic leukemia; BCL: B-cell lymphoma; AML: acute myeloid leukemia; IDH: isocitrate
dehydrogenase; AR: Androgen receptor; MCL: mantle cell lymphoma; BTK: bruton tyrosine kinase; FL: follicular lymphoma; PI3K:
phosphatidylinositol-3-kinase; NTRK: neurotrophin receptor kinase; SLL: small lymphocytic lymphoma; FGFR: fibroblast growth factor receptor;
CSF: colony-stimulating factor; ROS: reactive oxygen species; A, accelerated; B, breakthrough; O, orphan; P, priority; S, standard CYP:
cytochrome; PO: peroral; IV: intravenous.

Figure 2. Chemical structures of small molecules as anticancer agents approved by FDA between 2015 and 2017 (Part-1).
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antibodies (mAbs) including but not limited to atezolizumab,
avelumab, durvalumab, and cemiplimab targeting PD-L1
(immune checkpoints) were approved in the last five years.
The approvals also include other immunotherapies and chimeric
antigen receptor therapies.28

We noticed increased approvals for antibody−drug con-
jugates (ADCs) since 2015.29 ADCs are highly selective and
allow specific delivery of cytotoxic agents to the intended cancer
cell target.30,31 Their success has been marked by FDA approval
of five ADCs in the last five years including inotuzumab
ozogamicin for acute lymphoblastic leukemia, fam-trastuzumab
deruxtecan for metastatic breast cancer, enfortumab vedotin for
refractory bladder cancer, sacituzumab govitecan for metastatic
triple-negative breast cancer, and polatuzumab vedotin for
relapsed or refractory diffuse large B-cell lymphoma.
Typically, anticancer drugs are coadministered with other

drugs and therefore have a high propensity to undergo DDI
either as victim and/or perpetrator. Some of the drugs used for
cancer therapy act as a victim in the presence of CYP3A4
modulators (both inhibitor as well as inducer) and P-gp (P-
glycoprotein) and BCRP (breast cancer resistance protein)
inhibitors, while others may be a perpetrator (impact the
systemic exposure of coadministered drugs through inhibition of
various enzymes like CYP3A4, CYP2C9. CYP2D6, CYP2C19
and transporters like P-gp, BCRP, OATP1B1; see Tables 1 and
2). Overall, CYPs played a significant role in the metabolism of
43 out of 51 small molecules, and for almost all the drugs (42 out
of 43), themajor enzyme involved is CYP3A4. Rucaparib (13), a
first-in-class PARP inhibitor, is metabolized primarily by
CYP2D6. Carboxylesterase-mediated amide hydrolysis is the
major pathway for the metabolism of niraparib (20), leading to

the formation of an inactive acid metabolite followed by
glucuronidation. Aldehyde oxidase (AO) along with CYP3A4
are involved in the metabolism of capmatinib (46) and 7
(quinoline derivatives). Catabolism is primarily responsible for
the elimination of all the macromolecules. A total of 47 out of 51
anticancer small-molecule drugs were approved for admin-
istration through the peroral route and 4 (trabectedin (5),
copanlisib (22), lurbinectedin, and lutetium Lu 177 dotatate)
through the intravenous route, and all the macromolecules were
approved for use through the intravenous route.
Drug design for anticancer drugs has shifted from traditional

cytotoxic chemotherapy to targeted cancer drugs,32 which is
further supported with increased understanding of the disease at
the molecular level.33,34 The overall success rate for the
oncology drugs in the clinical development is estimated at
∼10%, while the cost of introducing a new drug to the market is
estimated at greater than 1 billion US$.35−37 Unfortunately, the
major challenge is the development of drug resistance that leads
tomortality andmorbidity.38 Considering the global market, it is
anticipated that the targeted anticancer therapy would acquire
the highest revenue contribution in cancer drug market by 2026.
It is also anticipated that five regions (i.e., North America, Latin
America, Europe, Asia Pacific excluding Japan, Middle East, and
Africa) would drive anticancer research. AbbVie, Bayer, Pfizer,
Bristol Myers Squibb, Roche, Eli Lilly, Novartis, AstraZeneca,
and Johnson & Johnson will continue to be major players in the
area and would contribute towardmore than 2/3rdmarket share
of anticancer drugs.39

Figure 3. Chemical structures of small molecules approved as anticancer agents approved by FDA between 2018 and June 2020 (Part-2).
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■ DRUGS FOR NEUROLOGICAL DISORDERS

Neurological disorders can be classified into three groups:
neurotraumatic diseases (strokes and epilepsy), neurodegener-
ative diseases including Alzheimer’s disease (AD), Parkinson’s
disease (PD), and neuropsychiatric diseases (depression,
schizophrenia).40 Neurological disorders are reported to
contribute 11.6% of global disability adjusted life years
(DALYs) and 16.5% (2nd leading cause) of deaths from all
causes.41

Until 2015, there were 79 FDA approved new molecular
entities for the treatment of neurological disorders.42 Over the
past five years, FDA has approved a total of 23 small molecules,
one each of cyclodextrin derivative and toxin; two oligonucleo-
tides and four monoclonal antibodies (Table 3) for the
treatment of neurological disorders. Chemical structures of
small molecules approved for the treatment of various
neurological disorders are collated in Figure 4.
It is evident that serotonin (5-HT1F) and calcitonin gene-

related peptide (CGRP) targets were explored for the
management of migraine in the last five years. Lasmiditan,
(64), a 5-HT1F receptor agonist, exerts effects by inhibition of

trigeminal nerve firing and hyperpolarization of nerve
terminals.43 Calcitonin gene-related peptide (CGRP) release
produces local vasodilation and extravasation of plasma and
plasma proteins into the surrounding tissue.44 A total of six
CGRP antagonists containing two small molecules, ubrogepant
(67) and rimegepant sulfate (72), and four monoclonal
antibodies, namely, erenumab, fremanezumab, galcanezumab,
and eptinezumab, were approved. Further, to circumvent the
extrapyramidal motor side effects (EPS) due to full inhibition of
dopamine D2 receptors by first-generation antipsychotics, four
small molecules with serotonin 5-HT2A receptor antagonism in
combination with D2 receptor partial agonismwere approved by
the FDA for the treatment of schizophrenia. In the antiepileptic
category, targets such as gamma-aminobutyric acid (GABA)
receptors and synaptic vesicle glycoprotein 2 (SV2) were
explored by pharmaceutical companies in the last five years.
Cannabidiol (61), an oral solution, was approved in 2018 for the
treatment of Dravet syndrome and Lennox-Gastaut syndrome.
According to the FDA, 61 does not appear to exert its
anticonvulsant effects through interaction with cannabinoid
receptors.45 GABA which acts through GABAA and GABAB

Table 2. Illustrative Compilation of U.S. FDA Approved Anti-Cancer Drugs (Macromolecules) from the Year 2015 until June
2020, Featuring Their Indication, Year of Approval, Sponsor, Target, Route of Administration, and Class¶

¶SLAMF: signaling lymphocytic activation molecule family member 7; EGFR: epidermal growth factor receptor; NSCLC: nonsmall cell lung
cancer; CD38: cluster of differentiation 38; PDGFR-α:platelet-derived growth factor receptor alpha; PD-L1: programmed death-ligand 1; ALL:
acute lymphoblastic leukemia; IL-3: Interleukin-3; CD22: cluster of differentiation-22; CCR4: CC chemokine receptor type 4; ADC: antibody drug
conjugate; HER2: human epidermal growth factor receptor 2; CD79b: cluster of differentiation-79b; CD38: cluster of differentiation-38; A,
accelerated; B, breakthrough; O, orphan; P, priority; S, standard; IV: intravenous.
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Table 3. Illustrative Compilation of U.S. FDA Approved Neurological Agents, Featuring Their Indication, Year of Approval,
Sponsor, Target, Chemical Class, Major Drug Metabolizing Enzyme(s), Route of Administration/Elimination, and Drug
Interactions (Perpetrator or/and Victim)¶
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receptors is the principal inhibitory neurotransmitter in the
brain.46 Stiripentol (60) and cenobamate (63), positive
allosteric modulators of GABAA receptors, were approved in
2018 and 2019, respectively, for the treatment of epilepsy.
Brivaracetam (55), which binds SV2Awith high affinity and thus
induces indirect modulation of synaptic GABA release, was
approved in 2016 for the treatment of partial-onset seizures. For
the treatment of patients of Parkinson’s disease experiencing
“off” episodes, safinamide (57), a reversible inhibitor ofMAO-B,
and opicapone (71), a third-generation inhibitor of COMT,
were approved as an add-on treatment to levodopa47 and as an
adjunctive therapy, respectively. Istradefylline (62), an A2A
receptor inhibitor, was approved in 2019 for the treatment of
Parkinson’s disease as an adjunct to levodopa therapy.
Edaravone (58), a free radical scavenger which increases
prostacyclin production and decreases lipoxygenase metabolism
of arachidonic acid, was approved for the treatment of
amyotrophic lateral sclerosis (ALS). Vesicular monoamine
transporter 2 (VMAT2), which is responsible for monoamine
(dopamine, norepinephrine, and serotonin) transport across

synaptic vesicles, is implicated in tardive dyskinesias (TD)
pathology.48 Valbenazine (56), an inhibitor of VMAT2, was
approved for the treatment of TD. Another VMAT2 inhibitor,
deutetrabenazine (59), that depletes the levels of presynaptic
dopamine was approved for the treatment of Huntington’s
disease (HD).49 Flibanserin (53), an agonist of 5-HTA1 and an
antagonist of 5-HTA2, and bremelanotide (2019), a melano-
cortin receptor agonist, were approved for the treatment of
hypoactive sexual desire disorder (HSDD) in premenopausal
women. Histaminergic neurons play a significant role in the
maintenance of wakefulness.50 Pitolisant (66), a histamine H3
receptor antagonist or inverse agonist, was approved for the
treatment of excessive daytime sleepiness (EDS) associated with
narcolepsy in adults. Lemborexant (69) is a competitive
antagonist of OX1 and OX2 receptors51 and blocks the binding
of neuropeptides orexin-A and -B. The drug suppresses the
wake-drive, thereby promoting sleep, and is recommended for
the treatment of insomnia. Nusinersen, an antisense oligonu-
cleotide approved in 2016, increases the splicing efficiency of the

Table 3. continued

aNo interaction reported. bNo information available. ¶D2: dopamine receptor isoform 2; 5-HT: 5-hydroxytryptamine; SV2A: synaptic vesicle
protein 2A; VMAT2: vesicular monoamine transporter 2; MAO: monoamine oxidase; GABA: gamma-aminobutyric acid; CGRP: calcitonin gene-
related peptide; OX: orexin; DNRI: dopamine and norepinephrine reuptake inhibitor; COMT: catechol-o-methyltransferase; A, accelerated; B,
breakthrough; O, orphan; P, priority; S, standard; PO: peroral; IV: intravenous; SC: subcutaneous; IT: intrathecal; IM: intramuscular; CYP:
cytochrome P450; UGT: UDP-glucuronosyltransferase; P-gp: P-glycoprotein; BCRP: breast cancer resistance protein.
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SMN2 pre-mRNA and corrects the SMN protein deficiency
involved in spinal muscular atrophy (SMA).
A total of 21 out of 23 small molecule drugs approved for

various neurological disorders are intended for administration
through the peroral route and 2 through the intravenous route.
Three out of 4 monoclonal antibodies are approved for the
subcutaneous route, and eptinezumab (a mAb, approved for
migraine) was approved for administration through the
intravenous route. Approved oligonucleotides are for intrathecal
and subcutaneous administration.
CYPs played significant roles in the metabolism of 14 out of

23 small molecules, wherein the major enzyme involved is
CYP3A4 (for 13 out of 14 approved drugs). Nucleases are
involved in the metabolism of oligonucleotides, and catabolism
continues to remain the primary way for elimination of the
macromolecules. Seventeen small molecules were implicated as
victims during coadministration with drugs causing modulations
in enzymes (CYP3A4, CYP2C19, CYP2D6, and CYP1A2) and
transporters (P-gp and BCRP), details in Table 3. A majority of
the approved small molecules followed the Lipinski’s rule of 5.
By the end of 2020,∼14% of the global population is anticipated
to suffer from neurological disorders. Geographically, it is
estimated that the largest market for neuro-therapeutics will be
led by North America, followed by Europe and Asia-Pacific

countries. The key players contributing to the market share will
include Abbott, Becton and Dickinson, Novartis, Johnson &
Johnson, Pfizer, Sanofi-Aventis, Biogen, GlaxoSmithKline,
AstraZeneca, and Merck.52

