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Abstract: Fluorine is characterized by high electronegativity and small atomic size, which provide
this molecule with the unique property of augmenting the potency, selectivity, metabolic stability, and
pharmacokinetics of drugs. Fluorine (F) substitution has been extensively explored in drug research
as a means of improving biological activity and enhancing chemical or metabolic stability. Selective F
substitution onto a therapeutic or diagnostic drug candidate can enhance several pharmacokinetic
and physicochemical properties such as metabolic stability and membrane permeation. The increased
binding ability of fluorinated drug target proteins has also been reported in some cases. An emerging
line of research on F substitution has been addressed by using 18F as a radiolabel tracer atom in
the extremely sensitive methodology of positron emission tomography (PET) imaging. This review
aims to report on the fluorinated drugs approved by the US Food and Drug Administration (FDA)
from 2016 to 2022. It cites selected examples from a variety of therapeutic and diagnostic drugs.
FDA-approved drugs in this period have a variety of heterocyclic cores, including pyrrole, pyrazole,
imidazole, triazole, pyridine, pyridone, pyridazine, pyrazine, pyrimidine, triazine, purine, indole,
benzimidazole, isoquinoline, and quinoline appended with either F-18 or F-19. Some fluorinated
oligonucleotides were also authorized by the FDA between 2019 and 2022.

Keywords: fluorinated drugs; radiolabeled fluoro-pharmaceuticals; fluorinated oligonucleotides;
diverse biological activities

1. Introduction

Organo-fluorinated drugs have been one of the most rapidly growing classes of organic
compounds over the last 20 years [1–11]. The role of fluorine in the design of pharmaceu-
tical drugs [12–24], agrochemicals, and specialty materials is widely recognized [25–29].
Fluoro-pharmaceuticals [3] are compounds of diverse nature containing at least one fluorine
atom or a fluorinated functional group (e.g., trifluoromethyl, CF3). These pharmaceuti-
cals have accounted for an estimated 20% of commercialized medications in recent years.
Florinef acetate, the first fluoro-pharmaceutical, was introduced into the market in 1954
(Figure 1a). Florinef acetate is a corticosteroid synthesized with a fluorine atom in the stere-
ogenic 9 position. It has strong mineralocorticoid properties as well as high glucocorticoid
activity, and it is used to treat adrenogenital syndrome, adrenal insufficiency, and postural
hypotension [30]. Fluoroquinolones (new quinolones) were released in the 1980s and they
are another historically significant group of fluoro-pharmaceuticals (Figure 1b). Fluoro-
quinolones are effective antibacterial agents because they inhibit the activity of DNA gyrase
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and topoisomerase. This mechanism of action is fundamentally different from that of lac-
tam antibiotics such as penicillin, cephalosporin, and antibacterial sulfa drugs. The number
of fluoro-pharmaceuticals to receive FDA approval has continuously increased over the
last two decades owing to the success of fluorinated corticosteroids and fluoroquinolones.
Almost 300 fluoro-pharmaceuticals have been registered worldwide [30–32].
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Several factors can explain the high occurrence of fluoro-organic molecules in medica-
tions. First and foremost, given that the fluorine (F, van der Waals radius of 1.47 Å) atom
is slightly larger than the hydrogen (H, van der Waals radius of 1.20 Å) atom, it does not
significantly alter the parent structure when H is replaced by F in a drug candidate [33].
Second, the C–F bond is the strongest link that carbon can make and it often boosts the
metabolic stability of fluoro-pharmaceuticals. Third, as the most electronegative element
(3.98), F causes bond polarization, which can affect the lipophilicity/hydrophilicity balance
of a compound. Finally, F is a moderate hydrogen acceptor and the hydrogen bond-
accepting analogy would imply a carbonyl moiety, which is especially pertinent given
that the dipoles of C–F and C–O are sometimes comparable. Although the combination of
these distinct features of F has a minor impact on the absorption, distribution, metabolism,
and excretion of therapeutic candidates, these effects are likely to be complex and require
further attention [34,35].

According to probability theory, the constant success of fluoro-pharmaceuticals im-
plies that, for medicinal chemists, choosing fluoro-organic compounds is a viable method
to considerably reduce the chance of unsuccessful trial-and-error attempts during drug
discovery [36].

Drug discovery is a difficult, high-risk, expensive, and time-consuming process, with
a success rate for small compounds estimated at 1/20,000 or 1/30,000 [36]. Although
significant progress has been made in this field thanks to computer-aided approaches such
as molecular modeling, these methods are still too immature for successful drug design, as
evidenced by surprising failures in subsequent clinical phases [37].

In this review article, we profile the 60 fluorinated drugs approved by the FDA between
2016 and 2022 and discuss their structures, biological properties, distribution, and removal
mechanisms for each one.

2. FDA-Approved Fluorinated (F-18) Radiolabeled Drugs

The development and progress of positron emission tomography (PET) imaging agents
labeled with the radionuclide F-18 for uses spanning from fundamental research to clinical
imaging have evolved rapidly. F-18 is the most appealing PET radionuclide for labeling
small molecules because F can be easily incorporated without interfering with the biolog-
ical activity of a compound, and the 110 min physical half-life of F-18 allows sufficient
time for labeling, purification, quality control, and regional distribution to PET centers
without on-site radiosynthetic capabilities. These 18F-labeled tracers have been utilized
to image a variety of metabolic and biochemical processes related to cancer, Alzheimer’s
disease, Parkinson’s disease, and cardiovascular illnesses. The most widely used radio-
pharmaceutical is 18F-fluoro deoxyglucose (FDG), which can indicate glucose absorption
and energy use in diverse cells and has applications in oncology and neuroscience. FDG,
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like glucose, is taken up into cells by glucose transporters and is phosphorylated at the
1-position by hexokinase. However, after rapid phosphorylation, FDG-6-phosphate cannot
be metabolized further because the F atom in position 2 prevents this, resulting in it being
retained within the cell. Therefore, the intracellular FDG concentration is proportional to
the glucose utilization of the tissue [38,39]. This is useful in oncology because tumor cells
have a faster glycolytic rate and, hence, absorb FDG more actively than healthy cells.

FDG-PET can be used in clinical contexts such as initial diagnosis, assessment of
response to therapy, and detection of recurrence. Lung nodules, non-small-cell lung
carcinomas, lymphomas, melanomas, colorectal malignancies, and head and neck tumors
are the tumor types most commonly studied with FDG-PET [40]. This technique has also
been used in research and clinical practice to quantify cerebral glucose metabolism [41].
In clinical neurology, PET imaging can be used to perform differential diagnosis, define
pathophysiological changes in the course of a disease, monitor illness, and also for follow-
up purposes. FDG-PET can detect impaired glucose metabolism in a variety of disorders,
including Alzheimer’s disease, Creutzfeldt–Jakob disease, and epilepsy [42]. Between 2016
and 2022, the FDA approved the following five fluorinated drugs containing F-18.

2.1. Flortaucipir F-18

Flortaucipir F-18 is a small lipophilic tracer capable of crossing the blood–brain barrier
and binding to aggregated tau proteins. It is used in PET imaging for the diagnosis of
Alzheimer’s disease (Table 1). Flortaucipir F-18 received medical approval for use in the US
in May 2012. In the diagnosis of Alzheimer’s disease in adults, this radioactive tracer is used
to image aggregated neurofibrillary tangles (NFTs) using PET. Patients who are receiving
treatment for chronic traumatic encephalopathy should not use this drug. Flortaucipir
F-18 rapidly penetrates the blood–brain barrier, circulates in the body, and binds to NFTs.
After binding, the subsequent radioactive decay releases pairs of 511 keV gamma rays that
are useful for imaging diagnostics. Alzheimer’s disease is diagnosed using the pattern
and intensity of emission during imaging. The kidneys are the primary organs through
which flortaucipir F-18 is removed. The original drug and four uncharacterized metabolites
were first studied in mice. All metabolites were discovered in the kidneys and liver, except
metabolite 2, which was detected only in the liver. Patients who overdose are more likely to
experience severe side effects such as headaches and elevated blood pressure. It is advised
to take symptomatic and supportive measures. Flortaucipir F-18 has an estimated half-life
in plasma of 17.0 +/− 4.2 min [43].

Table 1. FDA-Approved Fluorinated (F-18) Radiolabeled Drugs.

Name Structure Mode of Action/Uses References

Flortaucipir F-18
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Table 1. Cont.

Name Structure Mode of Action/Uses References
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2.2. Fluciclovine F-18

Fluciclovine F-18 is a synthetic amino acid that detects the upregulation of amino
acid transport, especially in prostate cancer (Table 1). It is used for the identification of
suspected sites of prostate cancer and it provides signals in 3 to 5 min.

Its miniature shape facilitates its uptake by tumor cells through its amino acid trans-
porter without interacting with the body’s metabolic system. An individual suspected of
having prostate cancer is expected to show an increased level of blood-specific prostate anti-
gens. The overexpressed L-type amino acid transporters LAT1 and LAT3, which respond
to binding with essential amino acids, play a significant role in the tumoral mechanisms
of cell proliferation. Fluciclovine F-18 is transported into prostate cancer cells via ASCT1
(Alanine Serine Cysteine Transporter 1) and LAT1 (Large neutral amino acid transporter)
injected intravenously. When an environment is acidic, the primary function of LAT1 is
boosted. When injected into a human, fluciclovine F-18 takes roughly 2 to 10 min to reach
the target cells. Additionally, within 90 min of the injection, a 63% reduction in mean
tumor size is achieved. This drug is distributed throughout various organs such as the liver
(14%), bone marrow (12%), lungs (7%), myocardium (4%), and pancreas (3%). The major
characteristic of fluciclovine F-18 is that it is incapable of binding to plasma proteins and
it does not participate in the synthesis of new proteins. Regarding its removal, 3% of the
dose is eliminated through urine in the first four hours post-injection and 5% in the next
twenty-four hours. One of the primary merits of fluciclovine F-18 is that it has the potential
to be mutagenic but not carcinogenic [44].

2.3. Fluorodopa F-18

A fluorinated analogue of levodopa called fluorodopa F-18 is used in PET diagnostics
to assess Parkinsonian disorders (Table 1). Used in conjunction with other diagnostic tests,
fluorodopa F-18 PET is primarily utilized to visualize dopaminergic nerve terminals in the
striatum. Aromatic amino acid decarboxylase (AADC) of the striatum converts fluorodopa
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F-18 to fluorodopamine F-18. Monoamine oxidase (MAO) continues to break down flu-
orodopa F-18 to produce 18F. Urine removes about 80% of the radiation that is injected.
Following intravenous dosing, this drug has a plasma half-life of between 1 and 3 h [45].

2.4. Fluoroestradiol F-18

In May 2020, fluoroestradiol F-18 received FDA approval for use in patients with
recurrent or metastatic breast cancer (Table 1). Fluoroestradiol F-18 is a radioactive diagnos-
tic agent used in PET imaging for the detection of estrogen receptor-positive lesions as a
supplement to biopsy. The drug can be absorbed by any tumor cell that expresses estrogen
receptors, including those that originate in the uterus or the ovaries. In vivo ER expression
can be measured using 18F-fluoroestradiol PET, and its effectiveness as a predictive assay
and indicator of in vivo pharmacodynamic response to endocrine therapy has been estab-
lished in clinical studies. Only 10% of the total activity of fluoroestradiol F-18 at 2 h after
delivery is related to the parent drug, which is highly extracted and degraded by the liver.
Urinary and biliary excretion are the main methods of elimination. Unbound metabolites,
primarily glucuronide and sulphate conjugates, are released in the bile, reabsorbed by
enterohepatic circulation, and subsequently eliminated through the kidneys [46].

2.5. Piflufolastat F-18

For the diagnosis of metastatic or recurring prostate cancer, piflufolastat F-18 is “a
radiopharmaceutical diagnostic agent” used in PET to scan for PSMA-positive tumors
(Table 1). Although the most frequent non-cutaneous tumor affecting men in North America
is prostate cancer, visualizing the size and location of tumor metastases and recurrences
remains an obstacle in the treatment of this disease. While MRI and CT scans provide more
detail, PET images are more sensitive and can detect malignant tissue in any part of the
body. Piflufolastat 18F, commonly known as 18F-DCFPyL, is a radiopharmaceutical made
of urea that binds to PSMA and makes malignant prostate tissue visible. Under the trade
name Pylarify, it received FDA approval for the first time in May 2021 to enable earlier and
more precise diagnosis of probable prostate cancer metastases [47].

3. FDA-Approved Fluorinated Oligonucleotide Drugs

In addition to F-containing small molecules, in recent years, the FDA has approved
(2019–2022) four oligonucleotides: vutrisiran (polyneuropathy of hereditary transthyretin-
mediated amyloidosis in adults); inclisiran (atherosclerotic cardiovascular disease and
familial hypercholesterolemia); lumasiran (hyperoxaluria type 1); and givosiran (acute
hepatic porphyria). These four drugs share a similar structure (Figure 2): a double-stranded
siRNA, with around 20 ribonucleosides for the sense and antisense strands (Table 2). They
have a total of six thiophosphate linkages, as well as several 2′-F-ribonucleoside units
to improve the stability of the double strand [48]. The remaining ribonucleosides are
2′-methoxy. With the same idea of increasing the stability, the 3′ end is linked to a short
dendrimer of N-acetylgalactosamine (GalNAc) to mediate the binding and internalization
of the drug by hepatocytes [49–51].

Table 2. FDA-Approved Fluorinated Oligonucleotide Drugs.

Name Mode of Action with Therapeutic Uses References

Givosiran 5-aminolevulinic acid synthase-directed small interfering RNA (siRNA) used in the
prophylaxis of acute hepatic porphyria. [51]

Inclisiran PCSK9-targeting siRNA that lowers plasma LDL cholesterol levels. [49]

Lumasiran siRNA that silences hydroxyacid oxidase 1 for the treatment of primary hyperoxaluria type 1. [50]

Vutrisiran Transthyretin-directed siRNA used to treat polyneuropathy associated with hereditary
transthyretin-mediated amyloidosis. [48]
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4. FDA-Approved Fluorinated Heterocyclic/Carbocyclic Drugs

The presence of numerous heterocyclic rings in natural products such as alkaloids,
vitamins, antibiotics, peptides, etc., prompted the introduction of these motifs in synthetic
pharmaceuticals [52,53]. As a result, heterocycles are regarded important scaffolds for the
synthesis of physiologically active molecules and potential drugs [54,55]. Pyrrole, pyrroli-
dine, pyrrolidine-2,5-dione, imidazole, pyrazole, triazole, pyridine, piperidine, pyrimidine,
pyrazine, triazine, quinoline, indole, and associated analogues are the most frequent hete-
rocyclic cores found in bioactive compounds. Indeed, heterocyclic moieties are found in
around 85% of bioactive chemicals [56]. On the other hand, the inclusion of F atoms in
pharmaceuticals introduced another essential tool for drug design in the second half of the
twentieth century [57–59].