■ DRUGS FOR THE TREATMENT OF
METABOLIC/GENETIC DISORDERS

Under this category, authors have observed that a total of 35
novel therapeutic agents were approved by the U.S. FDA in the
specified period, with one-third of them being small molecules
(12). Antibody molecules and oligonucleotides (4 each),
peptides and enzymes (5 each), polymers, hormones (2 each),
and one fusion protein constituted the remaining approvals.
Considering the total 76 newmolecular entities approved by the
FDA for the treatment of metabolic disorders until 2015, the last
5 years seem to ensure that more number of drugs are available
to the patients of metabolic disorders.53 The details of all the
drugs approved formetabolic disorders during the period 2015−
June 2020 are compiled in Table 4, and chemical structures of
small molecules are illustrated in Figure 5. A brief overview of
the compilation is presented here. In the category of
antihyperuricemic/antigout drugs, lesinurad (73), an
URAT154 inhibitor which causes an increase in the excretion
of uric acid, was approved. Patiromer, approved in 2015 for

Figure 4. Chemical structures of small molecules approved for the treatment of various neurological disorders by FDA from the year 2015 until June
2020.
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Table 4. Illustrative Compilation of U.S. FDA Approved Drugs from the Year 2015 until June 2020 for Metabolic Disorders
Featuring Their Indication, Year of Approval, Sponsor, Target, Chemical Class, Major Drug Metabolizing Enzyme(s), Route of
Administration/Elimination, and Drug Interactions (Perpetrator or/and Victim)¶
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hyperkalemia, is a nonabsorbed potassium-binding polymer that
binds to potassium in the gastrointestinal system, resulting in
excretion of potassium in feces to reduce the serum potassium
levels. Natpara (2015), a parathyroid hormone involved in
regulating serum calcium levels, was approved for the treatment
of hypocalcemia in adults with reduced PTH (parathyroid
hormone) levels.55 Incretins (glucagon-like peptide-1; GLP-1)
are the hormones produced by the intestinal mucosa which

regulate the insulin secretion in response to food consump-
tion.56 Lixisenatide (2016), a GLP-1 receptor agonist, and
semaglutide (2017), a GLP-1 analogue, were approved for the
management of type 2 diabetes mellitus. Another antidiabetic
drug ertugliflozin (79) targeting SGLT257 was approved in
2017. Whereas for the treatment of type 1 diabetes, insulin
degludec (2018), an ultralong-acting insulin analogue, was
approved. Etelcalcetide (2017), a type 2 calcimimetic, is a

Table 4. continued

aNo interaction reported. bNo information available. ¶URAT1: uric acid transporter 1; CFTR: cystic fibrosis transmembrane conductance
regulator; GLP-1: glucagon-like peptide-1; SGLT: sodium-dependent glucose cotransporters; DMD: duchenne muscular dystrophy; XLH: X-linked
hypophosphatemia; FXR: farnesoid X receptor; A, accelerated; B, breakthrough; O, orphan; P, priority; S, standard; PO: peroral: IV: intravenous:
SC: subcutaneous; IM: intramuscular; CYP: cytochrome P450; UGT: UDP-glucuronosyltransferase; P-gp: P-glycoprotein; BCRP: breast cancer
resistance protein.

Figure 5.Chemical structures of small molecule drugs used for the treatment of various metabolic disorders approved by FDA from the year 2015 until
June 2020.
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positive allosteric modulator which increases the sensitivity of
the calcium-sensing receptor (CaSR) to ionized calcium and
reduces PTH secretion by the negative feedback mechanism.
Pegvaliase, a recombinant phenylalanine ammonia lyase (PAL)
enzyme which reduces blood phenylalanine concentrations by
converting phenylalanine to ammonia and trans-cinnamic acid,
was approved in 2018. Cushing syndrome is caused by chronic
elevation of circulating glucocorticoids primarily by over-
production of cortisol by the adrenals as a result of a pituitary
or adrenal tumor.58 The preferred therapeutic strategy is to
reverse hypercortisolemia. Osilodrostat (85), approved in 2020,
is an inhibitor of 11β-hydroxylase, an enzyme involved in the
biosynthesis of endogenous cortisol and results in reduced
cortisol concentrations. Elevated extracellular levels of inorganic
pyrophosphate (PPi) results in defective mineralization and
leads to bone deformation in infants. Asfotase alfa (2015)
treatment replaces the level of TN-SALP (tissue nonspecific
alkaline phosphatase) enzyme and reduces the PPi levels.
Eteplirsen (2016), is a targeted oligonucleotide that causes exon
skipping of exon 51. Deflazacort (78), a corticosteroid was
approved for the treatment of Duchenne muscular dystrophy.
Cerliponase alfa (2017) contains tripeptidyl peptidase-1
(rhTPP1), a recombinant human lysosomal exopeptidase
which cleaves the N-terminal of tripeptides. The drug was
approved for the treatment of ceroid lipofuscinosis type 2
(CLN2). Vestronidase alfa (2017), a recombinant human
lysosomal beta-glucuronidase (GUS) acts by serving as an
exogenous source of GUS enzyme through intravenous
infusion.59 Migalastat (80), approved for the treatment of
Fabry disease, stabilizes the dysfunctional alpha-Gal A enzyme
and results in the clearance of accumulated crystalline
glycosphingolipids (GSLs).60 Increased levels of fibroblast
growth factor 23 (FGF23) were observed in patients with X-
linked hypophosphatemia (XLH).61 Burosumab (2018) is a
monoclonal antibody that inhibits the actions of FGF23, which
in turn increases the tubular reabsorption of phosphate from the
kidney. Voxelotor (81), an HbS polymerization inhibitor
prevents the formation of abnormally shaped cells and was
approved for sickle cell disease. In the same category,
crizanlizumab (2019), an antibody targeting P-selectin was
approved for the treatment of vaso-occlusive crisis in patients
with sickle cell diseases. Luspatercept (2019), a fusion protein,
ameliorates ineffective erythropoiesis in patients with beta
thalassemia by acting as a “ligand trap” for various members of
the TGF-β superfamily. Afamelanotide (2019), a synthetic

analogue of the endogenous α-MSH, was approved to prevent
skin damage in people with erythropoietic protoporphyria from
UV-induced damage. Cystic fibrosis (CF) is a genetic disorder
caused by mutations in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene which results in the
production of abnormally thick mucus that builds up in the
lungs, digestive tract, and other parts of the body.62 There are
more than 1700 different mutations in the CFTR gene that can
cause CF, the most common one is the F508del (F:
Phenylalanine) mutation. CFTR modulators are classified into
potentiators (ivacaftor, 82), correctors (lumacaftor, 77 and
tezacaftor, 84), and amplifiers (in clinical development; PTI -
428 and PTI - CH). Combination therapy is anticipated to offer
better results than individual drug(s). Orkambi, symdeko, and
trikafta are the three CFTR modulators approved during this
period wherein orkambi and symdeko were approved for
individuals with two copies of the F508del mutation (smaller CF
population).63 Trikafta (elexacaftor, tezacaftor and ivacaftor) is
a triple combination therapy, which was approved for the
treatment of CF patients with one or more F508del mutation in
the CFTR gene (90% of the CF population). Going forward, the
global CFmarket is expected to register a CAGR of 13.5% and is
anticipated to reachUSD∼ 13 000Mby 2025.64 Drug discovery
efforts for CF are spearheaded by Vertex, AbbVie, Gilead,
Actavis (Allergan), Genentech (Roche), and Novartis.
Except for 77 and 83, all the approved small molecules under

this category followed the Lipinski’s rule. As indicated in Table
4, some of the approved small molecules were implicated as
victims during coadministration with drugs causing modulations
in enzymes (CYP2C9, CYP2B6, and CYP3A4) and transporters
(BSEP).65 Eleven out of 12 small molecule drugs approved for
various metabolic disorders are approved for administration
through the peroral route and one through the subcutaneous
route. Three out of 4 monoclonal antibodies are approved for
use through the subcutaneous route, and crizanlizumab
(monoclonal antibody, approved for sickle cell anemia to
Novartis) was approved for the intravenous route. Oligonucleo-
tides were approved through intravenous (3) and subcutaneous
(1) administration. Two polymers are approved through peroral
administration during this period for the treatment of hyper-
kalemia. Only 7 small molecules are metabolized through CYPs,
wherein again the major enzyme involved is CYP3A4 (6 out of
7), and all these molecules behave as victims when codosed with
CYP3A inducer/inhibitor. Dose adjustment is required for the
drugs that are eliminated through the renal pathway (e.g., 78).

Table 5. Illustrative Compilation of U.S. FDA Approved Drugs from the Year 2015 until June 2020 for Respiratory Disease
Featuring Their Indication, Year of Approval, Sponsor, Target, Chemical Class, Major Drug Metabolizing Enzyme(s), Route of
Administration/Elimination, and Drug Interactions (Perpetrator or/and Victim)¶

aNo interaction reported. ¶IL-5: Interleukin-5; S, standard; IV: intravenous; SC: subcutaneous; OATP: organic-anion-transporting polypeptide.
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Table 6. Illustrative Compilation of U.S. FDA Approved Drugs from the Year 2015 until June 2020 for Infectious and Parasitic
Diseases Featuring Their Indication, Year of Approval, Sponsor, Target, Chemical Class, Major Drug Metabolizing Enzyme(s),
Route of Administration/Elimination, and Drug Interactions (Perpetrator or/and Victim)
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Table 6. continued
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Table 6. continued

aNo interaction reported. bNo information available. ¶UTI: urinary tract infections; HIV: human immunodeficiency virus; NRTI: nucleoside
reverse transcriptase inhibitor; NS: nonstructural protein; PA: polymerase acidic; CMV: cytomegalovirus; RNA: ribonucleic acid; CD: cluster of
differentiation; DHA: dihydroartemisinin; PA: polymerase acidic; A, accelerated; B, breakthrough; O, orphan; P, priority; S, standard; PO: peroral:
IV: intravenous: SC: subcutaneous; BCG: Bacillus Calmette-Gueŕin; HINT1: histidine triad nucleotide-binding protein 1; CYP: cytochrome P450;
UGT: UDP-glucuronosyltransferase; P-gp: p-glycoprotein; CES: carboxylesterases.

Figure 6. Chemical structures of small molecules as anti-infective agents approved by FDA from the year 2015 until June 2020 (Part 1).
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In 2017, the metabolic diseases market size was valued at
∼USD $50 billion, which is expected to rise at 7.6% of CAGR by

2024. Major contributing regions to research in this area and
market for the therapies include Africa, North America, Asia

Figure 7. Chemical structures of small molecules used in combination therapy as anti-infective agents approved by the FDA from the year 2015 until
June 2020 (Part 2).
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Pacific, Latin America, the Middle East, and Europe. The
notable companies involved in this area of research are
GlaxoSmithKline, Merck, Amicus, Sanofi, Genzyme, AstraZe-
neca, and Horizon Pharma.66 For genetic disorders, the market
is expected to rise from USD $45 billion in 2017 to USD $86
billion by 2025. Important countries that will drive drug
discovery in the area of genetic disorders are North America and
the Asia Pacific region.

■ DRUGS FOR RESPIRATORY DISORDERS

Respiratory diseases including chronic obstructive pulmonary
diseases (COPD), asthma, interstitial lung diseases, and
pulmonary sarcoidosis67 are the third leading cause of
worldwide death.68

The U.S. FDA approved a total of just four drugs in the last
five years for the treatment of asthma (3 mAbs) and chronic
obstructive pulmonary disease (revefenacin 86, a small
molecule). The details of the approved drugs for respiratory
diseases are compiled in Table 5. The mAbs bind to the
interleukin 5 receptor, a key cytokine responsible for the
differentiation, maturation, recruitment, and activation of
human eosinophils which plays a key role in inflammation
associated with asthma. Mepolizumab and benralizumab have
been approved by the FDA for administration through
subcutaneous route, while reslizumab has been approved for
use via the intravenous route. 86 is a bronchodilator, long acting
muscarinic antagonist (LAMA), approved for dosing through
the inhalation route. After inhalation, 86 rapidly undergoes
hepatic metabolism to a major active metabolite (THRX-
195518), with its systemic exposure being 4- to 6-fold greater
than 86.69 OATP1B1/1B3 inhibitors may increase serum
concentrations of the active metabolite(s) of 86.70

There has been a recent upsurge in research in respiratory
diseases’ drugs because of the Covid-19 pandemic, which
primarily affects the respiratory system. The global market for
drugs for respiratory diseases was estimated at $65 billion in
2019 and is expected to rise to $93 billion by end of 2020. North
America accounted for 49% of the global market, followed by
Western Europe (19%). Mylan, GlaxoSmithKline, AstraZeneca,
Boehringer Ingelheim, Merck, Roche, Novartis, and Teva are
considered to be key players that will drive the market for
respiratory drugs.71