Since the introduction of the first fluorocorticosteroid, namely fludrocortisone, in
1954 [9], the fluorinated drug market has grown exponentially, with these medicines ac-
counting for 20% of those on the market, and approximately 30% of them becoming block-
busters, such as Lipitor, Fluoxetine, Linezolid, and Fluticasone [59]. Over 300 fluorinated
medicines have been approved for use as drugs to date [57]. The success of the introduction
of F atoms is linked to the peculiar physicochemical properties of the C–F bond [60], namely
its high bond strength, polarity, and minimal steric hindrance of F [61], combined with
general metabolic stability, which is still being studied [62]. For example, the introduction
of F allows researchers to readily modulate the pKa of neighboring functions, thereby
enhancing bioavailability and affinity to certain receptors [63,64].

Furthermore, due to the high electronegativity of F, monofluorination or trifluo-
romethylation of alkyl groups reduces the lipophilicity of drugs. Fluoro-arenes, on the
other hand, are more lipophilic due to the reduced polarizability of the C–F bond [65].
Moreover, the inclusion of an F atom improves membrane permeability [66]. Fluorinated
drugs are especially important because they are used as diagnostic tools in imaging proce-
dures such as 19F-MRI and 18F-PET [67–69], as mentioned in Section 2. Given the direct link
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between fluorinated moieties and heterocycles, a subclass of fluorinated heterocycles was
established, which combines the strength of these two key scaffolds in modern medicinal
chemistry. Fluorinated carbocyclic drugs are also available but these are in very small
number as compared to fluorinated heterocyclic drugs.

The fluorinated heterocyclic/carbocyclic drugs approved by the FDA during 2016–2022
are reported in Table 3.

Table 3. FDA-Approved Fluorinated Heterocyclic/Carbocyclic Drugs.

Name Structure Mode of Action References

Abemaciclib
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Elagolix
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Gonadotropin-releasing hor-
mone receptor antagonist 

(GnRH) 
[88] Gonadotropin-releasing hormone

receptor antagonist (GnRH) [87]
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Eravacycline
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Eravacycline 

 

Binds to the bacterial riboso-
mal 30S subunit [93] Binds to the bacterial ribosomal

30S subunit [92]
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Isocitrate dehydrogenase-1 
(IDH1) inhibitor  [96] Isocitrate dehydrogenase-1

(IDH1) inhibitor [95]
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Pharmaceuticals 2023, 16, x FOR PEER REVIEW 32 of 121 
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N N

N N
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OH

O

 

Tropomyosin receptor kinase 
(Trk) inhibitor [97] Tropomyosin receptor kinase

(Trk) inhibitor [96]



Pharmaceuticals 2023, 16, 1162 12 of 50

Table 3. Cont.

Name Structure Mode of Action References

Lasmiditan

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 33 of 121 
 

 

Lasmiditan 

 

High-affinity serotonin (5-
HT) 1F receptor agonist [88] High-affinity serotonin (5-HT) 1F

receptor agonist [87]

Lemborexant

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 34 of 121 
 

 

Lemborexant 

F

O

N
N

N N

F
O

H

 

OX1R and OX2R antagonist [98] OX1R and OX2R antagonist [97]

Letermovir

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 35 of 121 
 

 

Letermovir 

 

DNA terminase CMV com-
plex inhibitor  [99] DNA terminase CMV

complex inhibitor [98]

Lorlatinib

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 36 of 121 
 

 

Lorlatinib 

 

Tyrosine kinase inhibitor [100] Tyrosine kinase inhibitor [99]

Lumateperone

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 37 of 121 
 

 

Lumateperone 

 

Receptor antagonist of 5-
HT2A receptor and antagonist 
of several dopamine recep-

tors (D1, D2, and D4) 

[101] 
Receptor antagonist of 5-HT2A

receptor and antagonist of several
dopamine receptors (D1, D2,

and D4)

[100]



Pharmaceuticals 2023, 16, 1162 13 of 50

Table 3. Cont.

Name Structure Mode of Action References

Melphalan
flufenamide

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 38 of 121 
 

 

Melphalan flufenamide 

 

Peptidase-enhanced cyto-
toxic (PEnC) [102] Peptidase-enhanced cytotoxic

(PEnC) [101]

Netupitant

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 39 of 121 
 

 

Netupitant 

 

Selective neurokinin 1 (NK1) 
receptor antagonist  [101] Selective neurokinin 1 (NK1)

receptor antagonist [100]

Osilodrostat

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 40 of 121 
 

 

Osilodrostat 

 

Cortisol synthesis inhibitor [103] Cortisol synthesis inhibitor [102]

Pexidartinib

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 41 of 121 
 

 

Pexidartinib 

 

Tyrosine kinase inhibitor [104] Tyrosine kinase inhibitor [103]

Pibrentasvir

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 42 of 121 
 

 

Pibrentasvir 

 

NS3/4A and an NS5A inhibitor [95] NS3/4A and an NS5A inhibitor [94]

Pralsetinib

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 43 of 121 
 

 

Pralsetinib 
N
H

O

N N
N

F

O

N

N

NH

NH
N

 

Kinase inhibitor [105] Kinase inhibitor [104]
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Pretomanid

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 44 of 121 
 

 

Pretomanid 

 

Inhibitor of cell wall biosyn-
thesis via blockage of the oxi-
dation of hydroxymycolate 

to ketomycolate 

[73] 
Inhibitor of cell wall biosynthesis
via blockage of the oxidation of

hydroxymycolate to ketomycolate
[72]

Pimavanserin

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 45 of 121 
 

 

Pimavanserin 

 

Serotonin 5-HT2A receptor an-
tagonist [106] Serotonin 5-HT2A

receptor antagonist [105]

Relugolix

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 46 of 121 
 

 

Relugolix 

 

Nonpeptide GnRH receptor 
antagonist [107] Nonpeptide GnRH

receptor antagonist [106]

Ripretinib

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 47 of 121 
 

 

Ripretinib 

 

Protein kinase inhibitor [108] Protein kinase inhibitor [107]

Rucaparib

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 48 of 121 
 

 

Rucaparib 

 

Polymerase inhibitor [109] Polymerase inhibitor [108]

Selinexor

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 49 of 121 
 

 

Selinexor 

 

Selective nuclear transport 
(SINE) inhibitor [110] Selective nuclear transport

(SINE) inhibitor [109]
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Selumetinib

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 50 of 121 
 

 

Selumetinib 

 

Selective MEK 1 and MEK 2 
inhibitor [111] Selective MEK 1 and
MEK 2 inhibitor [110]

Siponimod

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 51 of 121 
 

 

Siponimod 

 

Sphingosine 1-phosphate re-
ceptor (S1P) modulator [112] Sphingosine 1-phosphate receptor

(S1P) modulator [111]

Sofosbuvir

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 52 of 121 
 

 

Sofosbuvir 

 

Hepatitis C NS5B protein in-
hibitor [113] Hepatitis C NS5B protein inhibitor [112]

Sotorasib

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 53 of 121 
 

 

Sotorasib 

 

KRAS G12C inhibitor [114] KRAS G12C inhibitor [113]

Tafenoquine

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 54 of 121 
 

 

Tafenoquine 

 

Antiparasitic agent [115] Antiparasitic agent [114]

Talazoparib

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 55 of 121 
 

 

Talazoparib 

 

PARP1/2 enzyme inhibitor [116] PARP1/2 enzyme inhibitor [115]
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Tecovirimat

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 56 of 121 
 

 

Tecovirimat 

 

Orthopoxvirus VP37 inhibi-
tor [117] Orthopoxvirus VP37 inhibitor [116]

Telotristat Ethyl

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 57 of 121 
 

 

Telotristat Ethyl 

 

Tryptophan hydroxylase in-
hibitor [118] Tryptophan hydroxylase inhibitor [117]

Tezacaftor

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 58 of 121 
 

 

Tezacaftor 

 

CFTR potentiator [89] CFTR potentiator [88]

Ubrogepant

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 59 of 121 
 

 

Ubrogepant 

 

CGRP antagonist [115] CGRP antagonist [114]

Umbralisib

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 60 of 121 
 

 

Umbralisib 

 

Kinase inhibitor [119] Kinase inhibitor [118]
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Upadacitinib

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 61 of 121 
 

 

Upadacitinib 

 

Selective Janus kinase-1 
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5. Therapeutic Indications
5.1. FDA-Approved Fluorinated Anticancer Drugs

F has perhaps never been more significant in medicinal chemistry than in the devel-
opment of anticancer drugs. Isanbor and O’Hagan [122] reviewed fluorinated anticancer
agents thoroughly, and Be’gue’ and Bonnet-Delpon [123] addressed fluorinated natural
product anticancer agents. For cancer treatment, a growing number of fluorinated antimi-
totic/antitumor drugs are currently on the market [124–127]. 5-FU has been widely used
to treat skin malignancies, as well as a wide range of solid tumors, including breast, col-
orectal, and stomach cancers. Fluorinated adenosine antimetabolites, such as fludarabine,
clofarabine, and tezacitabine, are DNA polymerase inhibitors that can be used to treat a
range of malignancies [128]. The following fluorinated drugs have recently been approved
by the FDA.

5.1.1. Abemaciclib

Abemaciclib was authorized by the FDA in September 2017 to treat metastatic breast
cancer (Table 4). The cyclin-dependent kinases 4 and 6, which are involved in the cell
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cycle and promote the proliferation of cancer cells, are inhibited by abemaciclib. Endocrine
therapy and chemotherapy were frequently used for treatment but they were ineffective
for advanced cancer. Abemaciclib has been administered for the treatment of solid tumors,
including glioblastoma, melanoma, and lymphoma, whether alone or in combination with
fulvestrant. It continues to be beneficial for treatment of breast cancer in women who have
HR-positive and HER2-negative hormone receptors. While immunotherapy using this
drug takes 16 years to complete, the tumors of 19.7% of patients who take the medication
totally or partially reduce in just 8 months. Following its elimination, 81% of the whole
dose is found in feces and 3% in urine [70].

Table 4. FDA-Approved Fluorinated Anticancer Drugs.

Name Structure Therapeutic Uses

Abemaciclib
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Belzutifan
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Table 4. Cont.

Name Structure Therapeutic Uses

Binimetinib

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 69 of 121 
 

 

Binimetinib 

 

Chemotherapy drug with anti-tumor 
properties Chemotherapy drug with anti-tumor properties
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Table 4. Cont.

Name Structure Therapeutic Uses

Lorlatinib

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 75 of 121 
 

 

Lorlatinib 

 

NSCLC NSCLC

Pexidartinib

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 76 of 121 
 

 

Pexidartinib 

 

Tenosynovial giant cell tumor (TGCT) Tenosynovial giant cell tumor (TGCT)

Pralsetinib

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 77 of 121 
 

 

Pralsetinib 

 

NSCLC NSCLC

Relugolix

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 78 of 121 
 

 

Relugolix  

 

Prostate cancer Prostate cancer

Ripretinib

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 79 of 121 
 

 

Ripretinib N

N

Br F

N
H

O

N
H

N
H

O

 

Gastrointestinal stromal tumors Gastrointestinal stromal tumors

Rucaparib

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 80 of 121 
 

 

Rucaparib 

 

Adult patients with recurrent prostate 
and ovarian cancer 

Adult patients with recurrent prostate and
ovarian cancer

Selumetinib

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 81 of 121 
 

 

Selumetinib 

 

NSCLC NSCLC



Pharmaceuticals 2023, 16, 1162 21 of 50

Table 4. Cont.

Name Structure Therapeutic Uses

Sotorasib
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Mutant NSCLC harboring the KRAS 
G12C mutation Mutant NSCLC harboring the KRAS G12C mutation
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5.2. FDA- 

outcomes from clinical trials, the FDA approved the drug in February 2021. It has been 
authorized for the treatment of recurrent and refractory marginal cell lymphoma and follicular 
lymphoma in adults. In contrast to previous lymphoma therapies, umbralisib inhibits casein 
kinase, a key regulator of protein translation kinase-1 [113]. 

Table 5. FDA-Approved Fluorinated Anti-Viral Drugs. 

Germline BRCA-mutant, HER2-negative, locally
advanced, or metastatic breast cancer

5.1.2. Alpelisib

The phosphatidylinositol 3-kinase (PI3K) inhibitor alpelisib shows strong anticancer
efficacy (Table 4). It functions by inhibiting class I PI3K p110, the catalytic subunit of PI3K,
a lipid kinase involved in several biological processes, such as cell proliferation, survival,
differentiation, and metabolism. Alpelisib was developed to specifically target this enzyme,
which appears to experience hyperactivation at a rate of approximately 30% in human
malignancies. To treat postmenopausal women and men with advanced or metastatic
breast cancer, alpelisib and fulvestrant are recommended. Additionally, adults and children
over two years of age requiring systemic therapy and presenting severe PIK3CA-Related
Overgrowth Spectrum (PROS) symptoms are treated with alpelisib. Based on reaction
rate and duration, authorization of this indication was fast-tracked. A confirmation and
description of clinical benefit in a confirmatory trial may be necessary for this indication to
continue receiving approval. After two hours, the plasma concentration of alpelisib peaks
at 1,320,912 ng/mL. The major metabolite of alpelisib is generated through hydrolysis
processes. The metabolism of the drug is still unknown, but several processes have been
postulated. The primary metabolic process results in the formation of the metabolite M4
or BZG791 by the replacement of an amine group on alpelisib with a hydroxyl group.
Alpelisib can also be converted to the M1 and M12 metabolites via glucuronidation. A total
amounting to 36% of an oral dose of this medication is excreted in an unmodified form in
feces, and 32% is excreted in feces as the main metabolite BZG791. A dose taken orally is
excreted in urine in two forms: 2.1% as the drug itself and 7.1% as the main metabolite
BZG791; a total of 81% of an oral dose is ultimately excreted in feces, while 14% is excreted
in urine. Alpelisib has an average half-life of 8–9 h. Patients exceeding recommended doses
exhibit hyperglycemia, nausea, asthenia, and rashes [71].

5.1.3. Apalutamide

Apalutamide, used to treat non-metastatic castration-resistant prostate cancer, con-
tains trifluoromethyl pyridine and additional fluorophenyl functionalities (Table 4). An
exposure–QT analysis of a 45-patient, open-label, uncontrolled, multi-center, single-arm ded-
icated QT study revealed the concentration-dependent lengthening of QTcF for apalutamide
and its active metabolite. In mouse xenograft models of prostate cancer, apalutamide showed
anticancer efficacy by reducing tumor volume and tumor cell growth. About 100% of the
mean absolute oral bioavailability was recorded. Peak plasma concentration (Tmax) was
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reached, on average, in 2 h (range: 1 to 5 h). The Cmax and AUC of apalutamide are antici-
pated to rise dose-proportionally. The average peak-to-trough ratio was 1.63, which indicates
little daily variation in plasma concentrations of the drug. Following the suggested dosage,
the main active metabolite N-desmethyl apalutamide had a steady-state Cmax of 5.9 mcg/mL
(1.0) and an AUC of 124 mcg/h/mL (23). Apalutamide had a mean apparent volume of
distribution at steady-state of about 276 L. Protein binding, irrespective of concentration, for
apalutamide was 96% and N-desmethyl apalutamide was 95% bound to plasma proteins. In
patients with NM-CRPC, the mean effective half-life of apalutamide is approximately 3 days
at steady state [129].