■ ANTI-INFECTIVE DRUGS

Infectious diseases are caused by pathogens, which include
bacteria, fungi, protozoa, worms and viruses. There were 292
approved new molecular entities until late 2013 for the
treatment of infectious diseases.72 A total of 33 anti-infective
drug/drug combinations were approved by US FDA in the last
five years (Table 6 and Figure 6 and 7), with 90% being small
molecules (30 drug/drug combinations) and 3mAbs. The drugs
approved for the various infectious diseases are briefly discussed
with their targets in this section. Complicated urinary tract
infections (cUTI) and complicated intra-abdominal infections
(cIAI) are caused bymultidrug-resistant bacteria.73 Eravacycline
95,(2018), a synthetic fluorocycline antibiotic of the tetracy-
cline, which binds to the 30S ribosomal subunit and disrupts
bacterial protein synthesis was approved for the treatment of
cIAI. Avycaz (the combination of ceftazidime 112, a
cephalosporin antibiotic, and avibactam 113, a β-lactamase
inhibitor, 2019), plazomicin 98, an aminoglycoside which
targets bacterial 30S ribosomal subunit and cefiderocol 103, an

inhibitor of penicillin-binding proteins (PBPs) were approved
for treatment of cUTI. Vabomere, is a combination of
Meropenem 115, a penam antibacterial, and vaborbactam
117, a beta-lactamase inhibitor was approved in 2017 for the
treatment of patients with cUTI. Recarbio is a combination of
imipenem 124, a carbapenem antibacterial, cilastatin 126, a
renal dehydropeptidase inhibitor, and relebactam 125, a beta-
lactamase inhibitor. The combination prevents the degradation
of 124 by serine beta-lactamases. Recarbio was approved for the
treatment of cIAI and cUTI in 2019. In 2020, the drug is also
approved for the treatment of hospital-acquired bacterial
pneumonia and ventilator-associated bacterial pneumonia.
Lefamulin (104), which exerts its action by binding to the
peptidyl transferase center of the ribosomal bacterial 50S
subunit and omadacycline (99), a minomethylcycline subclass
of tetracycline antibiotics were approved for the treatment of
community-acquired bacterial pneumonia (CABP). Tuber-
culosis, which is estimated to infect one in every three people
is caused by Mycobacterium tuberculosis.74 Pretomanid (106) is
indicated for the treatment of pulmonary forms of non-
responsive multidrug-resistant (MDR) tuberculosis, in combi-
nation with bedaquiline and linezolid.75

Delafloxacin (89), an anionic fluoroquinolone, which inhibits
the activity of bacterial topoisomerase II was approved in 2017
for the treatment of acute bacterial skin and skin structure
infections caused by Staphylococcus, Enterococcus, Escherichia
coli, Klebsiella pneumoniae, and Pseudomonas aeruginosa.76

Ozenoxacin (90), which targets bacterial DNA replication
enzymes DNA gyrase A and topoisomerase IV was approved in
2017 for the topical treatment of impetigo. Secnidazole (92), a
second-generation 5-nitroimidazole was approved in 2017 for
the treatment of bacterial vaginosis in adult women.77 In 2016,
twomAbs, bezlotoxumab forClostridium dif f icile infection78 and
obiltoxaximab for the prevention and treatment of infection
caused by anthrax toxin were approved.78 Further analysis
revealed that three small molecules and onemAb were approved
in the anti-HIV category. The approved small molecules, in
general, were combination drugs which target HIV-1 integrase
strand transfer (involves in concerted integration of viral DNA
into the host chromosomes), nucleoside and nucleotide reverse
transcriptase (reverse transcribes viral RNA into DNA for
insertion into the host DNA sequence). An anti-HIV mAb,
Ibalizumab which, targets CD4 receptors on the surface of CD4-
positive cells and prevent HIV particle entry into the
lymphocytes was approved in 2018. Influenza is an acute
respiratory disease caused by the influenza A or B virus with an
annual incidence of 3−5 million cases of severe illness and about
250,000 to 500,000 deaths worldwide.79 Baloxavir marboxil
(101), a prodrug, the hydrolysis of which results in baloxavir, is
responsible for activity against influenza A and B virus infection.
101 exerts its activity by selectively inhibiting influenza cap-
dependent endonuclease which prevents polymerase function
leading to influenza virus mRNA replication. 101 is the only new
flu drug to be approved since the 1999 approval of Roche’s
neuraminidase inhibitor oseltamivir.
Hepatitis C virus (HCV), belonging to familyHepadnaviridae,

affects around 170 million people worldwide.80 Five single and/
or combination of small-molecule drugs were approved for the
treatment of HCV between 2015 - June 2020. Most of the
approved drugs target HCV nonstructural protein 5B (NS5B),
the RNA-dependent RNA polymerase responsible for the
complete copy of the RNA viral genome, HCV nonstructural
5A (NS5A) protein involved in modulation of the host cell
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Table 7. Illustrative Compilation of U.S. FDA Approved Drugs from the Year 2015 until June 2020 for Drugs for Treating Auto-
Immune Disorders Featuring Their Indication, Year of Approval, Sponsor, Target, Chemical Class, Major Drug Metabolizing
Enzyme(s), Route of Administration/Elimination, and Drug Interactions (Perpetrator or/and Victim)¶
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interferon (IFN) response and HCV NS3/4A protein, a
membrane-targeted serine protease responsible for maturation
of the viral polyprotein.81

Cytomegalovirus and smallpox infections are caused by β-
herpesvirus (HHV-5) and variola virus, respectively. Letermovir
(93) inhibits the activity of the DNA terminase complex of
cytomegalovirus (CMV) and was approved for prophylactic
treatment of CMV infection in allogeneic hematopoietic stem
cell transplant patients. Tecovirimat (100), an inhibitor of the
orthopoxvirus VP37 envelope wrapping protein was approved
for the treatment of smallpox.82 As per theWorldMalaria Report
2018, there were 219 million cases of malaria globally in 2017
with around 4,35,000 malaria deaths.83 Artesunate 107, (2020)
was approved for the treatment of severe malaria and it generates
free radicals that inhibit the normal function of Plasmodium
parasites. Tafenoquine (96), an 8-aminoquinoline analogue of
primaquine which acts through its active moiety 5,6-
orthoquinone tafenoquine generates hydrogen peroxide and
hydroxyl radicals which further causes the parasitic death.84

Benznidazole (91) was approved in 2017 for the treatment of
Chagas disease caused by Trypanosoma cruzi in children. For
triclabendazole (105), the mechanism of action is not fully
known and is currently the only FDA-approved drug for patients
affected with fascioliasis. It is postulated to inhibit tubulin
function and synthesis of proteins and enzymes in the parasite.
Onchocerciasis (river blindness) is caused by a nematode worm,
Onchorcerca volvulus. Moxidectin (2018) which binds to the
parasite’s GABA-A and glutamate-gated chloride ion channels
was approved for the treatment of river blindness. Isavucona-
zonium (87), a second-generation triazole antifungal inhibits

the sterol 14-α-demethylase (Erg11p), and thereby disrupts the
fungal membrane integrity. 87 was approved in the year 2015 by
the FDA for the treatment of invasive aspergillosis and invasive
mucormycosis.
Majority of the drugs in this category were proved for the

treatment of bacterial and viral infections. Agreement to
Lipinski’s criteria for majority of the approved small molecules
(27) continued to be the case with anti-infective drugs. A total of
16 small molecules are metabolized through CYPs, wherein
major enzyme involved is CYP3A4 (14 out of 16) and behave as
victims when codosed with CYP3A inducer/inhibitor. For
∼70% of the small molecule drugs, peroral route has been
approved for administration and 8 drugs are approved for use
through intravenous route.
The global market size of anti-infectious agents was valued at

∼ USD 47 billion in the year 2016. The market can be broadly
segmented into HIV, malaria, hepatitis, influenza, human
Papillomavirus and tuberculosis. In 2016, the HIV segment
held the largest share followed by hepatitis therapeutics
segment.85 The major pharmaceutical companies dominating
anti-infective drug development include Merck & Co., F.
Hoffmann-La Roche Ltd., Pfizer, Johnson & Johnson Services
and GlaxoSmithKline.86

■ DRUGS FOR AUTOIMMUNE DISORDERS
Autoimmune diseases comprise more than 70 different
disorders affecting approximately 5% of the general popula-
tion.87 The autoimmune disorders are reported to be among the
10 most frequent underlying or contributory causes of mortality
in females (women have increased prevalence of autoimmune

Table 7. continued

aNo interaction reported. ¶FXR: farnesoid X receptor; IL-6: interleukin-6; IL-4: interleukin-4; IL-23: interleukin-23; JAK1: janus kinase 1; JAK2:
janus kinase 2; IFNγ: interferon gamma; S1P: sphingosine 1-phosphate; A, accelerated; B, breakthrough; O, orphan; P, priority; S, standard; PO:
peroral: IV: intravenous: SC: subcutaneous; IM: intramuscular; NAT2: N-acetyltransferase 2; CYP: cytochrome P450; UGT: UDP-
glucuronosyltransferase; P-gp: p-glycoprotein; CES: carboxylesterases; NA: not applicable; IgG: immunoglobulin G.

Journal of Medicinal Chemistry pubs.acs.org/jmc Perspective

https://dx.doi.org/10.1021/acs.jmedchem.0c01786
J. Med. Chem. 2021, 64, 2339−2381

2358

https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01786?fig=tbl7&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c01786?ref=pdf


diseases as compared with men) of all age groups with the peak
mortality rate of ∼5% between 55 and 74 years.88

Unitl 2014, there were a total of 168 new molecular entities
approved for the treatment of autoimmune diseases.89 In the last
five years, the FDA approved a total of 25 therapeutic agents
with a majority of them being mAbs (14 drugs) and one enzyme,
while small molecules contributed toward approval of 10 drugs
(Table 7 and Figure 8).
Multiple sclerosis (MS) is a chronic inflammatory disease of

the central nervous system (CNS).90 Drugs modulating
sphingosine-1-phosphate (S1P) receptors, interleukin-2 (IL-2)
receptor, and CD-20 on B lymphocytes were approved forMS in
the period of study. The S1P1 receptor family comprises five
members with effects on cell proliferation, migration and
survival, intercellular communication, vascular tone, and
endothelial barrier function.91 Two small-molecule modulators,
siponimod 134 (S1P1) and ozanimod 136 (S1P1 and S1P5),
were approved for MS in 2019 and 2020, respectively. Further,
in addition to T lymphocytes, B lymphocytes could also produce
pro-inflammatory cytokines in MS. Ocrelizumab (2017), a
second-generation recombinant humanized monoclonal IgG1
antibody that selectively targets the B lymphocytes which
express the CD20 antigen was approved for MS.92 Interleukin-2
(IL-2) and its receptor play a key role in the proliferation of
autoreactive T cells and loss of immune tolerance in MS.
Considering this rationale, daclizumab (2016), a humanized
mAb that binds to CD25, the alpha subunit of IL-2 receptors was
approved for the relapsing forms of MS. However, the drug was
withdrawn from the market in March 2018 due to safety
concerns involving inflammatory brain disorders in patients.93

Atopic dermatitis (AD) is a chronic inflammatory skin disease

characterized by strong itching resulting from amplif ied immune
response to environmental pollutants and toxins.94 The
prevalence of AD is reported to be 10.7% in children in the
United States.95 The amplified immune response is mediated by
interleukin (IL)-4 signaling through IL-4 receptor alpha
(IL4Rα), which also mediates IL-13 signaling.96 Dupilumab
(2017) acts against the interleukin-4 receptor subunit α (IL-
4Rα) of IL-4 and IL-13 receptors. The phosphodiesterase 4
(PDE4) enzyme is responsible for inflammatory cytokine
production. Crisaborole (127), a novel PDE4 inhibitor, was
approved by the FDA in 2016 through the topical route for the
treatment of moderate AD. Interleukin-23 is a key cytokine
connecting the innate and adaptive components of the immune
response.97 Elevated levels of IL-23 are related to several
autoimmune diseases including rheumatoid arthritis and
psoriasis.98 The worldwide prevalence of psoriasis is reported
to be up to 11.43% in adults. Guselkumab (2017) and
risankizumab (2018) are IL-23 antagonists and were approved
for the treatment of patients with moderate-to-severe psoriasis
for administration through the subcutaneous route. Th17 cells
are the subset of helper T cells and are reported to play a major
role in the pathology of multiple autoimmune diseases through
the production of interleukin-17. Blocking of the Th17 axis,
either by inhibition of IL-17 directly or by intercepting Th17 cell
differentiation, was considered as one of the therapeutic
strategies.99 Three IL-17A antagonists, namely, ixekizumab,
secukinumab, and brodalumab, were approved for treatment of
psoriasis in the period of study. Interleukin-6 (IL-6) is reported
to be present in higher levels in both the synovium and serum of
rheumatic arthritis (RA) patients.100 The worldwide prevalence
of RA was reported to be 0.25%.101 Sarilumab (2017), an IL-6

Figure 8. Chemical structures of small molecules used for the treatment of various autoimmune disorders approved by FDA from the year 2015 until
June 2020.
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receptor antagonist binds to soluble as well as membrane-bound
IL-6 receptors (sIL-6R and mIL-6R) and was approved for the

treatment of adult patients with moderately to severely active
RA. JAKs (intracellular tyrosine kinases) play a significant role in