5.1.4. Avapritinib

Avapritinib is a selective tyrosine kinase inhibitor that is being explored for the treat-
ment of gastrointestinal cancers that are resistant to many drugs (Table 4). Platelet-derived
growth factor receptor alpha (PDGFRA) exon 18 mutation is approved for the treatment of
patients with metastatic or unresectable GIST. Ripretinib and avapritinib have a compara-
ble mode of action. The transporters ABCB1 and ABCG2, which mediate the multidrug
resistance phenotype of some malignancies, are negatively modulated by avapritinib. The
interactions of this drug with the drug-binding pockets of these transporters may cause
this modulation. Negative modulation of these transporters makes malignant cells more
sensitive to paclitaxel and other chemotherapy drugs.

CYP3A4 and CYP2C9 are mainly responsible for avapritinib metabolism in vitro.
Regarding elimination, 70% of avapritinib is eliminated in feces with 11% of the drug
remaining unmodified, and 18% is eliminated in urine, with 0.23% of the drug remaining in
its original form. Edema (swelling), nausea, asthenia (abnormal physical weakness or lack
of energy), cognitive decline, vomiting, decreased appetite, diarrhea, hair color changes,
increased lacrimation (tear secretion), abdominal pain, constipation, rash, and dizziness are
common adverse effects of avapritinib. This drug has a half-life between 32 and 57 h [73].

5.1.5. Belzutifan

The hypoxia-inducible factor 2 inhibitor belzutifan is used as an antineoplastic in the
treatment of some tumors related to Von Hippel–Lindau (VHL) disease (Table 4). The
HIF-2α protein was first identified in the 1990s by researchers at UT Southwestern Medical
Center as a key player in the growth of certain cancers. Initially considered to be undrug-
gable, a binding pocket was eventually discovered in the HIF-2α molecule, which allowed
compounds to bind and inhibit these proteins. This discovery led to the initial development
of belzutifan, which was further developed by a spin-off company named Peloton Phar-
maceuticals, which itself was eventually acquired by Merck in 2019. In individuals with
persistent systolic heart failure, vericiguat, a soluble guanylate cyclase activator, lowers the
risk of cardiovascular death and heart failure-related hospitalization [76].

5.1.6. Binimetinib

Binimetinib is a MEK inhibitor and a chemotherapy drug with anti-tumor properties
(Table 4). At least 50% of the binimetinib dose was absorbed after oral administration in
a pharmacokinetic trial, with a median time to maximum concentration (Tmax) of 1.6 h. In
healthy subjects, binimetinib exposure was unaffected by the administration of a single dosage
of MEKTOVI 45 mg (API binimetinib) with a high-fat, high-calorie meal (including roughly
150 calories from protein, 350 calories from carbohydrate, and 500 calories from fat) [78].

5.1.7. Capmatinib

Capmatinib obtained FDA approval in May 2020. Capmatinib is a kinase inhibitor
used to treat non-small-cell lung cancer (NSCLC) with MET exon 14 skipping (Table 4). It
targets the c-Met receptor tyrosine kinase.

Capmatinib prevents c-Met-mediated phosphorylation of downstream signaling pro-
teins as well as the proliferation and survival of c-Met-dependent tumor cells by inhibiting
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the phosphorylation of both wild-type and mutant variants of c-Met—a process triggered
by the binding of its endogenous ligand, hepatocyte growth factor. The main metabolic
pathways for capmatinib are CYP3A4 and aldehyde oxidase. Particular metabolic products
and biotransformation processes remain to be clarified.

There is a lack of information about the toxicity and overdose of this drug. Both men
and women using capmatinib should utilize effective contraception during treatment and
for a week after stopping treatment due to evidence of embryo–fetal damage in animal
studies. Capmatinib has an elimination half-life of 6.5 h [81].

5.1.8. Dacomitinib

Dacomitinib was approved as a treatment for EGRF-mutated NSCLC (Table 4). Patients
with NSCLC who have the EGFR exon 19 deletion or exon 21 L858R substitution mutations
should receive dacomitinib as the first-line treatment according to an FDA-approved test
volume of distribution. Dacomitinib has a 98% protein binding rate, and 79% of the dose
provided is recovered in feces, of which 20% is an unmodified form, and 3% is excreted in
urine. According to reports, dacomitinib has a relatively long half-life of 70 h [83].

5.1.9. Encorafenib

Encorafenib is used to treat metastatic melanoma with certain mutations. Combined
treatment with encorafenib and binimetinib is recommended for metastatic melanoma
with a BRAF V600E or V600K mutation (Table 4). For the treatment of adult patients
with metastatic colorectal cancer with a BRAF V600E mutation, encorafenib is also rec-
ommended in conjunction with cetuximab. The effectiveness of encorafenib in treating
metastatic melanoma has been improved. The pharmacologic profile of a selective BRAF
inhibitor (BRAFi) such as encorafenib differs from inhibitors of other clinically active BRAF
genes. Encorafenib, a single drug, is administered once daily to patients with advanced
or metastatic stages of melanoma. It has a distinct tolerability profile and varies in its
anticancer efficacy. This drug has a median Tmax of 2 h after oral treatment. At least 86%
of the dosage is absorbed. The mean maximum concentration (Cmax) of encorafenib is
reduced by 36% after a single dose of 100 mg BRAFTOVI (0.2 times the advised dose) was
administered with a high-fat, high-calorie meal (roughly 150 calories from protein, 350 calo-
ries from carbohydrates, and 500 calories from fat). The apparent volume of distribution
has a geometric mean (CV%) of 164 L. In vitro, 86% of encorafenib is bound to human
plasma proteins. The drug has a median terminal half-life of 3.5 h [84].

5.1.10. Ivosidenib

Ivosidenib is a first-generation inhibitor of isocitrate dehydrogenase-1 (IDH1) (Table 4).
In some malignancies, IDH1 is frequently altered and overexpressed, which results in
abnormal cell growth and proliferation. Ivosidenib blocks the activity of mutant IDH1,
preventing cancer cells from differentiating further and from proliferating. Ivosidenib is
an anticancer drug that works in malignancies with a sensitive IDH1 mutation, which
shows elevated levels of the cancer cell oncometabolite D-2-hydroxyglutarate (D-2HG). By
blocking IDH1, ivosidenib lowers D-2HG levels in a dose-dependent manner. This drug
inhibits IDH1 in both its mutant and wild-type forms but not IDH2. Patients with recently
diagnosed acute myeloid leukemia (AML) who were additionally treated with azacitidine
had an apparent volume of distribution at a steady state of 504 L, while patients with
relapsed or refractory AML had 403 L, and patients with cholangiocarcinoma had 706 L.
Ivosidenib is 92–96% bound to plasma proteins in vitro. Patients with newly diagnosed
AML who were additionally treated with azacitidine had a terminal half-life of 58 h at
steady state, those with relapsed or refractory AML had a half-life of 98 h, and those with
cholangiocarcinoma had a half-life of 129 h [91].
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5.1.11. Larotrectinib

Larotrectinib is used to treat solid tumors that have fusion genes for the neurotrophic
receptor tyrosine kinase, are metastatic, high-risk for surgery, or have no other effective
treatments (Table 4). Larotrectinib is a tropomyosin receptor kinase (Trk) inhibitor that
can be taken orally, and it has anticancer properties. When larotrectinib is administered, it
binds to Trk and prevents neurotrophin–Trk interaction and activation of Trk, which causes
cellular apoptosis and inhibits cell proliferation in Trk-overexpressing tumors. Trk is a
receptor tyrosine kinase that is triggered by neurotrophins. It is mutated in several types of
cancer cells and it is crucial for the survival and proliferation of these cells. Larotrectinib
does not cause any clinically significant QTc interval prolongation at doses nine times higher
than the recommended adult dose. Following intravenous injection of healthy participants,
larotrectinib has a recorded mean volume of distribution of 48 L. In vitro, larotrectinib binds
to human plasma proteins with 70% affinity, independent of drug concentration. Its ratio of
blood concentration to plasma concentration is 0.9. Larotrectinib has a half-life of 2.9 h [95].

5.1.12. Lorlatinib

The FDA initially approved lorlatinib in November 2018 as a third-generation ALK
tyrosine kinase inhibitor (TKI) for patients with metastatic NSCLC who have tested positive
for ALK (Table 4). The European Medicines Agency (EMA) subsequently authorized it in
2019 for the treatment of a subset of patients with advanced NSCLC and this approval was
later expanded in 2022 to include lorlatinib as a first-line treatment option. Following a
single intravenous dose, the mean (CV%) steady-state volume of distribution (Vss) is 305 L
(28%). At a concentration of 2.4 M in vitro, lorlatinib was 66% bound to plasma proteins
with a blood-to-plasma ratio of 0.99 [96].

5.1.13. Pexidartinib

Tenosynovial giant cell tumors (TGCT) are treated with pexidartinib which acts by
blocking colony-stimulating factor 1 and its receptor (Table 4). The mean Cmax and mean
AUC following administration of single doses to healthy subjects and numerous doses
to patients, respectively, are 8625 ng/mL and 77,465 ng.h/mL. The median Tmax was
2.5 h, and it took about 7 days to reach a steady state. The Cmax and AUC of pexidartinib
were 100% higher when given with a high-fat meal, and its Tmax was delayed by 2.5 h.
Pexidartinib has an apparent volume of distribution of approximately 187 L. It enters the
central nervous system in rats. It binds to serum proteins with 99% affinity, with 99.9%
extensive binding to human serum albumin and 89.9% extensive binding to alpha-1-acid
glycoprotein, according to the results of an in vitro plasma protein binding assay. Most
of the oxidation and glucuronidation that pexidartinib undergoes is caused by hepatic
CYP3A4 and UGT1A4. Pexidartinib is administered as a single dosage and after UGT1A4-
mediated glucuronidation, a significant inactive N-glucuronide metabolite is generated
with a 10% higher exposure than the parent drug. According to the results of in vitro
research, CYP1A2 and CYP2C9 have a negligible impact on drug metabolism. Fecal
excretion is the main route of pexidartinib elimination, accounting for 65% of its removal.
Approximately 44% of the substance found in feces is recovered as the unmodified parent
drug, and 27% of pexidartinib is eliminated through renal excretion, where more than 10%
of the drug is detected as the N-glucuronide metabolite [130].

5.1.14. Pralsetinib

Pralsetinib is a kinase inhibitor with increased specificity for RET tyrosine kinase
receptors (RTKs) over other RTK types (Table 4). NSCLC, among other tumors, is related to
an increased expression of the RET oncogene. For the treatment of RET-driven malignancies,
the first generation of targeted RET RTK inhibitors includes pralsetinib (BLU-667) and
selpercatinib (LOXO-292).

In vitro, CYP3A4 is predominantly responsible for the metabolism of pralsetinib, with
CYP2D6 and CYP1A2 having a minor role. Healthy volunteers who received a single
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oral dose of 310 mg of pralsetinib were found to have metabolites from oxidation (M453,
M531, and M549b) and glucuronidation (M709) of the drug. With only a small amount of
pralsetinib detected in urine (6%, 4.8% unmodified), this drug is predominantly removed
through feces (73%, 66% unmodified). The risk of side effects such as musculoskeletal
toxicity, exhaustion, constipation, hypertension, and pneumonia may rise with increased
exposure [99].

5.1.15. Relugolix

Approved by the FDA in April 2022, relugolix is the first orally administered GnRH
receptor antagonist for the treatment of prostate cancer. It has been demonstrated to
outperform leuprolide, another androgen deprivation drug used to treat this condition
(Table 4).

Relugolix is recommended for the one-dose daily treatment of excessive menstrual
bleeding associated with uterine fibroids in premenopausal women when taken in combi-
nation with estradiol and norethindrone. Luteinizing hormone (LH), which is produced in
the pituitary gland after gonadotropin-releasing hormone (GnRH) binds to the appropriate
GnRH receptors, stimulates the creation of testosterone in males in the Leydig cells of
the testes. Relugolix inhibits the release of LH and, ultimately, testosterone by acting as a
competitive antagonist of these GnRH receptors. The CYP3A subfamily of P450 enzymes
metabolizes relugolix the most, with CYP2C8 contributing less. Approximately 81% of
an oral dose is recovered in feces, of which 4.2% is the parent drug in its unmodified
form, and 4.1% is excreted in urine, of which 2.2% is the parent drug in its unmodified
form. Relugolix overdose information is not available, but it plays a significant impact
in regulating reproductive processes by reducing the downstream generation of gonadal
steroids. Relugolix has an average terminal elimination half-life of 60.8 h, while its average
effective half-life is 25 h [103].

5.1.16. Ripretinib

Protein kinases are crucial for cellular activity, and their dysregulation can result in
the development of cancer (Table 4). Most gastrointestinal stromal tumors are caused by
protein kinases, particularly wild-type and mutant platelet-derived growth factor receptor
A (PDGFRA) and KIT (GIST). Ripretinib has a distinctive dual mode of action that involves
binding to both the activation loop and the kinase switch pocket, shutting off the kinase
and its capacity to lead to dysregulated cell proliferation.

The active metabolite of ripretinib, DP-5439, is produced by the CYP3A subfamily
of enzymes with assistance from CYP2D6 and CYP2E1. Like other kinase inhibitors, an
overdose of ripretinib likely results in hematological toxicity, skin toxicity, as well as muscle,
liver, and gastrointestinal toxicity. Ripretinib has an average half-life of 14.8 h [104].

5.1.17. Rucaparib

Rucaparib is a poly (ADP-Ribose) polymerase (PARP) inhibitor used for high-grade
cancers of the ovary, fallopian tubes, and peritoneum. It targets cancer cells with mutations
in breast cancer (BRCA) genes (Table 4). An essential component of DNA repair is the
enzyme PARP. Rucaparib specifically targets cancer cells with genetic mutations that lack
a DNA repair mechanism and, thus, it kills cancer cells and slows tumor growth. It is
administered orally twice a day with doses ranging between 240 and 840 mg. It reaches its
target in 0 to 5.98 h [106].