Table 8. Illustrative Compilation of U.S. FDA Approved Drugs from the Year 2015 until June 2020 for Drugs for Treating
Cardiovascular Diseases Featuring Their Indication, Year of Approval, Sponsor, Target, Chemical Class, Major Drug
Metabolizing Enzyme(s), Route of Administration/Elimination, and Drug Interactions (Perpetrator or/and Victim)¶

aNo interaction reported. ¶PAH: pulmonary arterial hypertension; HCN: hyperpolarization-activated cyclic nucleotide-gated; PCSK9: proprotein
convertase subtilisin kexin type 9; FXa: factor Xa; Fab: monoclonal antibody fragment; vWF: von Willebrand factor; A, accelerated; B,
breakthrough; O, orphan; P, priority; S, standard; PO: peroral: IV: intravenous: SC: subcutaneous; CYP: cytochrome P450; UGT: UDP-
glucuronosyltransferase; P-gp: p-glycoprotein; NA: not applicable; IgG: immunoglobulin G.
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cytokine signaling pathways involving immunity and hema-
topoiesis.102 The different types of JAKs identified are JAK1,
JAK2, JAK3, and tyrosine kinase 2 (TYK2). JAK signaling
inhibition offers a novel mechanism through which a range of
cytokines can be inhibited using a small-molecule drug.
Tofacitinib (a first-generation JAK inhibitor) is a pan-JAK
inhibitor having the ability of inhibiting JAK3/1/2 and to a
minor extent TYK2, and it was approved for the treatment of
RA. Baricitinib (129), a selective JAK1 and JAK2 inhibitor, was
approved for the treatment of RA in 2018.103 Recently, second-
generation JAK inhibitors that exert a selective inhibition of
JAK1 or JAK3 have been explored.104 Upadacitinib (135) is an
oral JAK1-selective inhibitor, with a negligible effect on JAK3,
leading to an improved drug safety profile. 135was approved for
the treatment of RA in August 2019.105 Thrombocytopenia is
the most common hematologic complication in patients with
chronic liver disease defined by a platelet count below 150 000/
μL. The prevalence of thrombocytopenia in patients with
chronic hepatitis was reported to be 6%; however, a prevalence
of up to 78% was reported in cirrhotic patients.106 Immune
thrombocytopenia (ITP) is identified by immune-mediated
destruction of platelets which results in thrombocytopenia and
mucocutaneous bleeding. Thrombopoietin receptor agonists
belong to a class of platelet growth factors that mimic the action
of endogenous thrombopoietin (TPO) on megakaryocytes and
their precursors leading to promotion of their growth and
differentiation and thereby increasing platelet production.107

Avatrombopag (131) and lusutrombopag (130) were approved
in May and July 2018, respectively, for the treatment of
thrombocytopenia as a result of chronic liver disease.
Fostamatinib (133) is a small-molecule inhibitor of spleen
tyrosine kinase (Syk) and was approved in the year 2018 for the
treatment of ITP.108 Upregulation of FNγ leads to hemopha-
gocytic lymphohistiocytosis (HLH).109 Emapalumab, a mono-
clonal antibody that binds to and neutralizes interferon gamma
(IFNγ), was approved in the year 2017 for the treatment of
primary HLH in patients. Paroxysmal nocturnal hemoglobinuria
(PNH) is a rare acquired condition resulting from defective
synthesis of GPI-anchored proteins due to a somatic mutation in
the Pig-A gene in bone marrow stem cells.110,118 The true
incidence of PNH is unknown, but it was estimated at 1.5−2.0
cases per million of the population per year.111 Ravulizumab was
approved in 2018 for the treatment of PNH. Ravulizumab binds
to complement protein 5 (C5) and blocks its activation by
complement pathway convertases, thus inhibiting the formation
of the terminal complement complex.112 Lambert-Eaton
myasthenic syndrome (LEMS) is a neuromuscular junction
disorder that is characterized by the presence of autoantibodies
against P/Q type voltage-gated calcium channels, which results
in improper release of acetylcholine at presynaptic mem-
brane.113 The estimated global prevalence of LEMS is about 2.8
per million. Amifampridine, approved in 2018, is a symptomatic
treatment that increases acetylcholine concentrations at the
neuromuscular junction. Adenosine deaminase (ADA) is an
important enzyme involved in the purine salvage pathway.114

Mutation of the ADA gene results in accumulation of toxic
metabolites such as adenosine, 2’deoxyadenosine, and deoxy-
adenosine triphosphate, which further results in a form of severe
combined immunodeficiency (SCID) characterized by severe
lymphocytopenia and NK cells.115 Adenosine deaminase
deficiency is very rare with the global incidence of approximately
1 in 200 000 to 1 000 000 newborns.116 Elapegademase has the
ability to increase adenosine deaminase activity while reducing

the concentrations of toxic metabolites and was approved in
2018.117 Primary biliary cholangitis (PBC) is an autoimmune
liver disease, characterized by biliary destruction, progressive
cholestasis, and liver damage.118 Farnesoid X Receptor (FXR) is
a bile acid receptor, and its activation controls enterohepatic bile
acid homeostasis, inflammation, and fibrosis in response to liver
injury.119 Obeticholic acid (128), a FXR agonist, was approved
in 2016 for the treatment of PBC.120 Thyroid eye disease (TED)
is an autoimmune disease resulting in permanent facial
deformity. Teprotumumab (2020), directed against IGF-1R
(insulin-like growth factor-1 receptor), causes internalization
and degradation of IGF-1R, which results in ameliorating the
symptoms of thyroid eye disease.
Interestingly, 80% of the approved small molecules (8 out of

10) for the treatment of autoimmune disorders followed
Lipinski’s rule. Half of the drugs (5 out of 10) were implicated
as victims when coadministered with drugs causing modulations
in enzymes (CYP3A4, CYP2C9, and CYP2C8) and transporters
(BCRP and OAT3). Nine out of 10 small molecule drugs are
approved for use through the peroral route and only one drug is
approved through the topical route. Five mAbs are approved for
administration through the intravenous route, and nine are
approved for use through the subcutaneous route. The key
players currently involved in discovery and development of
drugs for autoimmune diseases are AbbVie, Trinity Biotech,
Biorad Laboratories, F. Hoffmann-la Roche, Inova Diagnostics
along with Johnson & Johnson, Eli Lilly & Co., Bristol Myers
Squibb, Abbott Laboratories, Pfizer, and AstraZeneca.121

■ CARDIOVASCULAR DRUGS
A report from the WHO (2019) indicated that cardiovascular
diseases (CVDs) result in a mortality of 17.9 million (31% of all
deaths worldwide) globally.122 The CVDs include cerebrovas-
cular disease, deep vein thrombosis, coronary heart disease,
rheumatic heart disease, peripheral arterial disease, congenital
heart disease, and pulmonary embolism. Among the CVDs,
heart attacks and strokes are primarily responsible for the
mortality.123 From the period of 1937− 2013, there were 201
new molecular entities approved for treatment of CVDs.124

During the last five years, a total of 15 therapeutic agents for
CVDs were approved by US FDA, with a majority of them being
small molecules (9 drugs), while macromolecules constituted
the remaining (Table 8 and Figure 9). The drugs approved
under this category are described subsequently.
A drug combination comprising of sacubitril (142) and

valsartan (141) was approved in 2015 for the treatment of
chronic heart failure.125 The combination is based on the
inhibition of neprilysin by active metabolite of 142, LBQ657,
which in turn increases the bioavailability of brain natriuretic
peptide (BNP), atrial natriuretic peptide (ANP), and c-type
natriuretic peptide (CNP), which promote vasodilation, while
the antihypertensive effect of 141 was mediated by its selective
binding to angiotensin receptor 1 (AT1) and prevents
angiotensin II from binding. Ivabradine was approved in 2015
for the management of symptomatic chronic heart failure for its
heart rate lowering effect mediated by inhibition of the cardiac
pacemaker current, a mixed sodium−potassium inward current.
Proprotein convertase subtilisin/kexin type 9 (PCSK9) is
reported to play a major role in cholesterol metabolism, by
reducing the expression of the LDL receptor.126 Nonvitamin K
antagonist oral anticoagulants (NOACs) are preferred because
of their selective action, shorter half-life, and safety.127 Edoxaban
(139) exerts its action by inhibiting factor Xa (FXa), an
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important component of the coagulation cascade, and it was
approved in 2015 for reducing the risk of embolism. Selexipag
(137), a selective prostacyclin receptor agonist, was approved
for the treatment of pulmonary arterial hypertension. Inhibition
of PCSK9 results in increased LDL cholesterol receptors with
the decrease in serum LDL cholesterol.128 Two monoclonal
antibodies alirocumab and evolocumab targeting PCSK9 were
approved in 2015 for the treatment of hypercholesterolemia.
Considering the role of Angiotensin II by causing vaso-
constriction with a resultant increase in blood pressure, first
synthetic human Angiotensin II was approved in 2017 for
increasing blood pressure in patients with septic shock.129

Emicizumab, which mimics the function of the coagulation
Factor VIII, was approved in 2017 as a prophylaxis to prevent
the frequency of episodes of bleeding patients with hemophilia
A. Tafamidis (145), a transthyretin stabilizer, was approved in
2019 to treat cardiomyopathy caused by transthyretin-mediated
amyloidosis.130 Caplacizumab, approved in 2019 for the
treatment of thrombotic thrombocytopenic purpura in con-
junction with plasma exchange, acts by targeting the A1 domain
of the ultralarge von Willebrand factor and prevents the
interaction between the von Willebrand factor and platelet
aggregation.
Almost all approved small molecules (8 out of 9) in this

category followed Lipinski’s rule. Data in Table 8 show that
some of the approved drugs (small molecule) were implicated as
victims during coadministration with other drugs causing
modulations in enzymes (CYP2C8 and CYP3A4) and trans-
porters (P-glycoprotein). The major route of administration for
small molecules cardiovascular drugs continues to be the peroral
one, and only two drugs are approved for use through the
intravenous route. Five monoclonal antibodies are approved
through the subcutaneous route, and one is approved for
administration through the intravenous route. Catabolism is
primarily responsible for the elimination of all the macro-
molecules. The cardiovascular drugs market is expected to be

dominated by North America, the United States, Canada, the
U.K., and Europe (Germany, Spain, Italy, and France). The
pharmaceutical companies such as Bristol Myers Squibb,
Abbott, AstraZeneca, Takeda, Novartis, Bayer, Roche, Glax-
oSmithKline, Daiichi Sankyo, Pfizer, Johnson & Johnson, and
Solvay SA are currently researching the discovery and
development of novel drugs for cardiovascular diseases. The
rise in diabetic patients also holds a potential role in elevating the
global cardiovascular drugs market, which is already hampered
by stringent regulations and patent expiry of numerous
blockbuster drugs in near future.131

■ DIAGNOSTIC AGENTS

Diagnostic agents are primarily used to aid in detecting
abnormalities at cellular and molecular levels.132,133 These
agents should possess high quantum yield (sensitive) and
photostability and should be expeditious to cross the cell
membrane with low or no cytotoxicity at a concentration of
investigation.134 In the late 19th century, fluorescein and
rhodamine derivatives were first reported as diagnostic agents
for bioimaging.135 The meagre photostability of these dyes
restricts their application in bioimaging applications, where
prolonged illumination is essential.136 Therefore, de novo design
and development of a safe, quick, and effective diagnostic agent
continues to be a prominent area of research.137

In the last five years, the FDA has approved eight diagnostic
agents (seven small molecules and one polymer). Fluciclovine
F18 (148), fluorodopa F18 (150), flortaucipir F18 (152), and
fluoroestradiol F18 (153) are approved for the diagnosis of
prostate cancer, Parkinsonian syndrome, Alzheimer’s disease,
and breast cancer, respectively. Two gallium-containing radio-
active diagnostic agents (147 and 151) have been approved for
the diagnosis of a neuroendocrine tumor. A general mechanism
behind these diagnostic agents lies in their uptake through the
targeted receptors present on the diseased organ; for example,
uptake of 148 will increase through L-type amino acid
transporter (LAT) receptors present on the prostate cancer
cell. The details of the approved drugs are compiled in Table 9,
and chemical structures are illustrated in Figure 10. A majority
(6 out of 7) of small-molecule diagnostic agents are approved for
use through the intravenous route, and only one is approved
through the peroral route. One polymer (Giskit) was approved
in 2019 through the intrauterine route for diagnosing fallopian
tube patency.
According to the recent market trends, the global market for

the imaging/diagnostic agents is expected to rise to $2.5 billion
USD by 2024 at a CAGR of roughly 3.1%. The diagnostic
radiopharmaceuticals are expected to grow at a rate of 3.5% with
the market to rise to $6.4 billion USD.138 The major global
market includes the United States, Europe, and Germany. Aytu
BioScience, Bayers Health Care, Bracco Diagnostic Inc.,
Curium, and Eli Lilly will be emerging key players.139

■ MISCELLANEOUS DRUGS

Drugs which could not be classified under any of the disease
areas discussed in this review are reported under this category
(<10% of the total number of approvals). A total of 25 drugs
were approved by the FDA in the last five years (20 small
molecules, 2 peptides, and 3 macromolecules). These can be
further categorized into drugs for ophthalmic disorders (6
drugs), gastrointestinal diseases (10 drugs), reproductive
disorder (3 drugs), dermatology (2 drugs), opioid withdrawal

Figure 9.Chemical structures of small molecules used for the treatment
of various cardiovascular diseases approved by FDA from the year 2015
until June 2020.

Journal of Medicinal Chemistry pubs.acs.org/jmc Perspective

https://dx.doi.org/10.1021/acs.jmedchem.0c01786
J. Med. Chem. 2021, 64, 2339−2381

2362

https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01786?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01786?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01786?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01786?fig=fig9&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c01786?ref=pdf


(1 drug), and nutrition supplements (3 drugs). The drugs
approved under these categories are briefly discussed in this
section (see Table 10 and Figure 11).
Ophthalmology. The leading causes of blindness and low

vision are primarily diseases such as age-related macular
degeneration (AMD), cataract, diabetic retinopathy, and
glaucoma.140 The global prevalence of vision impairment or

blindness is around 2.2 billion. Latanoprostene bunod (158, a
prostaglandin analogue) and Netardusil (159) are a Rho kinase
and a norepinephrine transporter inhibitor, respectively,
approved by the FDA in 2017 for patients with glaucoma or
ocular hypertension through reduction of intraocular pressure
(IOP). Lifitegrast 156 (the first lymphocyte function-associated
antigen-1 antagonist) is indicated for the treatment of dry eye

Table 9. Illustrative Compilations of U.S. FDA Approved Diagnostic Agents from the Year 2015 until June 2020 Featuring Their
Indication, Year of Approval, Sponsor, Target, Chemical Class, Major Drug Metabolizing Enzyme(s), Route of Administration/
Elimination, and Drug Interactions (Perpetrator or/and Victim)¶

aNo interaction reported. bNo information available. ¶GH: growth hormone; PS: parkinsonian syndrome; ER: estrogen receptor; A, accelerated; B,
breakthrough; O, orphan; P, priority; S, standard; IV: intravenous: SC: subcutaneous; CYP: cytochrome P450; P-gp: p-glycoprotein; NA: not
applicable; IgG: immunoglobulin G.
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disease.141 Two macromolecules, cenegermin (human nerve
growth factor; 2018) and brolucizumab (human VEGF
inhibitor; 2019) were approved for the treatment of neurotropic
keratitis and wet AMD, respectively.
Gastrointestinal Disorders. Nausea/vomiting, constipa-

tion, and irritable bowel syndrome (IBS) broadly constitute
functional gastrointestinal disorders (FGID) and are the three
conditions for which nine new molecular entities were approved
from the year 2015 until June 2020. FGID are reported to cause
a serious reduction in the quality of life of people, which in turn
put a huge impact on health care worldwide.142 Discovering
drugs for treating FGID are challenging as these are complex
conditions, and the pathophysiology is affected by multiple
factors including genetic predispositions, infection, chronic
stress, and psychological symptoms.143 Drugs approved for
nausea and vomiting in this period are rolapitant (154) and
amisulpride (169), which act as substance P/NK1 receptor
antagonist and D2 antagonist, respectively. Chemotherapy-
induced nausea and vomiting (CINV) is the most devastating
side effect of chemotherapy in cancer patients.144 Akynzeo, a
combination of fosnetupitant (171) and palonosetron (172),
was approved in 2018 through the intravenous route by the FDA
because of its ability to prevent both nausea and vomiting
associated with cancer chemotherapy. Irritable bowel syndrome
(IBS) affects the large intestine, which results in diarrhea or
constipation or both.145 Eluxadoline (155) is a mixed opioid
receptor agonist (Mu) and antagonist (delta) used for treating
patients with diarrhea-predominant IBS.146 Another drug,
tenapanor (167), was the first sodium/hydrogen exchanger
isoform 3 (NHE3) transporter inhibitor. It was approved for the
treatment of constipation-predominant irritable bowel syn-
drome (IBS-C). Chronic idiopathic constipation (CIC)
accounts for the global prevalence of 14% and is more common
in women.147 Three drugs, namely, plecanatide, prucalopride,
and lactitol, were introduced into the market for CIC in this

period. Plecanatide and lactitol (170) accelerate GI transit
through the increased intestinal fluid.148 Prucalopride (165a) is
a selective 5-HT4 stimulator in the GI tract and increases
intestinal motility by releasing acetylcholine.149 The main
advantage of prucalopride is that it has no interaction with the
hERG channel or 5-HT1 receptors, which further reduces the
cardiovascular risk. Opioids are known to cause constipation
through inhibition of gastric emptying and peristalsis.150 By
antagonizing opioid receptors, naldemedine (157) inhibits
opioid-induced constipation.151 The tryptophan hydroxylase
inhibitor xermelo (160) was approved for the treatment of
carcinoid syndrome diarrhea in the year 2017.
The key players of global gastrointestinal drugs market are

Takeda Pharmaceuticals, Allergan Plc, Novo Nordisk, AstraZe-
neca Plc, and AbbVie.152

Nutrition Supplements. Iron deficiency is one of the most
common nutritional disorders prevalent in women and children
that could result in restless legs syndrome (RLS), impaired
cognitive function, fatigue, diminished quality of life, and
infertility.153 Accrufer (161; ferric maltol), approved in July
2019, is a novel, stable, nonsalt-based oral treatment for adults
with iron deficiency. A calorie supplement (fish oil triglycerides
and triheptanoin) was also approved in this study period.

Dermatology. Acne vulgaris is the inflammatory disease
characterized by the formation of pustules, comedones, nodules,
cysts, and/or papules, due to obstruction and inflammation of
pilosebaceous units.154 The market size of global acne drugs was
around USD $4.1 billion in 2017. Two small-molecule drugs,
sarecycline (165) and tifarotene (163), were approved by the
FDA for acne vulgaris treatment during the study period.

Reproductive Disorders. Annovera (a combination of
segesterone acetate 173 and ethinyl estradiol 174) was approved
for the prevention of pregnancy in 2018.155 Elagolix sodium
(2018), a GnRH receptor antagonist, which reduces the levels of

Figure 10. Chemical structures of diagnostic agents approved by FDA from the year 2015 until June 2020.
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Table 10. Illustrative Compilation of U.S. FDA Approved Drugs from the Year 2015 until June 2020 for Drugs for Treating
Miscellaneous Drugs Featuring Their Indication, Year of Approval, Sponsor, Target, Chemical Class, Major Drug Metabolizing
Enzyme(s), Route of Administration/Elimination, and Drug Interactions (Perpetrator or/and Victim)¶
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estrogen, was approved for the management of pain associated
with endometriosis.156

Around 70% of the approved small molecules under the
miscellaneous category (14 out of 20) followed Lipinski’s rule of
5. Evaluation of DDI data of these drugs revealed a majority of
them are classified as victims (5 out of 20) when dosed along
with CYP3A inhibitors and inducers. Three drugs are classified
as perpetrators based on their role of the substrate to P-gp,
OATP1B1, and BCRP.

■ ANALYSIS OF APPROVED DRUGS

As per a report by the Global Burden of Disease (WHO),
noncommunicable diseases are expected to be responsible for 7
out of 10 deaths in developing nations. Further, stroke,
cardiovascular, respiratory, and neurological disorders along
with cancer are the major causes of mortality worldwide. In line
with the trend of anticancer drugs leading the total number of
approvals, the highest number of approved drugs in any single
year was also for this dreaded disease (i.e., 16 in the year 2018).

Neurological disorders with high unmet medical need accorded
the next spot with 11 approvals in the year 2019. Further,
considering the ongoing viral pandemic due to Covid-19, drug
approvals for infectious and respiratory diseases are expected to
rise along with more immunotherapies coming into the market
in the foreseeable future.
While the focus of research on large molecules is steadily

increasing across the pharmaceutical industry and the number of
approvals in this area have increased, the data suggest that during
the study period, more than 2/3rd of the approved drugs were
small molecules. Approvals for TIDES that include peptides and
nucleotides have also increased in the past five years or so, and
overall, their contribution is∼10% of the total approvals. Among
the macromolecules, the major share has been taken by mAbs
followed by enzymes and oligonucleotides. Most of the biologics
have been approved for the treatment of cancer followed by
autoimmune and cardiovascular diseases.
An interesting observed trend during the study period was the

increased number of approvals with the pricier “orphan drug”

Table 10. continued

aNo interaction reported. bNo information available. ¶NK1: neurokinin 1; LFA-1: lymphocyte function-associated antigen-1; CGPR: calcitonin
gene-related peptide receptor; GnRH: gonadotropin-releasing hormone; VEGF: vascular endothelial growth factor; RAR: retinoic acid receptors;
NHE3: sodium/hydrogen exchanger 3; D2: dopamine-2; A, accelerated; B, breakthrough; O, orphan; P, priority; S, standard; IV: intravenous: SC:
subcutaneous; CYP: cytochrome P450; P-gp: p-glycoprotein; IgG: immunoglobulin G.
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Figure 11. Chemical structures of miscellaneous drugs approved by the FDA from the year 2015 until June 2020.

Figure 12. Bar graph represents approved FDA drugs with orphan status from the year 2015 until June 2020.
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tag, which are used for the treatment, prevention, or diagnosis of
a rare disease. Until 2015, a total of 281 orphan drugs were
approved, consisting primarily of biologics (60%). The number
of “orphan drug” approvals during the last five years (total
approvals: 106) have almost doubled compared with the
preceding five years, that is, 2010−2014 (total approvals: 56).
Figure 12 illustrates orphan status versus the total number of
approved drugs for different therapeutic areas during the study
period. Cancer and metabolic disorders had the maximum
number and percent share as orphan drugs.
Further, the major route of administration for the approved

drugs during the study period was oral (53%) followed by
intravenous (26%) and subcutaneous (14%) routes. Because of
ease of administration and increased patient compliance, the
oral route continues to be the preferred one. This is in line with a
published report which tracked the routes of drug admin-
istration for 37 years starting from 1980 to 2017 and concluded
that the oral delivery route (62%)makes the largest contribution
to pharmaceutical products.157 With increasing contribution
from macromolecules including TIDES in the development
pipeline and obvious challenges with the oral delivery of these
compounds, the percentage of drugs that can be administered
through the oral route has started to show a decline, and the
overall trend is expected to remain similar in the near future
though. The major route of administration of macromolecules
might continue to be subcutaneous or intravenous.
Structural Diversity of Pharmacophores of FDA

Approved Drugs. The assessment of 164 FDA approved
small-molecule data sets of the last five years (Figure 13)

indicates a high percentage of N-heterocycles (88%) and
aromatic scaffolds (87%), followed by the chiral molecules
(63%). The representation of oxygen heterocycles (26%) was
less than nitrogen counterparts, and this situation was consistent
as observed until 2014158 and later in 2017.159 As expected, the
share of sulfur-containing drugs (39) was approximately 6.5
times higher than phosphorus counterparts (6), which in turn
was 2 times higher than boron counterparts (3). Sulfur was
constituted either as sulfate, sulfonate, or a heterocyclic ring
system.160−162 In the recent past, a significant positive effect of
fluorine has been observed through its strategic introduction
into an aliphatic or aromatic system on drug potency and target

selectivity by modulating physicochemical parameters and drug
metabolism.163−166 The authors have noticed that FDA
approved 38 drugs containing one or more fluorine atoms on
the aromatic ring system (excluding − CF3 or other
combination) in the last five years. Further, the 18F isotope
owing to its optimum and favorable half-life (109.8 min) as
compared to other isotopes such as 11C (20.4 min) and 124I (4.2
days) is better utilized in positron emission tomography
(PET).167 On the basis of this fact, 4 drugs were approved by
the FDA but limited to the diagnosis of cancer only. Further, the
literature supports that strategic replacement of hydrogen with
deuterium in a drug, in general, reduces the metabolism and
toxicity, stabilizes unstable stereoisomers, and increases
bioactivation and thus could be explored further in addition to
elucidation of mechanism. However, the FDA approved only
one drug (e.g., 59) for the treatment of choreas associated with
Huntington’s disease in the last five years. Pirali et al. recently
discussed the possible issues with the development and
approvals of deuterium-based drugs in a Perspective.168

Recently, deucravacitinib (BMS-986165), a selective tyrosine
kinase 2 allosteric inhibitor has exhibited the convincing clinical
trial results.169 It is expected that the number of FDA approvals
for deuterium containing drugs may rise in the coming years.
Recently, medicinal chemists are engaged in exploring boron-

based small molecules owing to Lewis acid properties of boron
which makes it reactive toward nucleophiles of enzymes, nucleic
acid, and carbohydrates.170−172 FDA approved three boron-
containing compounds: two pertaining to a class of boronic
acids (2 and 117) and one in the benzoxaborole class (i.e., 127).
Boronic acids act as transition state analogues for enzymes such
as proteases and lactamases and therefore are successful in
inhibiting them (Figure 14A).173,174 Ixazomib citrate (177), a

citrate ester of boronic acid (prodrug), gets hydrolyzed into free
boronic acid metabolite (Figure 14B; 2), which inhibits
proteasome subunit beta type-5 (PSMB5) and produced the
anticancer effect.175