5.1.18. Selumetinib

Selumetinib received medical approval from the FDA in April 2020 and has been
studied for the treatment of several types of cancer, including thyroid cancer and NSCLC
(Table 4). Patients who take selumetinib undergo tumor shrinkage as a result of the
suppression of drug ERK phosphorylation. Selumetinib is used to treat pediatric patients
with neurofibromatosis type 1 who have symptomatic, inoperable plexiform neurofibromas.
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With an approximate population of 1/3000 people, NF-1 is regarded as rare. Mutations in
the NF1 gene cause this genetic, autosomal dominant disorder, which may produce several
difficulties, including the growth of many tumors in the neurological system. Selumetinib
is excreted mainly in the feces (59%) and urine (33%). Selumetinib particularly inhibits
subtypes 1 and 2 of the enzyme mitogen-activated protein kinase (MAPK kinase or MEK).
These enzymes are a component of the MAPK/ERK pathway, which regulates cell division
and growth and is overactive in many cancers. Selumetinib exerts its effects by specifically
inhibiting MEK1 and MEK2. It decreases cell proliferation and stimulates pro-apoptotic
signal transmission by blocking this oncogenic pathway. Selumetinib has a short half-life.
In clinical practice, a dosage of 25 mg/m2 has an elimination half-life of 6.2 h.

The half-life varied from 9.2 to 10.6 h in studies exploring the pharmacokinetic conse-
quences of several selumetinib regimens in selected Japanese patients. Selumetinib 75 mg
was used twice daily in other studies, and the half-life was estimated to be around 13 h.
Patients who receive an overdose are more likely to have side effects such as cardiomyopa-
thy, eye toxicity, and diarrhea. Dialysis is generally believed to be ineffective in cases of
overdose since selumetinib has protein binding ability [107].

5.1.19. Sotorasib

The KRAS inhibitor sotorasib, also referred to as AMG-510, is used to treat adult pa-
tients with NSCLC harboring the KRAS G12C mutation (Table 4). KRAS was first identified
in 1982 but was not thought to be a druggable target until the mid-2010s. Sotorasib is the
first KRAS inhibitor and is under investigation [108].

5.1.20. Talazoparib

The FDA approved talazoparib in October 2018, under the brand name Talzenna 3, for
the treatment of germline BRCA-mutant, HER2-negative, locally advanced, or metastatic
breast cancer (Table 4). The authorization of Talzenna was based on the findings of the
EMBRACA trial, which showed that talazoparib had a mean 8.6-month progression-free
survival period compared to the physician’s choice of chemotherapy with a 5.6-month
progression-free survival period. In cancer cells, talazoparib inhibits PARP from repairing
DNA damage, thereby leading to accumulated damage and the build-up of PARP–DNA
complexes. The cytotoxicity of talazoparib may also be influenced by repair-related errors
made by secondary repair pathways that are prone to error. In 1–2 h, Talzenna pills attain
their peak plasma concentration. When consumed with a high-fat meal, Cmax drops by
43%, Tmax increases by 1–4 h, but the AUC remains the same. The mean apparent volume
of distribution for talazoparib is 420 L. The plasma protein binding of talazoparib, which is
74%, is unaffected by drug concentration [110].

5.2. FDA-Approved Fluorinated Anti-Viral Drugs

Major developments in the treatment of various viral diseases have been made over
the last two decades. However, in recent years, there has been an explosion of new viral
diseases for which there are no effective treatments. Ebola, Zika, and novel strains of
hepatitis and herpes viruses have spread, raising the possibility of a pandemic. There are
three types of viral infections. The first class of viruses comprises life-threatening chronic
viruses such as HIV, hepatitis B (HBV), and hepatitis C (HCV). Acute viral infections, such
as influenza, fall into the second category since they are often nonlethal and self-resolving.
The third type includes nonlethal viral illnesses (common cold caused by rhinoviruses) that
have a considerable economic impact [97]. F-containing medicines, such as Paxlovid, the
first oral tablet for the treatment of COVID-19, are a key subset of these antivirals. As of
March 2022, over ten types of fluorinated anti-COVID-19 medicines had been documented.
The addition of F is crucial since it increases the selectivity of drugs, allows them to dissolve
in lipids, and slows the rate at which they metabolized, giving them more time to exert
their effects. The following anti-viral F-containing drugs have been developed in response
to the dramatic increase in novel viral diseases in recent years:
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5.2.1. Baloxavir Marboxil

Baloxavir marboxil is a first-in-class cap-dependent endonuclease inhibitor used to
treat influenza (Table 5). It is a prodrug of baloxavir with a better absorption profile than
its active metabolite as a result of the structural addition of a phenolic hydroxyl group. In a
polymerase acidic (PA) endonuclease assay, it has an inhibitory concentration (IC50) of 1.4
to 3.1 nM for influenza A viruses and 4.5 to 8.9 nM for influenza B viruses. In influenza
and avian influenza A murine models, baloxavir decreases lung viral loads and increases
mouse survival rates. Within 24 h of dosing, a dose-dependent decrease in virus titer is
observed. Human serum proteins are 92.9–93.9% bound to the active metabolite, baloxavir.
The drug has an apparent terminal elimination half-life of 79.1 h [115].

Table 5. FDA-Approved Fluorinated Anti-Viral Drugs.

Name Structure Therapeutic Uses

Baloxavir marboxil
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Table 5. Cont.

Name Structure Therapeutic Uses
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Table 5. Cont.

Name Structure Therapeutic Uses
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Hepatitis C infection

5.2.2. Fostamatinib

Fostamatinib is a spleen tyrosine kinase inhibitor used to treat chronic immune throm-
bocytopenia (Table 5). Due to its ability to affect the SYK inhibitor, fostamatinib has recently
been recognized as a potential therapy for acute respiratory distress syndrome (ARDS) in
patients with severe COVID-19. R406 has an apparent oral volume of distribution of 400 L.
Plasma proteins are 98.3% bound to fostamatinib’s active metabolite R406. R406 has an
elimination half-life of 15 h [131].

5.2.3. Glecaprevir

Glecaprevir is an HCV inhibitor and antiviral agent that prevents viral RNA replication
and virion assembly (Table 5). It may be an effective treatment option for patients who
are unable to benefit from treatment with other non-structural protein inhibitors. For the
treatment of chronic hepatitis C virus of all genotypes without liver disease or mild liver
inflammation, the FDA authorized the fixed-dose combination medication of pibrentasvir
and glecaprevir in August 2017. A long-term hepatitis C virus infection may result in liver
failure and impaired liver function, both of which have a detrimental effect on the quality of
life of patients. The major objective of this pharmacological combination therapy is to cure
patients while achieving an enhanced response in virion suppression. This medication does
not participate in any other metabolic process. It interacts only with blood plasma proteins
and it is eliminated through the renal tubular system (biliary–fecal). Studies conducted
in vitro have found no evidence of genotoxic effects during mating, female or male fertility,
or embryo development in rodents [132].

5.2.4. Letermovir

Approved by the FDA in 2017, letermovir is used to treat cytomegalovirus (CMV)
infection and also to prevent infection following bone marrow transplant (Table 5). A
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patient whose stem cells have been damaged by radiation and chemotherapy obtains
healthy blood-forming stem cells from a donor. The new stem cells occasionally bond
with proteins of new organisms after the transplant. In some instances, mutations occur,
disrupting the ultrastructure of the genome and as a result, new, live viral particles are
generated [77].

5.2.5. Osilodrostat

Osilodrostat is recommended for the treatment of adult patients with Cushing’s disease
for whom surgery to remove the pituitary is not an option or has not been effective (Table 5).
Cushing’s disease is an endocrine illness brought on by prolonged and excessive exposure to
glucocorticoids. A less frequent cause of Cushing’s disease is typically brought on by an excess
release of the hormone adrenocorticotropic hormone (ACTH) from a pituitary adenoma.

The symptoms of this disease include muscle weakness, osteoporosis, thinning hair
and skin, weight gain, and a variety of mental, cardiovascular, and immune abnormalities.
Osilodrostat inhibits aldosterone synthase and 11-hydroxylase CYP11B1 to a lesser extent
CYP11B2. Osilodrostat helps to restore endogenous cortisol levels and reduce the symptoms
of Cushing’s disease by blocking CYP11B1, an enzyme that catalyzes the last step of
cortisol production.

Osilodrostat metabolism is mediated by several CYP enzymes (CYP3A4, CYP2B6,
and CYP2D6) and UDP glucuronosyl transferases, with no single enzyme accounting for
more than 25% of the total clearance. It is not anticipated that the metabolites influence
the pharmacological action of osilodrostat. After oral administration of radiolabeled
osilodrostat, 90.6% of the radioactivity is excreted in urine and only 1.58% in feces. About
5.2% of the administered dose is excreted in the urine as the parent form, indicating that
osilodrostat is cleared mainly by metabolism and urinary elimination.

Osilodrostat overdose can cause severe hypocortisolism since it inhibits cortisol produc-
tion. Nausea, vomiting, exhaustion, hypotension, abdominal pain, loss of appetite, dizziness,
and syncope are possible symptoms. Osilodrostat has a half-life of approximately 4 h [93].

5.2.6. Pibrentasvir

Pibrentasvir is an HCV inhibitor and antiviral agent that prevents viral RNA repli-
cation and virion assembly (Table 5). It has proved to be an effective treatment option
for patients for whom treatment with other non-structural protein inhibitors has been
unsuccessful. In August 2017, the FDA authorized the fixed-dose combination medication
of pibrentasvir and glecaprevir for the treatment of chronic HCV of all genotypes without
liver disease or mild liver inflammation, including patients with severe renal disease who
are regularly dialyzed. The major objective of this pharmacological combination therapy is
to cure the patient while achieving an increased virion suppression response. Viral protease
gene replication, assembly, and maturation are significantly influenced by non-structural
proteins. Pibrentasvir prevents replication and disrupts assembly. This drug does not
participate in any other metabolic process. It interacts only with blood plasma proteins
and it is eliminated through the renal tubular system (biliary–fecal). Studies conducted
in vitro have found no evidence of genotoxic effects during mating, female or male fertility,
or embryo development in rodents [132].

5.2.7. Siponimod

Siponimod is used to treat multiple sclerosis and it reduces the peripheral blood
lymphocyte count in a dose-dependent manner (Table 5). When siponimod is used, it
temporarily lowers heart rate and atrioventricular conduction and, in the first 6 h following
intake, the greatest decrease in heart rate is observed. After oral administration of immediate-
release oral dosages of siponimod, the time (Tmax) to reach maximum plasma concentrations
(Cmax) is around 4 h (within a range of 3–8 h). Siponimod has a total oral bioavailability
of roughly 84%. Steady-state concentrations of this drug are reached after approximately
6 days of daily treatment with a single dose. Food consumption delays the absorption of
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siponimod (the median Tmax increases by approximately 2–3 h). Eating has no impact on
siponimod exposure throughout the body. Siponimod has an average volume of distribution
of 124 L. According to animal models, siponimod easily crosses the blood–brain barrier.

Large amounts of siponimod are metabolized, mostly via the enzymes CYP2C9 (79.3%)
and CYP3A4 (18.5%). The clinical efficacy and safety of siponimod in humans are not
expected to be caused by the pharmacological activity of the major metabolites M3 and
M17. The main mechanisms by which siponimod is removed from systemic circulation
include metabolism and subsequent biliary/fecal excretion [94].

5.2.8. Sofosbuvir

Sofosbuvir is used to treat HCV in both adults and children older than 3 years (Table 5).
It can be used in conjunction with other antiviral medications. To treat a particular HCV
genotype, sofosbuvir is coupled with several additional antiviral medicines to create novel
derivatives. Oral administration of this drug results in blood plasma concentrations of
567 ng/mL within 0.2 to 2 h. Nearly 61–65% of the dosage binds to human plasma proteins
as soon as it enters the blood. It is eliminated via three routes: urine (80%), feces (14%),
and respiration (2.5%). When used alone, it can have mild toxic effects like weariness and
headaches [98].

5.2.9. Tecovirimat

Tecovirimat is prescribed for the treatment of smallpox in adults and in children
weighing at least 3 kg (Table 5). It inhibits the orthopoxvirus VP37 envelope-wrapping
protein. Patients with immune deficiencies may experience a decrease in the effectiveness
of this drug. In Europe, after receiving a smallpox vaccination, it is also recommended to
treat issues brought on by the replication of the vaccinia virus. Tecovirimat is also used
in Europe to treat adult and pediatric cases of cowpox and monkeypox. Tecovirimat is an
antiviral medication that lowers viremia and helps to halt the transmission of viruses. All
orthopoxviruses examined in vitro, including variola and the smallpox virus, are resistant
to this drug. After oral administration of 600 mg of tecovirimat and intravenous admin-
istration of 200 mg of tecovirimat, this drug shows a volume of distribution of 383 L and
1030 L, respectively. Human plasma proteins are 77–82% bound to tecovirimat. Follow-
ing intravenous injection of 200 mg of tecovirimat and oral administration of 600 mg of
tecovirimat, the elimination half-life (CV%) is 21 h (45%) and 19 h (29%), respectively [102].

5.2.10. Voxilaprevir

Voxilaprevir is a non-structural protein-containing drug used to treat adult liver
disorders. It can be used in conjunction with sofosbuvir to treat chronic hepatitis C. The
FDA authorized this medication in July 2017 (Table 5). Voxilaprevir can be used to treat
infections with genotypes 1, 2, 3, 4, 5, and 6. HCV in the body begins to kill white blood
cells (WBC) and, thus, causes the immune system to become inactive. HCV uses the
human genome as a host to produce single-stranded RNA as a means of self-replication.
Voxilaprevir directly destroys the targeted viral non-structural proteins, thus preventing
HCV replications and reducing the amount of RNA in the replication complex [111].

5.2.11. Umbralisib

Umbralisib is used to treat uncommon types of refractory lymphoma (Table 5). A
rare, slowly spreading form of non-Hodgkin lymphoma, marginal zone lymphoma, is ini-
tially treated with rituximab (an anti-CD20 medication), either alone or in conjunction with
chemotherapy. Unfortunately, many individuals relapse or become resistant to these medica-
tions. Rituximab and other chemotherapeutic drugs are also used to treat follicular lymphoma.
Based on encouraging outcomes from clinical trials, the FDA approved the drug in Febru-
ary 2021. It has been authorized for the treatment of recurrent and refractory marginal cell
lymphoma and follicular lymphoma in adults. In contrast to previous lymphoma therapies,
umbralisib inhibits casein kinase, a key regulator of protein translation kinase-1 [112].



Pharmaceuticals 2023, 16, 1162 32 of 50

5.3. FDA-Approved Fluorinated Anti-HIV Drugs

Some novel F-containing compounds with considerable antiviral activity have been
synthesized. Fluorinated purine nucleotides and nucleosides show strong antiviral (anti-
human immunodeficiency virus (anti-HIV)) activity [116]. F has been added to the base
as well as the sugar residue. F-containing antimetabolites, such as alovudine, the direct
fluorine analogue of zidovudine (3-azidothymidine, AZT), are of interest in the develop-
ment of anti-HIV medications. In cells, alovudine is phosphorylated to 5-triphosphate, an
active inhibitor of HIV-associated reverse transcriptase [122]. The FDA recently approved
emtricitabine ((-)-beta-L-2′,3′-dideoxy-5-fluoro-3′-thiacytidine) for the treatment of HIV.
The following anti-HIV drugs have recently been approved by the FDA:

5.3.1. Bictegravir

Bictegravir has been approved for the treatment of HIV-1 infection in patients who
have not previously received any antiretroviral medication (Table 6). Moreover, bictegravir
is recommended for HIV-1 infection in patients who have been on a consistent antiretroviral
regimen for at least three months and are virologically suppressed (HIV-1 RNA 50 c/mL),
without a history of treatment failure, and without known risk factors for developing
resistance to the individual components of the drug. It is used along with emtricitabine and
tenofovir. In the body, bictegravir is quickly absorbed, Tmax = 2.0–4.0 h. It should not be
taken by people who have liver problems. The most typical adverse effects are headache,
nausea, and diarrhea [119].

Table 6. FDA-Approved Fluorinated Anti-HIV Drugs.

Name Structure Therapeutic Uses

Bictegravir
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5.3.2. Cabotegravir

Cabotegravir is an “HIV-1 integrase inhibitor” used to treat and prevent HIV-1 infec-
tion (Table 6). Early studies on cabotegravir revealed that it had a lower oral bioavailability
than dolutegravir; this finding led to the development of a cabotegravir formulation for
long-acting monthly intramuscular injections. In 2021, the FDA approved cabotegravir with
rilpivirine as a treatment for HIV-1 infection in people with virological suppression [133].

5.3.3. Doravirine

As a non-nucleoside reverse transcriptase inhibitor for HIV-1, doravirine is used in
conjunction with other antiretroviral drugs to reduce the body’s HIV burden and improve
the function of the immune system (Table 6). Doravirine is officially indicated for the treat-
ment of HIV-1 infection in adult patients who have never received antiretroviral therapy.
For adult patients with HIV-1 infection who have never received antiretroviral therapy,
doravirine is an appropriate choice in combination with other antiretroviral medications.
Additionally, it is advised that patients who are virologically suppressed (HIV-1 RNA
less than 50 copies per mL) and on a stable antiretroviral regimen without a history of
treatment failure or mutations linked to doravirine resistance be switched to a new an-
tiretroviral regimen. Doravirine has an absolute bioavailability of 64% and a Tmax of 2 h.
Throughout clinical tests, co-administration of doravirine with food did not significantly
change its pharmacokinetic profile. Following intravenous administration, doravirine has
a steady-state volume of distribution of 60.5 L. In plasma, doravirine is approximately 76%
protein-bound. It has an elimination half-life of 15 h [134].

5.3.4. Emtricitabine

Emtricitabine, a cytidine analogue, is a nucleoside reverse transcriptase inhibitor
(NRTI) used to treat HIV infection in adults or to prevent HIV infection in high-risk adults
and adolescents when coupled with tenofovir alafenamide (Table 6). it prevents HIV
RNA from being converted to DNA by inhibiting HIV reverse transcriptase. Emtricitabine
competes with the natural substrate of HIV-1 reverse transcriptase for incorporation into
freshly synthesized DNA, thereby stopping transcription. It has a lengthy duration of
action because it is injected only once per day. Patients need to be warned about the
possibility of developing lactic acidosis and hepatomegaly with steatosis. Emtricitabine
capsules have a bioavailability of 93%, while the oral solution has a bioavailability of 75%.
The Cmax of emtricitabine is reduced by 29% when taken with meals. Emtricitabine has an
apparent central volume of distribution of 42.3 L and a peripheral volume of distribution
of 55.4 L. Only 4% of emtricitabine is bound to serum albumin and other plasma proteins.
Emtricitabine has a half-life of roughly 10 h [80].

5.4. FDA-Approved Fluorinated Antibacterial Drugs

F-containing heterocyclic drugs have long been used as antibacterial agents. Fluoro-
quinolone antibiotics are the most well-known and widely utilized F-containing antibacterial
antibiotics [82,86]. Fluoroquinolones have a broad antimicrobial spectrum. A F substituent sig-
nificantly improves the antibacterial activity of the drug. Fluorinated antibacterial medicines
have been produced to treat both novel and established bacterial strains.

5.4.1. Berotralstat

Approved by the FDA in December 2020, berotralstat is recommended for the prevention
of attacks of hereditary angioedema (HAE) (Table 7). This uncommon genetic condition causes
significant swelling of the skin and upper airways. The production of excess bradykinin is
regulated by the plasma kallikrein inhibitor berotralstat, which binds to plasma kallikrein
and blocks its proteolytic activity during HAE attacks. CYP2D6 and CYP3A4 metabolize
berotralstat. The metabolism and metabolites have not yet been defined for this drug. Fol-
lowing a single oral dose of 300 mg radiolabeled berotralstat, the unmodified medication
accounts for about 34% of the total plasma radioactivity, whereas roughly eight identifiable
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metabolites contribute between 1.8 and 7.8% of the total radioactivity. After taking a single
oral dose of 300 mg radiolabeled berotralstat, about 9% of the drug is excreted in urine, where
the parent drug accounts for between 1.8–4.7% of the total radiolabeled molecule. Berotralstat
frequently causes stomachache, heartburn, nausea, vomiting, diarrhea, and back pain. There
is no information available regarding berotralstat overdose [89].

Table 7. FDA-Approved Fluorinated Antibacterial Drugs.

Name Structure Therapeutic Uses
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Table 7. Cont.

Name Structure Therapeutic Uses
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5.4.2. Elexacaftor

Elexacaftor is a small-molecule cystic fibrosis transmembrane regulator corrector (CFTR
corrector). Patients with cystic fibrosis and at least one F508del-CFTR mutation are treated with
this drug in conjunction with tezacaftor and ivacaftor (Table 7). Elexacaftor is recommended
for the treatment of cystic fibrosis (CF) in individuals 12 years of age and older who have at
least one F508del mutation in the CFTR gene. It is used in conjunction with ivacaftor and
tezacaftor as the combination product TrikaftaTM. Elexacaftor functions as a CFTR corrector
to enhance the number of mature CFTR proteins on cell surfaces. Drugs like elexacaftor help
to reduce several multi-organ CF symptoms, including lung function, nutritional status, and
general quality of life, when combined with CFTR potentiators, which improve the function
of cell-surface CFTR proteins. Elevated liver transaminases can result from treatment with
TrikaftaTM, a triple combination drug that contains elexacaftor. Elexacaftor has an absolute
oral bioavailability of about 80%. When administered at 200 mg once daily, elexacaftor has a
median Tmax of 6 h, and a steady-state AUC0–24h and Cmax of 162 mcg/h and 8.7 mcg/h,
respectively. It has an apparent volume of distribution equal to 53.7 L. In plasma, elexacaftor
is >99% protein-bound, mostly to albumin. Elexacaftor undergoes substantial metabolism that
is largely catalyzed by CYP3A4/5.6. Its primary active metabolite, M23-ELX, is just as potent
as the original medication. In published studies, the specific metabolic route of elexacaftor has
not yet been clarified. After administration of a radiolabeled dose of elexacaftor, around 87.3%
is found in the feces, largely as metabolites, while just 0.23% is excreted in urine. Elexacaftor
has a mean terminal half-life of about 24 h [135].

5.4.3. Eravacycline

As a member of the tetracycline class of antibiotics, eravacycline is a synthetic fluoro-
cycline that has clinically significant efficacy against Gram-positive, Gram-negative, and
facultative bacteria (Table 7). The affinity of this drug for human plasma proteins increases
with plasma concentration, reaching between 79% and 90% (bound) at concentrations of
100 to 10,000 ng/mL. Eravacycline is metabolized predominantly by oxidation, which is
mediated by CYP3A4 and FMO. Infusion site responses, nausea, and vomiting are the
most typical adverse side effects (incidence 3%). Palpitations, chest pain, acute pancreatitis,
pancreatic necrosis, hypocalcemia, dizziness, dysgeusia, anxiety, sleeplessness, depression,
pleural effusion, dyspnea, rash, and hyperhidrosis are less frequent (incidence 1%) negative
side effects [136].

5.4.4. Pretomanid

Pretomanid is one of three medications that make up a three-drug combination used to
treat pulmonary tuberculosis (Table 7). This medication has a history of myelosuppression,
substantial hepatotoxicity, and lengthening of the cardiac QT interval. After a single 200 mg
oral dose, the steady-state Cmax of this drug was calculated to be 1.7 g/mL. The Cmax
of a 200 mg dosage measured in a different pharmacokinetic modeling study reported
1.1 g/mL. Tmax was reached within 4 to 5 h in a study of healthy volunteers in a fed or
unfed state. In the same study, the AUC was approximately 28.1 g.h/mL in the fasted
state and approximately 51.6 g.h/mL in the fed state, demonstrating greater absorption
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of the drug when taken with high-fat food. Pharmacokinetic modeling calculated that
pretomanid has a volume of distribution of 130 ± 5 L. Pretomanid binds to plasma proteins
at a rate of about 86.4%. The metabolism of this drug is governed by several reductive
and oxidative mechanisms; no single primary metabolic system has been found. Studies
conducted in vitro show that CYP3A4 contributes 20% to the metabolism of pretomanid. In
one pharmacokinetic study, a radiolabeled oral dose of 1100 mg of pretomanid was given
to healthy adult male volunteers. It was found that, on average, 53% of the radioactive
dosage was eliminated in urine. Metabolites in feces accounted for 38%. In the urine, an
estimated 1% of the radiolabeled dose was found to contain unmodified parent compound.
In a pharmacokinetic study of healthy subjects, pretomanid showed an elimination half-life
of between 16–17 h [79].

5.4.5. Telotristat Ethyl

Telotristat ethyl (TSE) is a prodrug of telotristat and is a tryptophan hydroxylase
inhibitor. TSE is used to treat diarrhea caused by carcinoid syndrome in combination with
somatostatin an. The FDA approved telotristat ethyl in March 2017 (Table 7). TSE from
neuroendocrine tumors was found to be responsible for the treatment of diarrhea. Almost
92.8% of the TSE that is eliminated is found in feces and 0.4% is found in urine [88].

5.5. FDA-Approved Miscellaneous Fluorinated Drugs
5.5.1. Asciminib

Tyrosine kinase inhibitor (TKI) asciminib is used to treat chronic-phase myeloid
leukemia (Ph+ CML), which has the Philadelphia chromosome. More specifically, it is
an inhibitor of the ABL1 kinase activity of the BCR–ABL1 fusion protein. The activity of
this kinase drives the proliferation of CML in the majority of affected patients. Additionally,
asciminib has demonstrated efficacy in Ph+ CML with the T315I mutation, which results
in a mutant BCR–ABL1. The ABL inhibitors currently available can be divided into those
that target the active conformation of the kinase domain (dasatinib, bosutinib) and those
that target the inactive kinase domain. These inhibitors compete at the ATP-binding sites
of these proteins (imatinib, nilotinib, ponatinib). Asciminib is distinctive in that it functions
as an allosteric inhibitor, attaching to the myristoyl pocket of the BCR–ABL1 protein and
trapping it in an inactive configuration. The FDA approved Asciminib in October 2021 [92].

5.5.2. Atogepant

In September 2021, the FDA approved atogepant under the trade name Qulipta for
the treatment of episodic migraine headaches (Table 4). Atogepant is a novel drug in that
it is the first and only oral CGRP antagonist approved for preventative use in migraine
headaches, despite two other members of the same drug family, namely ubrogepant and
rimegepant, receiving prior approval. These agents are indicated only for abortive migraine
therapy. Current practice guidelines advise the use of some anti-epileptic drugs (such as
valproic acid or topiramate) or beta-blockers (such as propranolol) in patients needing
preventative migraine therapy, all of which have substantial side effects. Atogepant is part
of the “gepants” family of drugs, which are generally well tolerated and offer a desired
therapy choice for patients experiencing negative side effects from other preventative
medications [72].

5.5.3. Avacopan

In January 2022, the FDA approved avacopan for its use in combination with rituximab
or cyclophosphamide for the treatment of adult patients with severe active granulomatosis
polyangiitis (GPA) or microscopic polyangiitis (MPA), the two primary types of ANCA-
associated vasculitis (Table 8) [117].
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Table 8. FDA-Approved Fluorinated Miscellaneous Drugs.

Name Structure Therapeutic Uses
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Chronic-phase chronic myeloid leukemia
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Table 8. Cont.

Name Structure Therapeutic Uses

Enasidenib
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Table 8. Cont.

Name Structure Therapeutic Uses

Netupitant
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Nausea and vomiting brought on by
chemotherapy in addition to

other medications

Pimavanserin
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Table 8. Cont.

Name Structure Therapeutic Uses

Vericiguat
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Vericiguat 

 

Systolic heart failure. 

 

Systolic heart failure.

5.5.4. Delafloxacin

Delafloxacin is an antibiotic fluoroquinolone used to treat skin and skin structural
infections (Table 8). The FDA approved delafloxacin in 2017 to treat acute bacterial skin
diseases caused by bacterial infections. Delafloxacin stops bacterial DNA from functioning.
Blood plasma proteins that specifically attach to serum albumin absorb this drug. The drug
is eliminated in urine (65%) and feces (28%) [74].

5.5.5. Elagolix

Elagolix, which has two extra fluoroaryl moieties in addition to a trifluoromethyl
group, received FDA approval to treat endometriosis-related discomfort (Table 8). In
phase 3 trials, elagolix reduced median estradiol concentrations in endometriosis pa-
tients in a dose-dependent manner to about 42 pg/mL for the 150 mg once-daily regimen
and 12 pg/mL for the 200 mg twice-daily regimen. Additionally, 48 healthy adult pre-
menopausal women participated in a randomized, placebo- and positive-controlled, open-
label, single-dose, comprehensive crossover QTc study to examine the impact of elagolix
on the QTc interval. Elagolix concentrations were seventeen times greater in subjects given
a single dose of 1200 mg of the drug than in those given 200 mg of elagolix twice a day.
However, there was no clinically significant lengthening of the QTc interval. Elagolix has a
Tmax of 1 h. The AUC and Cmax may be decreased by up to 24 and 36%, respectively, after a
high-fat meal (compared to fasting). There is evidence that elagolix is 80% bound to human
plasma proteins. Elagolix has an estimated elimination half-life between 4–6 h [75].

5.5.6. Enasidenib

Enasidenib is used to treat acute myeloid leukemia (Table 8). The medication is
administered orally, especially to patients with refractory acute myeloid leukemia who
have isocitrate dehydrogenase-2 gene-processing alterations. Only individuals with IDH
mutant genes in their bone marrow and blood are eligible for this treatment. The small
molecules inhibit cell proliferation and block the enzyme sites that lead to aberrant cell
differentiation. Enasidenib was authorized by the US FDA in August 2017. An in vitro
study demonstrated that enasidenib binds to plasma proteins. A high dose can cause the
degeneration of the seminiferous tubule in males and females, hypospermia, atrophy of the
prostate and seminal vesicles, an increase in the number of atretic follicles in the ovaries,
and uterine atrophy [85].