117 is the first boron-containing non-β-lactam but β-
lactamase inhibitor of serine β-lactamases approved by the
FDA.174 The presence of boron provides the ability to “morph”
between sp2 and sp3 hybridization states, leading to enzyme
inhibition.173 127 was approved for atopic dermatitis, and
chemically it is a benzoxaborole having a boronic acid hemiester
with a phenolic ether. The presence of the boron atom facilitates

Figure 13. Breakdown of U.S. FDA approved small molecules (2015−
June 2020). Figure 14. (A) Boronic acids act as transition state analogues for

enzymes; (B) Prodrug activation of ixazomib.
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its skin penetration. Mechanistically, 127 inhibits PDE4B
selectively by binding of boron to the bimetal center of the
PDE4B.176

Nitro-Containing Drugs. Development of nitro-based
drugs especially with nitroaromatic and heteroaromatic
compounds is challenging because of the association of
mutagenicity and genotoxicity.177,178 However, discovery
scientists were successful in inducing selective toxicity via
bioreduction of nitro functionality by enzymes leading to the
killing of bacteria, parasites, or tumor cells.179 The U.S. FDA
approved a total of six nitro containing drugs in the last five
years. 71, a nitro-catechol, was approved for the treatment of PD
to increase the blood concentration of levodopa. It inhibits
COMT and its nitro-catechol motif coordinates with Mg2+ ion,
and its nitro group is aligned toward protonated Lys144 favoring
electrostatic interactions between them.180 91, a 2-nitro-
imidazole derivative, was approved for the treatment of Chagas
disease using the Accelerated Approval pathway. It is believed to
inhibit protozoal growth because of parasite DNA damage
induced as a result of electrophilic metabolites produced by
reduction of a nitro group by nitroreductases inside the
parasite.181,182 FDA approved 92, a 5-nitroimidazole compound
and structurally similar to metronidazole and tinidazole, as an
anti-infective. The mechanism of action is similar to other
nitroimidazoles. However, the drug possesses a better
pharmacokinetic profile in the class.183 106, a nitroimidazopyran
derivative, was approved as an antitubercular against drug-
resistant hypoxic, nonreplicating Mycobacterium tuberculosis by
FDA.184,185 It disrupts mycolic acid synthesis, which is a major
constituent of the cell envelope of themycobacterium.However,
Singh et al. illustrated an alternate mechanism of action via
deazaflavin-dependent nitroreductase (Ddn) that reduces the
drug (hydride ion transfer as the first step) into the
corresponding des-nitroimidazole (179, des-nitro; a major
metabolite) along with the production of HNO2. The reduction
is unlike single-electron reduction of other nitroimidazoles and
is driven by flavin-dependent F420 - nitroreductases (Ddn). The
released HNO2 would quickly decompose into NO and other
reactive nitrogen intermediates leading to the killing of
mycobacterium (Figure 15).186 Another NO-releasing drug,

158, was approved by the FDA for the treatment of glaucoma.
Mechanistically, upon activation by corneal esterases, the drug is
transformed into latanoprost acid and butanediol mononitrate,
which liberates NO. Latanoprost acid increases humor outflow
through metalloproteinase, while NO induces vasodilation.187

In the anticancer category, 12, a nitro-containing pyrrolopyr-
idine, was approved for the treatment of CLL or SLL via Bcl-2
inhibition.188

Nitrogen Heterocycles. We further evaluated nitrogen
heterocycles to learn about their frequency in the FDA approved
drugs during the last five years as they share a high percentage in
FDA approved data set of small molecules (Figure 16). It was
interesting to note that until the year 2014, piperidine and
pyridine were the first and second most frequent nitrogen
heterocycles, respectively, in the FDA approved drugs.189

However, our results reveal that pyridine is the most common
nitrogen heterocycle among the small molecules. Piperidine and
piperazine are the second and third most common nitrogen
heterocycles, respectively. Whereas, pyrimidine and pyrazole
hold the fourth position followed by indole (Figure 16A). We
further observed that benzimidazole, 4-quinolinone, azetidine,
thiazole, and triazole were the next most frequent nitrogen
heterocycles (Figure 16B). Hiesinger et al. discussed various
synthetic routes, and medicinal chemistry aspects of spirocyclic
scaffolds of drug molecules in their recent Perspective.190 Figure
16C depicts the three important spiro N-heterocycles in the data
set of approved drugs.

Analysis of Chemical Space. Next, we analyzed chemical
space of FDA approved drugs considering their six molecular
properties: molecular weight (MW), topological polar surface
area (TPSA), number of rotatable bonds (nROTB), hydrogen
bond donors (nHBDon), hydrogen bond acceptors (nHBAcc)
and the octanol−water partition coefficient (AlogP), and
molecular similarity (Tanimoto coefficient). The analysis was
performed using the Platform for Unified Molecular Analysis
(PUMA, version 1),191 and data are compiled in Tables S1−S3
and Figure S1−S3 (see SI).
The MW analysis revealed that anticancer drugs approved in

the year 2015−16 have statistically broader distribution (SD:
108.80, 384.78), which further got narrower with the preceding
years with a median molecular weight (440−492 g/mol) in
2018−20 as compared with former years. The average mean
computed for the MW of anticancer agents was 503.72 g/mol
during the analysis period. However, the mean MW was 347.31
g/mol in the case of neurological drugs and was within the range

Figure 15. Bioactivation of pretomanid.

Figure 16. (A) Top five most frequent nitrogen heterocycles in the
FDA approved drugs (2015−June 2020); (B) Other common N-
heterocycle in the drugs; (C) Spiro nitrogen heterocycles in the drugs.
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of cut-offs defined by Levin (400 g/mol) andWaterbeemd (450
g/mol) to facilitate BBB penetration.192,193 Next, the drugs for
metabolic disorders also hovered over a range ofMW (227−438
g/mol) with an averagemean of 365.84 g/mol. Further, only one
drug as a small molecule was approved in the respiratory drug
(inhalation route) category during the analysis period with an
MW of 597.33, which was above the Lipinski cutoff. This could
be the reason that high MW drugs are preferred for respiratory
diseases to avoid side effects with the CNS.194 The anti-infective
drugs were also found to possess a broad deviation in MW, with
an average MW of 478.04 g/mol during the period. Altman’s
report suggested that most antibiotics with MW of 500 g/mol
are susceptible to drug resistance.195 Newer antibiotics
approved by the FDA, particularly in 2015 and 2018, had an
average mean MW ranging from 564 to 631 g/mol. Further, the
drugs for autoimmune and cardiovascular disorders exhibited a
broader MW deviation with a mean MW of 433.11 and 484.78
g/mol, respectively.
Many variants of Lipinski’s rule question molecular weight

cutoff for≤500 g/mol and have led to the acceptable variation of
the current rule (e.g., Veber rule), which considers the TPSA
and nROTB to distinguish between orally active and inactive
drugs. According to this rule, compounds meeting the
requirement of ≤140 Å2 TPSA and 10 or fewer rotatable
bonds are predicted to possess good oral bioavailability, which
could negatively impact intestinal absorption if exceeded.196

TPSA analysis assists in improving cellular potency, oral
absorption, and BBB permeation.197 The TPSA analysis of
anticancer drugs approved during 2015−20 revealed that drugs

abide by TPSA norms with an average mean of 103.97 Å2.
Further, TPSA analysis of neurological drugs revealed a value
less than 90 Å2 (recommended for CNS drugs)198 with an
average mean of 66.17 Å2. Interestingly, TPSA analysis of anti-
infective drugs yielded a higher value of 131.88 Å2 (mean value)
than observed until 2014 for marketed antibacterial agents (117
Å2).199 This could be correlated with the increased MW of anti-
infective agents during this period. Further, cardiovascular drugs
possessed a higher TPSA of 140.13 Å2, increasing their
peripheral circulation and avoiding BBB permeability.
The next parameter we considered was nROTB, which

estimates drug candidate flexibility and helps determine oral
bioavailability.200 The average mean nROTB was found within
the recommended value for all the drug categories analyzed.
Next, we analyzed the trend for nHBDon and nHBAcc. Almost
all drugs in numerous categories lie within a region of Lipinski-
type acceptor and donor values with mean values of 2.33 and
7.88 for nHBDon and nHBAcc, respectively.
Another parameter (i.e., AlogP) was considered over ClogP as

it takes into account local hydrophobicity, molecular hydro-
phobicity maps, and hydrophobic interactions common in
drug−receptor complexes. The acceptable range for AlogP lies
in between −0.4 to +5.6 as per the Ghose filter.201 Our analysis
revealed an average AlogP of 0.390 for drugs approved during
the investigation period. However, neurological drugs exhibited
least AlogP (−0.009) because of high permeability requirements
and the tendency to cross the BBB.
To deduce the molecular similarity, understand chemical

diversity, and fingerprint drugs approved during the analysis

Figure 17.Three-dimensional representation illustrating the outcome of chemical space visualized on PUMA using the “Chemical Space” tab for FDA
approved drugs during 2015−June 2020. The 3D graphs signify correlation between (A) MW with TPSA and nROTB, (B) MW with nHBDon and
nHBAcc, (C) TPSA with nHBDon and nHBAcc, and (D) nROTB with nHBDon and nHBAcc.
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period (2015−20), we employed the Tanimoto algorithm (SI;
Figure S2). The algorithm is used to compare the chemical
structures possessing a similar subset of fingerprints. Two
chemical structures are considered similar if they possess the
Tanimoto coefficient (T) > 0.85.202 The analysis of drugs
approved in 2015 revealed: anticancer drugs portrayed chemo-
type similarity with all other drug categories; anti-infectives were
found to show similarity with cardiovascular drugs, and
metabolic drugs possessed similarity to neurological drugs.
The year 2017 witnessed chemotype similarity between
anticancer and metabolic disorders drug categories. Analysis of
the year 2018 indicated: chemotype similarity of anticancer
drugs with drugs for respiratory disorders and anti-infective
agents; cardiovascular drugs exhibited similarity with neuro-
logical drugs. The year 2019 again witnessed the molecular
similarity of anticancer drugs with all other drug categories.
Further, drugs approved for metabolic disorders also exhibited
high T values with cardiovascular and autoimmune disorders
drugs. Considering 2020, high T values were found for
anticancer drugs with all other drug categories except metabolic
and anti-infective drugs.
Next, we drew a comparison of molecular descriptors based

on routes of drug administration of small-molecule drugs. The
thorough statistical analysis (SI; Table S2 and Figure S3)
revealed that drugs intended for intravenous, inhalation, and
intramuscular routes exhibited higher MW with a mean of
599.36, 597.33, and 659.32, respectively. As per data available,
the mean MW of orally bioavailable drugs approved until 2014
was 449 g/mol.203 The data during the current analysis (the year
2015−20) suggested that mean MW increased slightly and was
458.59 g/mol (SI; Figure S3). TPSA analysis revealed that
intravenous drugs possessed the highest mean value of 204.83
Å2. An interesting trend was seen in the AlogP parameter. Drugs
administered via topical (0.68), ocular (0.26), inhalation (0.49),
and subcutaneous (0.29) routes portrayed highermean AlogP to
avoid their systemic absorption. However, mean AlogP values

were less for drugs administered through intramuscular (−1.75)
and intravenous (−2.71) routes for their quick and better
systemic tolerability.
Furthermore, we observed a good correlation between MW

and TPSA (0.802991) and a medium to low correlation in the
case of MW and nROTB (0.745) and TPSA and nROTB
(0.673) (Figure 17A). The key outliers were lutathera, Ibsrela,
giapreza, and venclexta with significantly high values of the
descriptors employed (SI, Table S3). The analysis also predicted
aristada and vyzulta to possess high nROTB values (>20). A low
correlation was observed between MW and nHBDon (Figure
17B; 0.641). However, a good correlation was observed between
MW and nHBAcc (0.8581) and nHBDon and nHBAcc (0.750).
Next, we explored the correlation of TPSA with nHBDon and
nHBAcc. The analysis revealed a strong correlation (Figure
17C) of TPSA with nHBDon (0.842) and nHBAcc (0.912).
However, correlations of nROTB with nHBDon and nHBAcc
emerged to be 0.580 and 0.697, respectively (Figure 17D).
Lutathera and giapreza were found to be major outliers. A low
negative correlation was observed in the case of MWwith AlogP
(−0.4167) and TPSA with AlogP (−0.609). The analysis
indicated that high MW drugs were having high values of TPSA
and are likely to be absorbed to a lesser extent by the oral route.
Further, if the polarity of the drug candidate is reduced,
transcellular routes will dominate and improve fractional
absorption.