5.5.7. Lasmiditan

Lasmiditan is used to treat acute migraine headaches with or without aura (Table 4).
This drug is rapidly absorbed when taken orally, with a median Tmax of 1.8 h. An open-
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label study examining the pharmacokinetics of absorption reported a Cmax and AUC of
lasmiditan following oral administration of 322.8–122.0 ng/mL and 1892–746.0 ng/mL,
respectively. According to reports, lasmiditan has a 40% bioavailability when taken orally.
When taken with a high-fat meal, the Cmax and AUC of the drug are increased by 22%
and 19%, respectively, and the Tmax is delayed by 1 h. These variations in absorption are
quite small and are not anticipated to have an impact on clinical outcomes. About 55–60%
of the plasma protein binding of lasmiditan is concentration-independent. Most non-
CYP enzymes are involved in the hepatic and extra-hepatic metabolism of the drug, with
ketone reduction being the main route. The particular metabolic enzymes of lasmiditan
are still unknown, but according to FDA labeling, none of the following are involved
in its metabolism: monoamine oxidases, CYP450 reductase, xanthine oxidase, alcohol
dehydrogenase, aldehyde dehydrogenase, or aldo-keto reductases. Two of the metabolites
of lasmiditan (M7 and M18) are thought to be pharmacologically inactive despite the fact
that the metabolites of this drug have not been defined in published studies. Lasmiditan is
largely removed through metabolism, with a tiny amount of its overall elimination through
urine. About 66% of the modest amount of medication present in urine after a dosage
comprises the S-M8 metabolite of the drug. Only 3% of a dose of lasmiditan is found
unmodified in urine, suggesting that the drug undergoes significant metabolism before
excretion. Lasmiditan has an average elimination half-life of 5.7 h [87].

5.5.8. Lemborexant

Lemborexant is prescribed to treat insomnia that interferes with falling asleep and/or
staying asleep (Table 8). Lemborexant has a volume of distribution of 1970 L, which
indicates that it is widely distributed throughout tissue. It has a protein-bound percentage
of about 94% in vitro, although the precise proteins to which it binds in plasma are still
unknown. Lemborexant disposition animal models have shown that oral administration
results in fast absorption of the drug. Lemborexant has a Tmax of 1–3 h (3–5 h after
administration of a high-fat and high-calorie meal). Increases in Cmax and AUC of the
drug occur at a rate that is marginally sub-proportional to the amount administered. In the
presence of moderate hepatic impairment, the AUC, Cmax, and terminal half-life increase,
while the AUC (but not half-life) is increased in the presence of mild hepatic impairment.
Urine and feces contain 29.1% and 57.4% of the dosage, respectively. Less than 1% of
the excreted amount found in the urine is the parent drug, which indicates significant
metabolism. Lemborexant has a half-life of 17 and 19 h at dosages of 5 mg and 10 mg,
respectively. Hemodialysis is likely to be ineffective in overdose circumstances since
lemborexant is largely protein-bound [90].

5.5.9. Lumateperone

Lumateperone is used to treat both positive and negative symptoms in schizophrenia
patients (Table 8). Its receptor binding profile is distinctive, and it varies from other
antipsychotics in that it modifies the neurotransmitters glutamate, serotonin, and dopamine,
which are all involved in the pathophysiology of schizophrenia. This novel antipsychotic
has limited off-target activity in addition to being selective for dopamine (D2) receptors
in the mesolimbic and mesocortical regions of the brain. Lumateperone is absorbed in
small intestine and crosses the blood–brain barrier and, thus, has ability to penetrate the
multidrug resistance protein 1 (MDR1). It has a Tmax of 3–4 h after an oral dose. After
being administered intravenously, lumateperone has a volume of distribution of about
4.1 L/Kg. Approximately 97.4% of the plasma protein is linked to lumateperone. Most
unaltered lumateperone is eliminated in feces because of its molecular weight. Because the
metabolites of lumateperone are highly water-soluble, they can be completely eliminated.
lumateperone is excreted in urine in about 58% of cases and in the feces in about 29% of
cases. According to reports, lumateperone has a half-life of 13–18 h [137].
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5.5.10. Melphalan flufenamide

Melphalan flufenamide is a prodrug of melphalan used to treat relapsed or refractory
multiple myeloma (Table 8). Melphalan flufenamide is more readily uptaken by cells than
melphalan and it is cleaved to the active metabolite by aminopeptidases. Melphalan flufe-
namide was granted FDA approval in February 2021 but it was withdrawn from the market
in the wake of the phase 3 OCEAN trial, which showed a reduction in overall survival in
comparison to standard treatment with pomalidomide and dexamethasone, despite supe-
rior progression-free survival. Desethyl-melphalan and melphalan are produced through
the metabolism of melphalan flufenamide. Monohydroxy and dihydroxy-melphalan are
produced spontaneously during the hydrolysis of melphalan. There is little reliable infor-
mation about how melphalan flufenamide is removed from the body. Studies on the mode
of elimination are complicated by the rapid and spontaneous breakdown of free melphalan.
However, this drug is anticipated to be eliminated largely through urine [97].

5.5.11. Netupitant

A pro-drug version of netupitant, fosnetupitant, is used to stop nausea and vomiting
caused by chemotherapy, in addition to other drugs (Table 8). The FDA approved it in 2018
as an alternative treatment option for patients suffering from chemotherapy-related nausea
and vomiting. In healthy people and patients, the mean SD volume of distribution of
fosnetupitant was 124 +/− 76 L and 296 +/− 535 L, respectively. In all species, netupitant
is very tightly (>99%) bound to plasma proteins. Netupitant is multi-exponentially excreted
from the body [100].

5.5.12. Pimavanserin

Pimavanserin is a typical antipsychotic drug (Table 8). When used in conjunction with
serotonin, it combines inverse agonist and antagonist actions. In 2016, the FDA granted
approval for this drug, recognizing that it is exclusively intended to treat neurological side
effects like hallucinations and delusions. Continuous research has shown that pimavanserin
does not interact metabolically with other hormones generated by the midbrain pituitary
glands, such as dopamine, which transmits messages from the brain to the smooth muscles.
This drug must be taken orally, and a daily dose of 34 mg is recommended. After 10 days
of administration, it is eliminated by urine and feces only. Treatment with pimavanserin
should be avoided for subjects with psychological disorders who have previously taken
other psychotic-related drugs or any kind of antibiotic for an extended period and, thus, an-
tibiotic interactions with pimavanserin may result in fatal diseases like cardiac arrhythmia
or reduction in blood plasma levels [101].

5.5.13. Selinexor

Selinexor was approved for the treatment of multiple myeloma in conjunction with
bortezomib and dexamethasone (Table 8). High doses of bortezomib and dexamethasone
chemotherapy, followed by an autologous stem cell transplant, are the usual treatments
for multiple myeloma. Additionally, selinexor was given accelerated approval for the
treatment of adult patients with diffuse large B-cell lymphoma (DLBCL). This drug has
a mean Cmax of 680 ng/mL and a mean AUC of 5386 ngh/mL after a single 80 mg dose.
Taking selinexor with food, whether a high-fat or low-fat meal, causes the AUC to rise by
about 15–20%, but this is not anticipated to have any clinically significant effects. This drug
has a mean apparent volume of distribution of 125 L. A phase 1 study that looked at the
impacts of diet and formulation revealed mean apparent volumes of distribution ranging
from 1.9 to 2.9 L/kg. Selinexor has an average elimination half-life of 6–8 h [105].

5.5.14. Tafenoquine

An antiparasitic medicine “Karintafel TM” containing tafenoquine as an active phar-
maceutical agent is used to treat and prevent vivax malaria (Table 8). According to in vitro
studies, tafenoquine exhibits an average 50% inhibitory concentration of 0.436 mcg against
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blood stages of seven strains of P. falciparum. Tafenoquine has an IC50 ranging from 0.5
to 33.1 mcg, which is higher than that of primaquine in P. falciparum strains. Tafenoquine
demonstrated a reduced transmission at dosages of more than 25 mg/kg in tests defining
its ability to prevent transmission against the sporogonic stage of P. vivax. Tafenoquine has
a large distribution volume of about 2560 L. It has an extremely high affinity for plasma
proteins in humans, accounting for about 100% of its binding. Tafenoquine is slowly elimi-
nated from the body after being broken down by several metabolic pathways, with renal
clearance of the unaltered form being extremely low. Tafenoquine has a lengthy half-life of
almost 14 days [109].

5.5.15. Ubrogepant

Ubrogepant is used to treat acute migraines both with and without aura (Table 4).
By inhibiting the activity of a crucial transmitter involved in the etiology of migraines,
ubrogepant effectively cures migraine headache discomfort. After oral delivery, ubrogepant
accomplished Tmax between 0.7–1.5 h. When given after a high-fat meal, Tmax is delayed
by around 2 h, and Cmax is decreased by 22% without having a substantial impact on
the AUC. Across the full recommended dosage range, ubrogepant has dose-proportional
pharmacokinetics. After oral administration, there is an apparent core volume of dispersion
of about 350 L. In vitro, ubrogepant is 87% protein-bound, but the precise proteins to
which it binds are still unknown. Ubrogepant is removed mostly by metabolism, which
is primarily mediated by CYP3A4. The most prevalent circulating substances in human
plasma are discovered to be two circulating glucuronide conjugates and the parent drug
in its unaltered form. Following administration of a single oral dose to healthy subjects,
approximately 42% of the dose is excreted unaltered in feces and 6% was eliminated
without modification in urine. The primary route of elimination is fecal/biliary, while renal
excretion is comparatively modest. Ubrogepant has an elimination half-life of between 5
and 7 h [114].

5.5.16. Upadacitinib

Upadacitinib, an oral Janus kinase-1 (JAK-1)-selective inhibitor, is used to treat moder-
ate to severe forms of rheumatoid arthritis, active psoriatic arthritis, ankylosing spondylitis,
and severe atopic dermatitis (Table 8). Across the therapeutic dose range, upadacitinib
exhibits a dose-proportional pharmacokinetic profile. Following numerous once-daily
injections, steady-state plasma concentrations of upadacitinib are attained in 4 days with
negligible accumulation.

Food consumption has no clinically significant impact on the AUC, Cmax, or Cmin of
upadacitinib in its extended-release formulation. Upadacitinib’s distribution volume in a
patient with rheumatoid arthritis with a body weight of 74 kg is predicted to be 224 L. The
steady-state volume of distribution in a pharmacokinetic study of healthy volunteers taking
the extended-release formulation was 294 L. Following administration of the extended-
release formulation, the mean terminal elimination half-life of upadacitinib ranged from
8–14 h. In clinical trials, upadacitinib is cleared from systemic circulation by 90% within
24 h of treatment [120].

5.5.17. Vericiguat

Vericiguat is a soluble guanylate cyclase (sGC) used to treat systolic heart failure and
lower mortality and hospitalization rates (Table 8). sGCs are intracellular enzymes present
in vascular smooth muscle cells (among other cell types) that catalyze the synthesis of cyclic
guanosine monophosphate (cGMP) in response to activation by nitric oxide. They are an
essential part of the NO–sGC–cGMP signaling pathway, which facilitates the regulation
of the cardiovascular system. These diverse cellular effects have linked deficiencies in
cyclic GMP production (primarily due to insufficient nitric oxide bioavailability) to the
pathogenesis of various cardiovascular diseases. Vericiguat, manufactured by Merck under
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the trade name Verquvo, was given FDA approval in January 2021 for use in a subset of
patients with systolic heart failure [121,138].

6. Conclusions

The fluorine editing of drug candidate molecules is regarded as one of the most
promising strategies in the development of modern pharmaceuticals. During the pe-
riod of 2016–2022, the FDA approved 54 drugs with F-containing groups. A large share
among these fluoro-pharmaceuticals comprise fluorinated azine derivatives with other
five- and six-membered heterocyclic rings. These drugs are being used in therapeutic
fields such as multiple myeloma, lymphoma, HIV, chronic heart failure, chronic myeloid
leukemia, (ANCA)-associated vasculitis, migraines, and NSCLC. Among these approved
drugs, five carry radioactive isotopes of F (F-18) which deliver characteristic features
and offer serviceability in PET. Among the small-molecule drug candidates, a large num-
ber contain an F atom at the carbocyclic aromatic ring either in the form of a fluoro
group, monofluoro-methyl, difluoro-methyl, or trifluoromethyl group, instead of a hete-
rocyclic moiety, which is the common part of approved fluorinated drugs. In addition to
F-containing small molecules, in recent years (2019–2022), the FDA has approved the fol-
lowing oligonucleotides: vutrisiran (polyneuropathy of hereditary transthyretin-mediated
amyloidosis in adults); inclisiran (atherosclerotic cardiovascular disease and familial hyper-
cholesterolemia); lumasiran (hyperoxaluria type 1); and givosiran (acute hepatic porphyria).
This review has covered the biological aspects of FDA-approved drugs, their doses, dis-
tribution, and removal. Indeed, the continuous development of the F methodology and a
greater understanding of the effect of F on bio-properties are expected to provide strong
support for fluorinated drugs in the future.
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Abbreviations

S.NO. Abbreviation Explanation
1 18F-DCFPyL 2-(3-{1-carboxy-5-[(6-[(18)F]fluoro-pyridine-3-carbonyl)-amino]-pentyl}-ureido)-pentanedioic acid,
2 ANCA Antineutrophilic Cytoplasmic Antibodies
3 ASCT1 Alanine Serine Cysteine Transporter 1
4 AUC Area Under the Curve
5 CDK4 Cyclin D and Cyclin-dependent Kinase 4
6 CFTR Cystic fibrosis transmembrane conductance regulator
7 CGRP Calcitonin Gene-related Peptide
8 CML Chronic Myelogenous Leukemia
9 CMV Cytomegalovirus
10 DLBCL Diffuse large B-cell lymphoma
11 EGFR Epidermal Growth Factor Receptor
12 eGFR Estimated Glomerular Filtration Rate
13 EMBRACA Epidemiological Study of Familial Breast Cancer
14 ER Estrogen Receptor
15 FDA Food and Drug Administration
16 FDG 18F-fluoro Deoxyglucose
17 GIST Gastrointestinal Stromal tumors
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18 GnRH Gonadotropin-releasing Hormone
19 HCV Hepatitis C Virus
20 HER1 Human Epidermal Growth Factor Receptor 1
21 HIF-2α Hypoxia-Inducible Factor-2α
22 KRAS Kirsten Rat Sarcoma Virus
23 KRAS Kirsten Rat Sarcoma Viral Oncogene Homolog
24 LAT1, LAT3 L-type Amino Acid Transporters
25 MAO Monoamine Oxidase
26 MEK Mitogen-activated Protein Kinase
27 MET Mesenchymal Epithelial Transition
28 NF Neurofibromas
29 NFTs Neurofibrillary tangles
30 NO–sGC–cGMp Nitric oxide (NO)–NO-sensitive (soluble) guanylyl cyclase (sGC)–cyclic guanosine monophosphate (cGMP)
31 NS3/4A A non-structural protein 3 and 4a protease inhibitor
32 OX1R Orexin Receptor Type 1
33 PARP Poly (ADP-ribose) Polymerase 1
34 PARP Poly Adenosine Diphosphate-ribose Polymerase
35 PDGFRA Platelet-derived Growth Factor Receptor Alpha
36 PET Positron Emission Tomography
37 PSMA Prostate-specific Membrane Antigen
38 RET Rational Emotive Therapy
39 TNF Tumor Necrosis Factor

References
1. Banks, R.E.; Murtagh, V.; Marsden, H.M.; Syvret, R.G. Direct fluorination of bis (trifluoromethanesulfonyl) imide and its lithium

salt and related studies. J. Fluor. Chem. 2001, 112, 271–275. [CrossRef]
2. Yang, X.; Wu, T.; Phipps, R.J.; Toste, F.D. Advances in catalytic enantioselective fluorination, mono-, di-, and trifluoromethylation,

and trifluoromethylthiolation reactions. Chem. Rev. 2015, 115, 826–870. [CrossRef]
3. Syvret, R.G.; Butt, K.M.; Nguyen, T.P.; Bulleck, V.L.; Rieth, R.D. Novel process for generating useful electrophiles from common

anions using Selectfluor® fluorination agent. J. Org. Chem. 2002, 67, 4487–4493. [CrossRef] [PubMed]
4. Reichel, M.; Karaghiosoff, K. Reagents for selective fluoromethylation: A challenge in organofluorine chemistry. Angew. Chem.

Int. Ed. 2020, 59, 12268–12281. [CrossRef] [PubMed]
5. Bravo, P.; Guidetti, M.; Viani, F.; Zanda, M.; Markovsky, A.L.; Sorochinsky, A.E.; Soloshonok, I.V.; Soloshonok, V.A. Chiral

sulfoxide controlled asymmetric additions to C=N double bond. An efficient approach to stereochemically defined α-fluoroalkyl
amino compounds. Tetrahedron 1998, 54, 12789–12806. [CrossRef]

6. Xu, X.H.; Matsuzaki, K.; Shibata, N. Synthetic methods for compounds having CF3–S units on carbon by trifluoromethylation,
trifluoromethylthiolation, triflylation, and related reactions. Chem. Rev. 2015, 115, 731–764. [CrossRef] [PubMed]

7. Ohkura, H.; Berbasov, D.O.; Soloshonok, V.A. Chemo-and regioselectivity in the reactions between highly electrophilic fluorine
containing dicarbonyl compounds and amines. Improved synthesis of the corresponding imines/enamines. Tetrahedron 2003,
59, 1647–1656. [CrossRef]

8. Gondo, K.; Kitamura, T. Reaction of iodonium ylides of 1,3-dicarbonyl compounds with HF reagents. Molecules 2012, 17, 6625–6632.
[CrossRef]

9. Han, J.; Sorochinsky, A.E.; Ono, T.; Soloshonok, V.A. Biomimetic transamination-a metal-free alternative to the reductive amination.
Application for generalized preparation of fluorine-containing amines and amino acids. Cur. Org. Synth. 2011, 2, 281–294.
[CrossRef]

10. Syvret, R.G.; Casteel, W.J., Jr.; Lal, G.S.; Goudar, J.S. Selective fluorination of an aryl triazolinone herbicide intermediate. J. Fluor.
Chem. 2004, 125, 33–35. [CrossRef]

11. Röschenthaler, G.V.; Kukhar, V.P.; Kulik, I.B.; Belik, M.Y.; Sorochinsky, A.E.; Rusanov, E.B.; Soloshonok, V.A. Asymmetric synthesis
of phosphonotrifluoroalanine and its derivatives using N-tert-butanesulfinyl imine derived from fluoral. Tetrahedron Lett. 2012,
53, 539–542. [CrossRef]

12. Kirk, K.L. Fluorine in medicinal chemistry: Recent therapeutic applications of fluorinated small molecules. J. Fluor. Chem. 2006,
127, 1013–1029. [CrossRef]

13. Ojima, I. Strategic incorporation of fluorine into taxoid anticancer agents for medicinal chemistry and chemical biology studies. J.
Fluor. Chem. 2017, 198, 10–23. [CrossRef]

14. Kowalczyk, D.; Wojciechowski, J.; Albrecht, L. Asymmetric Organocatalysis in the Synthesis of Pyrrolidine Derivatives Bearing a
Benzofuran-3 (2H)-one Scaffold. Synthesis 2017, 49, 880–890. [CrossRef]

15. Zhou, Y.; Wang, J.; Gu, Z.; Wang, S.; Zhu, W.; Aceña, J.L.; Soloshonok, V.A.; Izawa, K.; Liu, H. Next generation of fluorine-
containing pharmaceuticals, compounds currently in phase II–III clinical trials of major pharmaceutical companies: New
structural trends and therapeutic areas. Chem. Rev. 2016, 116, 422–518. [CrossRef]

https://doi.org/10.1016/S0022-1139(01)00510-3
https://doi.org/10.1021/cr500277b
https://doi.org/10.1021/jo020053u
https://www.ncbi.nlm.nih.gov/pubmed/12076145
https://doi.org/10.1002/anie.201913175
https://www.ncbi.nlm.nih.gov/pubmed/32022357
https://doi.org/10.1016/S0040-4020(98)00779-0
https://doi.org/10.1021/cr500193b
https://www.ncbi.nlm.nih.gov/pubmed/25121343
https://doi.org/10.1016/S0040-4020(03)00138-8
https://doi.org/10.3390/molecules17066625
https://doi.org/10.2174/157017911794697277
https://doi.org/10.1016/j.jfluchem.2003.09.002
https://doi.org/10.1016/j.tetlet.2011.11.096
https://doi.org/10.1016/j.jfluchem.2006.06.007
https://doi.org/10.1016/j.jfluchem.2016.12.016
https://doi.org/10.1055/s-0035-1562483
https://doi.org/10.1021/acs.chemrev.5b00392


Pharmaceuticals 2023, 16, 1162 46 of 50

16. Hagmann, W.K. The many roles for fluorine in medicinal chemistry. J. Med. Chem. 2008, 51, 4359–4369. [CrossRef] [PubMed]
17. Han, J.; Kiss, L.; Mei, H.; Remete, A.M.; Ponikvar-Svet, M.; Sedgwick, D.M.; Roman, R.; Fustero, S.; Moriwaki, H.; Soloshonok,

V.A. Chemical aspects of human and environmental overload with fluorine. Chem. Rev. 2021, 121, 4678–4742. [CrossRef]
18. Mei, H.; Han, J.; Klika, K.D.; Izawa, K.; Sato, T.; Meanwell, N.A.; Soloshonok, V.A. Applications of fluorine-containing amino

acids for drug design. Eur. J. Med. Chem. 2020, 186, 111826. [CrossRef] [PubMed]
19. Mei, H.; Han, J.; Klika, K.D.; Izawa, K.; Sato, T.; Meanwell, N.A.; Soloshonok, V.A.; White, S.; Graham, D.J.; Fustero, S. Tailor-made

amino acids and fluorinated motifs as prominent traits in modern pharmaceuticals. Chem. Eur. J. 2020, 26, 11349–11390. [CrossRef]
20. Burgey, C.S.; Robinson, K.A.; Lyle, T.A.; Sanderson, P.E.; Lewis, S.D.; Lucas, B.J.; Vacca, J.P. Metabolism-directed optimization of

3-aminopyrazinone acetamide thrombin inhibitors. Development of an orally bioavailable series containing P1 and P3 pyridines.
J. Med. Chem. 2003, 46, 461–473. [CrossRef]

21. Mei, H.; Han, J.; Soloshonok, V.A.; Remete, A.M.; Zou, Y.; Moriwaki, H.; Fustero, S.; Kiss, L. Fluorine-containing drugs approved
by the FDA in 2019. Chin. Chem. Lett. 2020, 31, 2401–2413. [CrossRef]

22. Yu, Y.; Liu, A.; Dhawan, G.; Mei, H.; Zhang, W.; Izawa, K.; Soloshonok, V.A.; Han, J. Fluorine-containing pharmaceuticals
approved by the FDA in 2020: Synthesis and biological activity. Chin. Chem. Lett. 2021, 32, 3342–3354. [CrossRef]

23. Han, J.; Remete, A.M.; Dobson, L.S.; Kiss, L.; Izawa, K.; Moriwaki, H.; Soloshonok, V.A.; O’Hagan, D. Next generation
organofluorine containing blockbuster drugs. J. Fluor. Chem. 2020, 239, 109639. [CrossRef]

24. Böhm, H.J.; Banner, D.; Bendels, S.; Kansy, M.; Kuhn, B.; Müller, K.; Obst-Sander, U.; Stahl, M. Fluorine in medicinal chemistry.
ChemBioChem 2004, 5, 637–643. [CrossRef] [PubMed]

25. Stoller, A.D. Synthesis of new substituted 1λ4-1, 2, 4, 6-thiatriazines. J. Heterocycl. Chem. 2000, 37, 583–595. [CrossRef]
26. Wang, Q.; Song, H.; Wang, Q. Fluorine-containing agrochemicals in the last decade and approaches for fluorine incorporation.

Chin. Chem. Lett. 2022, 32, 626–642. [CrossRef]
27. Ogawa, Y.; Tokunaga, E.; Kobayashi, O.; Hirai, K.; Shibata, N. Current contributions of organofluorine compounds to the

agrochemical industry. iScience 2020, 23, 101467. [CrossRef]
28. Fujiwara, T.; O’Hagan, D. Successful fluorine-containing herbicide agrochemicals. J. Fluor. Chem. 2014, 167, 16–29. [CrossRef]
29. Chen, P.; Bai, W.; Bao, Y. Fluorescent chemodosimeters for fluoride ions via silicon-fluorine chemistry: 20 years of progress.

J. Mater. Chem. 2019, 7, 11731–11746. [CrossRef]
30. Ilardi, E.A.; Vitaku, E.; Njardarson, J.T. Data-mining for sulfur and fluorine: An evaluation of pharmaceuticals to reveal

opportunities for drug design and discovery: Miniperspective. J. Fluor. Chem. 2014, 57, 2832–2842. [CrossRef]
31. Hop, C.E.; Kalgutkar, A.S.; Soglia, J.R. Importance of early assessment of bioactivation in drug discovery. Ann. Rep. Med. Chem.

2006, 41, 369–381. [CrossRef]
32. Wang, J.; Sánchez-Roselló, M.; Aceña, J.L.; Del Pozo, C.; Sorochinsky, A.E.; Fustero, S.; Soloshonok, V.A.; Liu, H. Fluorine in

Pharmaceutical Industry: Fluorine-Containing Drugs Introduced to the Market in the Last Decade (2001–2011). Chem. Rev. 2014,
114, 2432–2506. [CrossRef] [PubMed]

33. 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, 8315–8359. [CrossRef]

34. Shah, P.; Westwell, A.D. The role of fluorine in medicinal chemistry. J. Enzym. Inhib. Med. Chem. 2007, 22, 527–540. [CrossRef]
[PubMed]

35. Swallow, S. Fluorine in Medicinal Chemistry. Progress in Medicinal Chemistry. Prog. Med. Chem. 2015, 54, 65–133. [CrossRef]
[PubMed]

36. Véliz, E.A.; Stephens, O.M.; Beal, P.A. Synthesis and analysis of RNA containing 6-trifluoromethylpurine ribonucleoside. Org.
Lett. 2001, 3, 2969–2972. [CrossRef]

37. Filler, R.; Saha, R. Fluorine in medicinal chemistry: A century of progress and a 60-year retrospective of selected highlights. Future
Med. Chem. 2009, 1, 777–791. [CrossRef]

38. Jarvis, L.M. Drug hunters explore allostery’s advantages. Chem. Eng. News. 2019, 97, 39–42. [CrossRef]
39. Glasspool, R.M.; Evans, T.R.J. Clinical imaging of cancer metastasis. Eur. J. Cancer 2000, 36, 1661–1670. [CrossRef]
40. Westera, G.; August, S.P. Functional imaging of physiological processes by positron emission tomography. Physiology 2003,

18, 175–178. [CrossRef]
41. Olivier, P. Nuclear oncology, a fast growing field of nuclear medicine. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers

Detect. Assoc. Equip. 2004, 527, 4–8. [CrossRef]
42. McGoron, A.J.; Maob, X.; Georgiou, M.F.; Kuluz, J.W. Computer phantom study of brain PET glucose metabolism imaging using

a rotating SPECT/PET camera. Comput. Biol. Med. 2005, 35, 511–531. [CrossRef] [PubMed]
43. Herholz, K.; Heiss, W.D. Positron emission tomography in clinical neurology. Mol. Imaging Biol. 2004, 6, 239–269. [CrossRef]
44. Wooten, D.W.; Guehl, N.J.; Verwer, E.E.; Shoup, T.M.; Yokell, D.L.; Zubcevik, N.; Vasdev, N. Pharmacokinetic evaluation of the

tau PET radiotracer 18F-T807 (18F-AV-1451) in human subjects. J. Nucl. Med. 2017, 3, 484–491. [CrossRef]
45. Nye, J.A.; Schuster, D.M.; Yu, W.; Camp, V.M.; Goodman, M.M.; Votaw, J.R. Biodistribution and radiation dosimetry of the

synthetic nonmetabolized amino acid analogue anti-18F-FACBC in humans. J. Nucl. Med. 2007, 4, 1017–1020. [CrossRef]
46. Deng, W.P.; Wong, K.A.; Kirk, K. Convenient syntheses of 2-, 5-and 6-fluoro-and 2, 6-difluoro-l-DOPA. Tetrahedron Asymm. 2002,