Antibody−Drug Conjugates (ADCs). Further, chemical
investigation of five FDA approved ADCs in cancer therapeutic
indicated the mAb was conjugated with a cytotoxic compound
via a linker (Figure 18). The antibody−drug conjugation was
accomplished either through C−S (sacituzumab govitecan,
enfortumab vedotin, and polatuzumab vedotin), C−N (in-
otuzumab ozogamicin), or C−C (fam-trastuzumab deruxtecan)
bond formation depending upon the type of linker (6-
maleimidohexanoyl linked to the N-amino of Val-Cit, carbon-

Figure 18. Chemical structures of FDA approved antibody−drug conjugates (2015−June 2020).
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yl-containing carboxylic acid, or maleimide group in deruxte-
can).
Drug-likeness. The approved drugs were analyzed for a

parameter usually applied for small molecules to predict the
probability for a compound’s success during development (i.e.,
Lipinski’s rule of 5 (RO5)). Considering the current study
(Figure 19), out of 164 approved small-molecule drugs, more
than 3/4th of the approved drugs follow the RO5. This indicates
that even after 23 years of its inception, Lipinski’s rule continues
to be an indicator of the probability of success for a new chemical
entity.
Drug Metabolism. Understanding drug metabolism via

structure-metabolism relationship studies based on chemical or
enzymatic pathways provides ample opportunities to medicinal
chemists for performing design strategies to overcome high
clearance (e.g., in sonidegib and trifluridine, when a benzylic
methyl group is identified as ametabolic soft spot and is replaced
with the −CF3 group), using deuterium replacement to further
optimize a lead (59), and implementing prodrug approaches to
circumvent formulation and delivery difficulties (101 and 50)
for lead optimization with an aim to deliver clinical candidates.
These could be either having new chemical templates with
bioisosteric replacements or in the form of prodrugs overcoming
the issues related to pharmacokinetic, pharmacodynamics, and
safety profiles. We summarized few strategies for optimizing
metabolism utilized in the discovery of some FDA approved
drugs (Figure 20) of the mentioned period. For example,
replacement of hydrogen of tetrabenzine (180) with deuterium
(59) offered increased metabolic stability toward CYP2D6,
increased half-life, and reduced clearance.168 Likewise, insertion
of the m-trifluoromethyl phenyl group (e.g., 96) in primaquine
(181) imparted resistance to enzymatic cleavage by CYPs and
thus considerably reduced toxicity.204 Furthermore, several
more examples and the strategies utilized for optimizing their
metabolism205−211 are illustrated in Figure 20.
We also attempted to analyze the percentage share of various

metabolic enzymes, such as CYPs, UGTs, AO, and so on,
involved in the metabolism of the drugs approved from 2015 to

June 2020 by the U.S. FDA (Figure 21). CYP-mediated
metabolism continues to be the leading pathway for elimination
of majority of small molecules.
Only two drugs, 46 and 7, have been approved in this study

period that were metabolized by AO. Because of high
interspecies variability and challenges associated with selection
of appropriate animal species for toxicology studies, many
innovator pharmaceutical companies have tried to avoid
progressing any compound for which AO contributes
significantly to the clearance.212 Mostly, nucleases are involved
in the metabolism of oligonucleotides, and catabolism continues
to be the primary pathway for the elimination of macro-
molecules.
Prodrugs commonly have functional groups of esters, amides,

phosphates, carbonates, or carbamates which are mostly cleaved
enzymatically in the body. 133 (a phosphate prodrug; designed
to increase solubility of parent) has been approved for the
treatment of chronic immune thrombocytopenia and is cleaved
through alkaline phosphatase to release the parent, R406.213,214

Drug−Drug Interaction Potential. Around the world, a
large number of the patient population consumes two or more
drugs concomitantly, and hence, there is a possibility of
occurrence of DDI. DDIs could be driven by altered
pharmacodynamics through the additive, synergistic, or
antagonistic therapeutic effect or pharmacokinetics through
alteration in inhibition/induction of drug-metabolizing enzymes
or transporters.215

The term “perpetrator” is used to imply the drug that is
responsible for theDDI, while “victim” or “substrate” implies the
drug that is being interacted with. In metabolic inhibition, the
perpetrator impairs the clearance of the victim drug, systemic
exposure increases, and the clinical concern is toxicity. With
metabolic induction, clearance of the victim increases, systemic
exposure decreases, and the clinical concern is lack of efficacy.
Figure 22 depicts data on the number of victims and perpetrators
from drugs approved for various therapeutic categories during
the study period.

Figure 19. Bar graph represents percent of approved FDA drugs from the year 2015 until June 2020, following and not following Lipinski’s Rule.
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Figure 20. continued
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Diseases such as cancer, neurological disorders, and infections
have a significant number of approved drugs with DDI potential.
Moreover, it is pertinent to note here that the majority of the

drugs for neurological disorders have a narrow therapeutic
window, and hence, the potential impact of DDI could be even
higher. One of the challenges with clinical DDI studies that are
performed regularly during the new drug development is their
inability to decipher all the potential DDIs because of
polymorphism of drug-metabolizing enzymes, genetic variations
among populations, patient-to-patient variability due to altered
physiology, and so on. Terfenadine and cisapride are examples of
victims that were withdrawn from the market postapproval due
to significant DDIs.216,217 The classical anticoagulant warfarin is
another example of a victim, which is reported to have severe
interactions with multiple marketed drugs.218

■ SUMMARY

In conclusion, we have comprehensively discussed the U.S. FDA
approved drugs and compiled them according to the year of
approval, target, chemical class, Lipinski criteria (for small
molecules), and potential DDI liability (perpetrator or/and
victim) for the last five years or so. The analysis of drugs
indicated that the major share of approved drugs belongs to
cancer therapeutics. This could be due to the continuous focus

Figure 20. An illustration showing several strategies utilized for optimizing metabolism leading to discovery of clinical candidates.

Figure 21. Percentage of the drugs approved in the study period
(2015−June 2020)metabolized by various drug-metabolizing enzymes.
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on finding the treatment and improving the life expectancy or
quality of life for cancer patients. Improved understanding of
cancer biology is certainly helpful in finding novel therapies;
however, a lot in this area still remains to be understood,
especially the spectrum of genetic mutations. Infectious diseases
continue to be an area of interest due to the rise of microbial and
bacterial resistance and deadly viral diseases such as Covid-19. In
the near future, significant efforts are anticipated to be directed
in the areas of cancer and infectious diseases. Drugs for the
treatment of noncommunicable diseases including but not
limited to neurological, genetic, metabolic, autoimmune, and
cardiovascular disorders contributed significantly to the
approved drugs in the past five years, and because of high
unmet medical need in these areas, the trend is likely to
continue. Our analysis of structural diversity of pharmacophores
revealed that in a data set of small molecules, the percentage and
frequency of nitrogen heterocycles continue to rise, of which
pyridine is the most common nitrogen heterocycle among the
small molecules, followed by piperidine and piperazine. The
assessment indicated that drugs with a strategic introduction of
groups, such as nitro for inducing bioreductive cytotoxicity,
boron for enhancing reactivity toward nucleophiles of enzymes,
nucleic acid and carbohydrates or fluorine on aromatic moiety/
deuterium for hindering metabolism, induce potency or as
diagnostics were approved. The descriptor-based chemical space
analysis of FDA approved small molecules could be used for a
wide range of endeavors including drug design, drug
repurposing, SAR studies, and improving pharmacokinetic
parameters. We deliberated approaches that demonstrated a
few innovative strategies for optimizing drug metabolism,
leading to the drug candidates that could be considered to
design new drugs.
Further, the examination of biologics indicated that there had

been a rise in approvals of ADCs and TIDES in addition to
mAbs, particularly in cancer therapeutics. It is anticipated that
the cost of new drug discovery and development will continue to
rise, and the median cost is estimated to be upward of USD $2
billion. With a greater number of drugs of biological origin being

developed, the cost could go further northwards. Technologies
like artificial intelligence and machine learning would help
increase the efficiency of the drug discovery engine and make it
quicker and cost-effective.
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(134) Wünsch, U. J.; Murphy, K. R.; Stedmon, C. A. Corrigendum:
Fluorescence quantum yields of natural organic matter and organic
compounds: Implications for the fluorescence-based interpretation of
organic matter composition. Front. Mar. Sci. 2016, 3, 9.
(135) Kristoffersen, A. S.; Erga, S. R.; Hamre, B.; Frette, Ø. Testing
fluorescence lifetime standards using two-photon excitation and time-
domain instrumentation: Fluorescein, quinine sulfate and green
fluorescent protein. J. Fluoresc. 2018, 28, 1065−1073.
(136) Reisch, A.; Klymchenko, A. S. Fluorescent polymer nano-
particles based on dyes: Seeking brighter tools for bioimaging. Small
2016, 12, 1968−92.
(137) Grayson, K. J.; Anderson, J. L. R. Designed for life:
Biocompatible de novo designed proteins and components. J. R. Soc.,
Interface 2018, 15, 20180472.
(138) Nuclear medicine equipment market by product (spect (hybrid
spect, standalone spect), hybrid pet, & planar scintigraphy), application
(cardiology, oncology & neurology) & by end user (hospitals, imaging
centers) - global forecasts to 2020. https://www.marketsandmarkets.
com/Market-Reports/nuclear-medicine-equipment-market-
242495651.html (accessed Jun 30, 2020).
(139) Imaging agents: Global market trajectory and analytics. https://
www.researchandmarkets.com/reports/338860/imaging_agents_
global_market_trajectory_and (accessed Nov 24, 2020).
(140) Nowak, M. S.; Smigielski, J. The prevalence of age-related eye
diseases and cataract surgery among older adults in the city of lodz,
poland. J. Ophthalmol. 2015, 2015, 605814.
(141) Abidi, A.; Shukla, P.; Ahmad, A. Lifitegrast: A novel drug for
treatment of dry eye disease. J. Pharmacol. Pharmacother. 2016, 7, 194−
198.
(142) Mearin, F.; Malfertheiner, P. Functional gastrointestinal
disorders: Complex treatments for complex pathophysiological
mechanisms. Dig. Dis. 2018, 35, 1−4.
(143) Sanger, G. J.; Chang, L.; Bountra, C.; Houghton, L. A.
Challenges and prospects for pharmacotherapy in functional gastro-
intestinal disorders. Ther. Adv. Gastroenterol. 2010, 3, 291−305.
(144) Ryan, J. L. Treatment of chemotherapy-induced nausea in
cancer patients. Eur. Oncol. 2010, 6, 14.

Journal of Medicinal Chemistry pubs.acs.org/jmc Perspective

https://dx.doi.org/10.1021/acs.jmedchem.0c01786
J. Med. Chem. 2021, 64, 2339−2381

2379

https://dx.doi.org/10.3390/molecules22010134
https://dx.doi.org/10.3390/molecules22010134
https://dx.doi.org/10.1155/2014/698313
https://dx.doi.org/10.1371/journal.pone.0208240
https://dx.doi.org/10.1371/journal.pone.0208240
https://dx.doi.org/10.2147/DDDT.S100302
https://dx.doi.org/10.2147/DDDT.S100302
https://dx.doi.org/10.1007/s40265-017-0723-3
https://dx.doi.org/10.1038/nrd.2017.201
https://dx.doi.org/10.1038/nrd.2017.201
https://dx.doi.org/10.1007/s40265-019-01211-z
https://dx.doi.org/10.4084/mjhid.2017.019
https://dx.doi.org/10.4084/mjhid.2017.019
https://dx.doi.org/10.1177/2040620719841735
https://dx.doi.org/10.1177/2040620719841735
https://dx.doi.org/10.1007/s40265-018-0927-1
https://dx.doi.org/10.1016/j.berh.2014.03.002
https://dx.doi.org/10.1016/j.berh.2014.03.002
https://dx.doi.org/10.1097/00005792-199703000-00001
https://dx.doi.org/10.1097/00005792-199703000-00001
https://dx.doi.org/10.1182/blood-2014-02-522128
https://dx.doi.org/10.1007/s40265-019-01068-2
https://dx.doi.org/10.1016/S1474-4422(11)70245-9
https://dx.doi.org/10.1016/S1474-4422(11)70245-9
https://dx.doi.org/10.1016/S1474-4422(11)70245-9
https://dx.doi.org/10.1001/jama.2018.21321
https://dx.doi.org/10.1001/jama.2018.21321
https://dx.doi.org/10.3389/fped.2018.00272
https://dx.doi.org/10.3389/fped.2018.00272
https://dx.doi.org/10.3389/fped.2018.00272
https://dx.doi.org/10.1186/s13023-018-0807-5
https://dx.doi.org/10.1186/s13023-018-0807-5
https://dx.doi.org/10.1038/s41587-019-0052-z
https://dx.doi.org/10.1016/S1089-3261(05)70098-2
https://dx.doi.org/10.1016/S1089-3261(05)70098-2
https://dx.doi.org/10.3390/ijms19072069
https://dx.doi.org/10.1007/s40265-016-0616-x
https://dx.doi.org/10.1007/s40265-016-0616-x
https://www.globenewswire.com/news-release/2020/01/27/1975808/0/en/Global-Autoimmune-Treatment-Market-is-Expected-to-Reach-USD-7-95-Billion-by-2025-Fior-Markets.html
https://www.globenewswire.com/news-release/2020/01/27/1975808/0/en/Global-Autoimmune-Treatment-Market-is-Expected-to-Reach-USD-7-95-Billion-by-2025-Fior-Markets.html
https://www.globenewswire.com/news-release/2020/01/27/1975808/0/en/Global-Autoimmune-Treatment-Market-is-Expected-to-Reach-USD-7-95-Billion-by-2025-Fior-Markets.html
https://www.globenewswire.com/news-release/2020/01/27/1975808/0/en/Global-Autoimmune-Treatment-Market-is-Expected-to-Reach-USD-7-95-Billion-by-2025-Fior-Markets.html
https://dx.doi.org/10.1161/CIR.0000000000000659
https://dx.doi.org/10.1161/CIR.0000000000000659
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://dx.doi.org/10.1016/j.drudis.2014.09.001
https://dx.doi.org/10.1016/j.drudis.2014.09.001
https://dx.doi.org/10.1161/CIRCULATIONAHA.115.018622
https://dx.doi.org/10.1161/CIRCULATIONAHA.115.018622
https://dx.doi.org/10.1002/hep.22354
https://dx.doi.org/10.1002/hep.22354
https://dx.doi.org/10.1002/hep.22354
https://dx.doi.org/10.2147/TCRM.S84210
https://dx.doi.org/10.2147/TCRM.S84210
https://dx.doi.org/10.2147/TCRM.S84210
https://dx.doi.org/10.2147/TCRM.S84210
https://dx.doi.org/10.5551/jat.RV17012
https://dx.doi.org/10.5551/jat.RV17012
https://dx.doi.org/10.2147/TCRM.S150434
https://dx.doi.org/10.2147/TCRM.S150434
https://dx.doi.org/10.1007/s11886-017-0911-5
https://dx.doi.org/10.4172/2168-9547.1000193
https://dx.doi.org/10.4172/2168-9547.1000193
https://dx.doi.org/10.1586/14737159.2016.1132163
https://dx.doi.org/10.1586/14737159.2016.1132163
https://dx.doi.org/10.1021/ar500370v
https://dx.doi.org/10.1021/ar500370v
https://dx.doi.org/10.1021/ar500370v
https://dx.doi.org/10.3389/fmars.2016.00009
https://dx.doi.org/10.3389/fmars.2016.00009
https://dx.doi.org/10.3389/fmars.2016.00009
https://dx.doi.org/10.3389/fmars.2016.00009
https://dx.doi.org/10.1007/s10895-018-2270-z
https://dx.doi.org/10.1007/s10895-018-2270-z
https://dx.doi.org/10.1007/s10895-018-2270-z
https://dx.doi.org/10.1007/s10895-018-2270-z
https://dx.doi.org/10.1002/smll.201503396
https://dx.doi.org/10.1002/smll.201503396
https://dx.doi.org/10.1098/rsif.2018.0472
https://dx.doi.org/10.1098/rsif.2018.0472
https://www.marketsandmarkets.com/Market-Reports/nuclear-medicine-equipment-market-242495651.html
https://www.marketsandmarkets.com/Market-Reports/nuclear-medicine-equipment-market-242495651.html
https://www.marketsandmarkets.com/Market-Reports/nuclear-medicine-equipment-market-242495651.html
https://www.researchandmarkets.com/reports/338860/imaging_agents_global_market_trajectory_and
https://www.researchandmarkets.com/reports/338860/imaging_agents_global_market_trajectory_and
https://www.researchandmarkets.com/reports/338860/imaging_agents_global_market_trajectory_and
https://dx.doi.org/10.1155/2015/605814
https://dx.doi.org/10.1155/2015/605814
https://dx.doi.org/10.1155/2015/605814
https://dx.doi.org/10.4103/0976-500X.195920
https://dx.doi.org/10.4103/0976-500X.195920
https://dx.doi.org/10.1159/000485407
https://dx.doi.org/10.1159/000485407
https://dx.doi.org/10.1159/000485407
https://dx.doi.org/10.1177/1756283X10369922
https://dx.doi.org/10.1177/1756283X10369922
https://dx.doi.org/10.17925/EOH.2010.06.02.14
https://dx.doi.org/10.17925/EOH.2010.06.02.14
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c01786?ref=pdf


(145) McQuade, R. M.; Stojanovska, V.; Abalo, R.; Bornstein, J. C.;
Nurgali, K. Chemotherapy-induced constipation and diarrhea:
Pathophysiology, current and emerging treatments. Front. Pharmacol.
2016, 7, 414.
(146) Garnock-Jones, K. P. Eluxadoline: First global approval. Drugs
2015, 75, 1305−10.
(147) Black, C. J.; Ford, A. C. Chronic idiopathic constipation in
adults: Epidemiology, pathophysiology, diagnosis and clinical manage-
ment. Med. J. Aust. 2018, 209, 86−91.
(148) Eswaran, S.; Guentner, A.; Chey, W. D. Emerging
pharmacologic therapies for constipation-predominant irritable bowel
syndrome and chronic constipation. J. Neurogastroenterol. Motil. 2014,
20, 141−51.
(149) Tack, J.; van Outryve, M.; Beyens, G.; Kerstens, R.;
Vandeplassche, L. Prucalopride (resolor) in the treatment of severe
chronic constipation in patients dissatisfied with laxatives. Gut 2009,
58, 357−65.
(150) Khansari, M.; Sohrabi, M.; Zamani, F. The useage of opioids
and their adverse effects in gastrointestinal practice: A review. Middle
East J. Dig. Dis. 2013, 5, 5.
(151) Coluzzi, F.; Scerpa, M. S.; Pergolizzi, J. Naldemedine: A new
option for oibd. J. Pain Res. 2020, 13, 1209−1222.
(152) Global gastrointestinal drugs market research report. https://
www.marketresearchfuture.com/reports/gastrointestinal-drugs-
market-558 (accessed Nov 24, 2020).
(153) Jimenez, K.; Kulnigg-Dabsch, S.; Gasche, C. Management of
iron deficiency anemia. Gastroenterol. Hepatol. 2015, 11, 241−250.
(154) Ogé, L. K.; Broussard, A.; Marshall, M. D. Acne vulgaris:
Diagnosis and treatment. Arch. Dermatol. Res. 2019, 100, 475−484.
(155) FDA approves new vaginal ring for one year of birth control.
https://www.fda.gov/news-events/press-announcements/fda-
approves-new-vaginal-ring-one-year-birth-control#:~:text=The%20U.
S.%20Food%20and%20Drug,used%20for%20an%20entire%20year.
(accessed Aug 28, 2020).
(156) Lamb, Y. N. Elagolix: First global approval. Drugs 2018, 78,
1501−1508.
(157) Zhong, H.; Chan, G.; Hu, Y.; Hu, H.; Ouyang, D. A
comprehensive map of fda-approved pharmaceutical products.
Pharmaceutics 2018, 10, 263.
(158) Das, P.; Delost, M. D.; Qureshi, M. H.; Smith, D. T.;
Njardarson, J. T. A survey of the structures of us fda approved
combination drugs. J. Med. Chem. 2019, 62, 4265−4311.
(159) Delost, M. D.; Smith, D. T.; Anderson, B. J.; Njardarson, J. T.
From oxiranes to oligomers: Architectures of us fda approved
pharmaceuticals containing oxygen heterocycles. J. Med. Chem. 2018,
61, 10996−11020.
(160) Pathania, S.; Narang, R. K.; Rawal, R. K. Role of sulphur-
heterocycles in medicinal chemistry: An update. Eur. J. Med. Chem.
2019, 180, 486−508.
(161) Beno, B. R.; Yeung, K. S.; Bartberger, M. D.; Pennington, L. D.;
Meanwell, N. A. A survey of the role of noncovalent sulfur interactions
in drug design. J. Med. Chem. 2015, 58, 4383−438.
(162) Scott, K. A.; Njardarson, J. T. Analysis of US FDA-approved
drugs containing sulfur atoms. In Sulfur Chemistry; Jiang, X., Ed.; Topics
in Current Chemistry Collections; Springer: 2019; pp 1−34.
(163) Gillis, E. P.; Eastman, K. J.; Hill, M. D.; Donnelly, D. J.;
Meanwell, N. A. Applications of fluorine in medicinal chemistry. J. Med.
Chem. 2015, 58, 8315−59.
(164) Johnson, B. M.; Shu, Y. Z.; Zhuo, X.; Meanwell, N. A.Metabolic
and pharmaceutical aspects of fluorinated compounds. J. Med. Chem.
2020, 63, 6315−6386.
(165) Park, B. K.; Kitteringham, N. R.; O’Neill, P. M. Metabolism of
fluorine-containing drugs. Annu. Rev. Pharmacol. Toxicol. 2001, 41,
443−70.
(166) Meanwell, N. A. Fluorine and fluorinated motifs in the design
and application of bioisosteres for drug design. J. Med. Chem. 2018, 61,
5822−5880.

(167) Le Bars, D. Fluorine-18 and medical imaging: Radiopharma-
ceuticals for positron emission tomography. J. Fluorine Chem. 2006,
127, 1488−1493.
(168) Pirali, T.; Serafini, M.; Cargnin, S.; Genazzani, A. A.
Applications of deuterium in medicinal chemistry. J. Med. Chem.
2019, 62, 5276−5297.
(169) Wrobleski, S. T.; Moslin, R.; Lin, S.; Zhang, Y.; Spergel, S.;
Kempson, J.; Tokarski, J. S.; Strnad, J.; Zupa-Fernandez, A.; Cheng, L.;
Shuster, D.; Gillooly, K.; Yang, X.; Heimrich, E.; McIntyre, K. W.;
Chaudhry, C.; Khan, J.; Ruzanov, M.; Tredup, J.; Mulligan, D.; Xie, D.;
Sun, H.; Huang, C.; D’Arienzo, C.; Aranibar, N.; Chiney, M.;
Chimalakonda, A.; Pitts, W. J.; Lombardo, L.; Carter, P. H.; Burke, J.
R.; Weinstein, D. S. Highly selective inhibition of tyrosine kinase 2
(tyk2) for the treatment of autoimmune diseases: Discovery of the
allosteric inhibitor bms-986165. J. Med. Chem. 2019, 62, 8973−8995.
(170) Fernandes, G. F. S.; Denny, W. A.; Dos Santos, J. L. Boron in
drug design: Recent advances in the development of new therapeutic
agents. Eur. J. Med. Chem. 2019, 179, 791−804.
(171) Lesnikowski, Z. J. Challenges and opportunities for the
application of boron clusters in drug design. J. Med. Chem. 2016, 59,
7738−58.
(172) Yang, W.; Gao, X.; Wang, B. Boronic acid compounds as
potential pharmaceutical agents. Med. Res. Rev. 2003, 23, 346−368.
(173) Krajnc, A.; Lang, P. A.; Panduwawala, T. D.; Brem, J.; Schofield,
C. J. Will morphing boron-based inhibitors beat the beta-lactamases?
Curr. Opin. Chem. Biol. 2019, 50, 101−110.
(174) Hecker, S. J.; Reddy, K. R.; Totrov, M.; Hirst, G. C.;
Lomovskaya, O.; Griffith, D. C.; King, P.; Tsivkovski, R.; Sun, D.; Sabet,
M. Discovery of a cyclic boronic acid β-lactamase inhibitor (rpx7009)
with utility vs class a serine carbapenemases. J. Med. Chem. 2015, 58 (9),
3682−3692.
(175) Shirley, M. Ixazomib: First global approval. Drugs 2016, 76,
405−11.
(176) Paton, D. Crisaborole: Phosphodiesterase inhibitor for
treatment of atopic dermatitis. Drugs Today 2017, 53, 239−245.
(177) Rosenkranz, H. S.; Mermelstein, R. Mutagenicity and
genotoxicity of nitroarenes: All nitro-containing chemicals were not
created equal. Mutat. Res., Rev. Genet. Toxicol. 1983, 114, 217−267.
(178) Singh, P. K.; Negi, A.; Gupta, P. K.; Chauhan, M.; Kumar, R.
Toxicophore exploration as a screening technology for drug design and
discovery: Techniques, scope and limitations. Arch. Toxicol. 2016, 90,
1785−1802.
(179) Nepali, K.; Lee, H. Y.; Liou, J. P. Nitro-group-containing drugs.
J. Med. Chem. 2019, 62, 2851−2893.
(180) Palma, P. N.; Bonifacio, M. J.; Loureiro, A. I.; Soares-Da-Silva,
P. Computation of the binding affinities of catechol-o-methyltransfer-
ase inhibitors: Multisubstate relative free energy calculations. J. Comput.
Chem. 2012, 33, 970−986.
(181) Rajao, M. A.; Furtado, C.; Alves, C. L.; Passos-Silva, D. G.; de
Moura, M. B.; Schamber-Reis, B. L.; Kunrath-Lima, M.; Zuma, A. A.;
Vieira-Da-Rocha, J. P.; Garcia, J. B. F.; et al. Unveiling benznidazole’s
mechanism of action through overexpression of DNA repair proteins in
trypanosoma cruzi. Environ. Mol. Mutagen. 2014, 55, 309−321.
(182) Maya, J. D.; Cassels, B. K.; Iturriaga-Vaśquez, P.; Ferreira, J.;
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