11, 1135–1140. [CrossRef]

https://doi.org/10.1021/jm800219f
https://www.ncbi.nlm.nih.gov/pubmed/18570365
https://doi.org/10.1021/acs.chemrev.0c01263
https://doi.org/10.1016/j.ejmech.2019.111826
https://www.ncbi.nlm.nih.gov/pubmed/31740056
https://doi.org/10.1002/chem.202000617
https://doi.org/10.1021/jm020311f
https://doi.org/10.1016/j.cclet.2020.03.050
https://doi.org/10.1016/j.cclet.2021.05.042
https://doi.org/10.1016/j.jfluchem.2020.109639
https://doi.org/10.1002/cbic.200301023
https://www.ncbi.nlm.nih.gov/pubmed/15122635
https://doi.org/10.1002/jhet.5570370315
https://doi.org/10.1016/j.cclet.2021.07.064
https://doi.org/10.1016/j.isci.2020.101467
https://doi.org/10.1016/j.jfluchem.2014.06.014
https://doi.org/10.1039/C9TC04567H
https://doi.org/10.1021/jm401375q
https://doi.org/10.1016/S0065-7743(06)41025-3
https://doi.org/10.1021/cr4002879
https://www.ncbi.nlm.nih.gov/pubmed/24299176
https://doi.org/10.1021/acs.jmedchem.5b00258
https://doi.org/10.1080/14756360701425014
https://www.ncbi.nlm.nih.gov/pubmed/18035820
https://doi.org/10.1016/bs.pmch.2014.11.001
https://www.ncbi.nlm.nih.gov/pubmed/25727703
https://doi.org/10.1021/ol016295i
https://doi.org/10.4155/fmc.09.65
https://doi.org/10.3389/fmolb.2022.1070328
https://doi.org/10.1016/S0959-8049(00)00154-4
https://doi.org/10.1152/nips.01420.2002
https://doi.org/10.1016/j.nima.2004.03.008
https://doi.org/10.1016/S0010-4825(04)00046-0
https://www.ncbi.nlm.nih.gov/pubmed/15780862
https://doi.org/10.1016/j.mibio.2004.05.002
https://doi.org/10.2967/jnumed.115.170910
https://doi.org/10.2967/jnumed.107.040097
https://doi.org/10.1016/S0957-4166(02)00321-X


Pharmaceuticals 2023, 16, 1162 47 of 50

47. Liao, G.J.; Clark, A.S.; Schubert, E.K.; Mankoff, D.A. 18F-fluoroestradiol PET: Current status and potential future clinical
applications. J. Nucl. Med. 2016, 8, 1269–1275. [CrossRef] [PubMed]

48. Osborne, J.R.; Akhtar, N.H.; Vallabhajosula, S.; Anand, A.; Deh, K.; Tagawa, S.T. Prostate-specific membrane antigen-based
imaging. Urol. Oncol. Semin. Orig. Investig. 2013, 2, 144–154. [CrossRef] [PubMed]

49. Basetty, V.; Deruiter, J.; Pathak, S.; Dua, K.; Dhanasekaran, M. Advanced drug delivery systems targeting to improve therapeutic
outcomes in porphyria. In Drug Delivery Systems for Metabolic Disorders; Academic Press: Cambridge, MA, USA, 2022; pp. 65–76.
[CrossRef]

50. Khvorova, A. Oligonucleotide therapeutics—A new class of cholesterol-lowering drugs. N. Engl. J. Med. 2017, 376, 4–7. [CrossRef]
51. Scott, L.J.; Keam, S.J. Lumasiran: First approval. Drugs 2021, 81, 277–282. [CrossRef]
52. de la Torre, B.G.; Albericio, F. The Pharmaceutical Industry in 2022. An Analysis of FDA Drug Approvals from the Perspective of

Molecules. Molecules 2023, 28, 1038. [CrossRef]
53. Kerru, N.; Gummidi, L.; Maddila, S.; Gangu, K.K.; Jonnalagadda, S.B. A Review on Recent Advances in Nitrogen-Containing

Molecules and Their Biological Applications. Molecules 2020, 25, 1909. [CrossRef] [PubMed]
54. Martorana, A.; Giacalone, V.; Bonsignore, R.; Pace, A.; Gentile, C.; Pibiri, I.; Buscemi, S.; Lauria, A.; Piccionello, P.A. Heterocyclic

Scaffolds for the Treatment of Alzheimer’s Disease. Curr. Pharm. Des. 2016, 22, 39713995. [CrossRef] [PubMed]
55. 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. [CrossRef] [PubMed]
56. Wetzel, C.; Lonneman, M.; Wu, C. Polypharmacological drug actions of recently FDA approved antibiotics. Eur. J. Med. Chem.

2021, 209, 112931. [CrossRef] [PubMed]
57. Heravi, M.M.; Zadsirjan, V. Prescribed drugs containing nitrogen heterocycles: An overview. RSC Adv. 2020, 10, 44247–44311.

[CrossRef]
58. Inoue, M.; Sumii, Y.; Shibata, N. Contribution of Organofluorine Compounds to Pharmaceuticals. ACS Omega 2020, 5, 10633–10640.

[CrossRef]
59. Upadhyay, C.; Chaudhary, M.; De Oliveira, R.N.; Borbas, A.; Kempaiah, P.S.; Rathi, B. Fluorinated scaffolds for antimalarial drug

discovery. Expert Opin. Drug Discov. 2020, 15, 705–718. [CrossRef]
60. O’Hagan, D. Fluorine in health care: Organofluorine containing blockbuster drugs. J. Fluor. Chem. 2010, 131, 1071–1081. [CrossRef]
61. Fried, J.; Sabo, E.F. 9α-Fluoro Derivatives of Cortisone and Hydrocortisone. J. Am. Chem. Soc. 1954, 76, 1455–1456. [CrossRef]
62. Purser, S.; Moore, P.R.; Swallow, S.; Gouverneur, V. Fluorine in medicinal chemistry. Chem. Soc. Rev. 2008, 37, 320–330. [CrossRef]
63. Meanwell, N.A. Fluorine and Fluorinated Motifs in the Design and Application of Bioisosteres for Drug Design. J. Med. Chem.

2018, 61, 5822–5880. [CrossRef] [PubMed]
64. 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. [CrossRef] [PubMed]
65. Morgenthaler, M.; Schweizer, E.; Hoffmann-Röder, A.; Benini, F.; Martin, R.E.; Jaeschke, G.; Wagner, B.; Fischer, H.; Bendels, S.;

Zimmerli, D.; et al. Predicting and Tuning Physicochemical Properties in Lead Optimization: Amine Basicities. ChemMedChem
2007, 2, 1100–1115. [CrossRef] [PubMed]

66. Rowley, M.; Hallett, D.J.; Goodacre, S.; Moyes, C.; Crawforth, J.; Sparey, T.J.; Patel, S.; Marwood, R.; Patel, S.; Thomas, S.; et al.
3-(4-Fluoropiperidin-3-yl)-2-phenylindoles as High Affinity, Selective, and Orally Bioavailable h5-HT2A Receptor Antagonists. J.
Med. Chem. 2001, 44, 1603–1614. [CrossRef]

67. Giese, M.; Albrecht, M.; Rissanen, K. Anion–π interactions with fluoroarenes. Chem. Rev. 2015, 115, 8867–8895. [CrossRef]
68. Mei, H.; Han, J.; Fustero, S.; Medio-Simon, M.; Sedgwick, D.M.; Santi, C.; Ruzziconi, R.; Soloshonok, V.A. Fluorine-Containing

Drugs Approved by the FDA in 2018. Chem. Eur. J. 2019, 25, 11797–11819. [CrossRef]
69. Knight, J.C.; Edwards, P.G.; Paisey, S.J. Fluorinated contrast agents for magnetic resonance imaging; a review of recent develop-

ments. RSC Adv. 2011, 1, 1415–1425. [CrossRef]
70. Sznaidman, M.L.; Haffner, C.D.; Maloney, P.R.; Fivush, A.; Chao, E.; Goreham, D.; Sierra, M.L.; LeGrumelec, C.; Xu, H.E.;

Montana, V.G.; et al. Novel selective small molecule agonists for peroxisome proliferator-activated receptor δ (PPARδ)—Synthesis
and biological activity. Bioorg. Med. Chem. Lett. 2003, 13, 1517–1521. [CrossRef]

71. Raub, T.J.; Wishart, G.N.; Kulanthaivel, P.; Staton, B.A.; Ajamie, R.T.; Sawada, G.A.; Lawrence, M.J.; Shannon, H.E.; Sanchez-
Martinez, C.; De Dios, A. Brain exposure of two selective dual CDK4 and CDK6 inhibitors and the antitumor activity of CDK4
and CDK6 inhibition in combination with temozolomide in an intracranial glioblastoma xenograft. Drug Metab. Dispos. 2015,
43, 1360–1371. [CrossRef]

72. Hou, J.Z.; Ye, J.C.; Pu, J.J.; Liu, H.; Ding, W.; Zheng, H.; Liu, D. Novel agents and regimens for hematological malignancies:
Recent updates from 2020 ASH annual meeting. J. Hematol. Oncol. 2021, 14, 66. [CrossRef]

73. Rathkopf, D.E.; Antonarakis, E.S.; Shore, N.D.; Tutrone, R.F.; Alumkal, J.J.; Ryan, C.J.; Saleh, M. Safety and antitumor activity
of apalutamide (ARN-509) in metastatic castration-resistant prostate cancer with and without prior abiraterone acetate and
prednisone. Clin. Cancer Res. 2017, 14, 3544–3551. [CrossRef]

74. Xiao, H.; Dairaghi, D.J.; Powers, J.P.; Ertl, L.S.; Baumgart, T.; Wang, Y.; Seitz, L.C. C5a receptor (CD88) blockade protects against
MPO-ANCA GN. Am. J. Soc. Nephrol. 2014, 2, 225. [CrossRef]

75. Jorgensen, S.C.; Mercuro, N.J.; Davis, S.L.; Rybak, M.J. Delafloxacin: Place in therapy and review of microbiologic, clinical and
pharmacologic properties. Infect. Dis. Ther. 2018, 7, 197–217. [CrossRef] [PubMed]

https://doi.org/10.2967/jnumed.116.175596
https://www.ncbi.nlm.nih.gov/pubmed/27307345
https://doi.org/10.1016/j.urolonc.2012.04.016
https://www.ncbi.nlm.nih.gov/pubmed/22658884
https://doi.org/10.1016/B978-0-323-99616-7.00022-0
https://doi.org/10.1056/NEJMp1614154
https://doi.org/10.1007/s40265-020-01463-0
https://doi.org/10.3390/molecules28031038
https://doi.org/10.3390/molecules25081909
https://www.ncbi.nlm.nih.gov/pubmed/32326131
https://doi.org/10.2174/1381612822666160518141650
https://www.ncbi.nlm.nih.gov/pubmed/27189601
https://doi.org/10.1016/j.ejmech.2019.07.043
https://www.ncbi.nlm.nih.gov/pubmed/31330449
https://doi.org/10.1016/j.ejmech.2020.112931
https://www.ncbi.nlm.nih.gov/pubmed/33127170
https://doi.org/10.1039/D0RA09198G
https://doi.org/10.1021/acsomega.0c00830
https://doi.org/10.1080/17460441.2020.1740203
https://doi.org/10.1016/j.jfluchem.2010.03.003
https://doi.org/10.1021/ja01634a101
https://doi.org/10.1039/B610213C
https://doi.org/10.1021/acs.jmedchem.7b01788
https://www.ncbi.nlm.nih.gov/pubmed/29400967
https://doi.org/10.1021/acs.jmedchem.9b01877
https://www.ncbi.nlm.nih.gov/pubmed/32182061
https://doi.org/10.1002/cmdc.200700059
https://www.ncbi.nlm.nih.gov/pubmed/17530727
https://doi.org/10.1021/jm0004998
https://doi.org/10.1021/acs.chemrev.5b00156
https://doi.org/10.1002/chem.201901840
https://doi.org/10.1039/c1ra00627d
https://doi.org/10.1016/S0960-894X(03)00207-5
https://doi.org/10.1124/dmd.114.062745
https://doi.org/10.1186/s13045-021-01077-3
https://doi.org/10.1158/1078-0432.CCR-16-2509
https://doi.org/10.1681/ASN.2013020143
https://doi.org/10.1007/s40121-018-0198-x
https://www.ncbi.nlm.nih.gov/pubmed/29605887


Pharmaceuticals 2023, 16, 1162 48 of 50

76. Biggioggero, M.; Becciolini, A.; Crotti, C.; Agape, E.; Favalli, E.G. Upadacitinib and filgotinib: The role of JAK1 selective inhibition
in the treatment of rheumatoid arthritis. Drugs Context 2019, 8, 212595. [CrossRef] [PubMed]

77. Salam, K.A.; Akimitsu, N. Hepatitis C virus NS3 inhibitors: Current and future perspectives. Biomed Res. Intl. 2013, 2013, 467869.
[CrossRef]

78. Xu, R.; Wang, K.; Rizzi, J.P.; Huang, H.; Grina, J.A.; Schlachter, S.T.; Wang, B. 3-[(1 S, 2 S, 3 R)-2, 3-Difluoro-1-hydroxy-7-
methylsulfonylindan-4-yl] oxy-5-fluorobenzonitrile (PT2977), a hypoxia-inducible factor 2α (HIF-2α) inhibitor for the treatment
of clear cell Renal cell carcinoma. J. Med. Chem. 2019, 62, 6876–6893. [CrossRef] [PubMed]

79. Thakare, R.; Dasgupta, A.; Chopra, S. Eravacycline for the treatment of patients with bacterial infections. Drugs Today 2018,
4, 245–254. [CrossRef]

80. Sanchez, R.I.; Fillgrove, K.L.; Yee, K.L.; Liang, Y.; Lu, B.; Tatavarti, A.; Liu, R.; Anderson, M.S.; Behm, M.O.; Fan, L.; et al.
Characterisation of the absorption, distribution, metabolism, excretion and mass balance of doravirine, a non-nucleoside reverse
transcriptase inhibitor in humans. Xenobiotica 2019, 4, 422–432. [CrossRef]

81. Bendell, J.C.; Javle, M.; Bekaii-Saab, T.S.; Finn, R.S.; Wainberg, Z.A.; Laheru, D.A.; Weekes, C.D. A phase 1 dose-escalation and
expansion study of binimetinib (MEK162), a potent and selective oral MEK1/2 inhibitor. Br. J. Cancer. 2017, 5, 575–583. [CrossRef]

82. Shockcor, J.P.; Wurm, R.M.; Frick, L.W.; Sanderson, P.N.; Farrant, R.D.; Sweatman, B.C.; Lindon, J.C. Hplc-nmr identification of
the human urinary metabolites of (—)-cis-5-fluoro-1-[2-(hydroxymethyl)-1, 3-oxathiolan-5-yl] cytosine, a nucleoside analogue
active against human immunodeficiency virus (HIV). Xenobiotica 1996, 26, 189–199. [CrossRef] [PubMed]

83. Kim, S.; Kim, T.M.; Kim, D.W.; Kim, S.; Kim, M.; Ahn, Y.O.; Heo, D.S. Acquired resistance of MET-amplified non-small cell lung
cancer cells to the MET inhibitor capmatinib. Cancer Res. Treat. Off. J. Korean Cancer Assoc. 2019, 51, 951–962. [CrossRef]

84. Engelman, J.A.; Zejnullahu, K.; Gale, C.M.; Lifshits, E.; Gonzales, A.J.; Shimamura, T.; Zhao, F. PF00299804, an irreversible
pan-ERBB inhibitor, is effective in lung cancer models with EGFR and ERBB2 mutations that are resistant to gefitinib. Cancer Res.
2007, 24, 11924–11932. [CrossRef] [PubMed]

85. Nnoaham, K.E.; Hummelshoj, L.; Webster, P.; Hooghe, T.D.; Nardone, F.D.C.; Nardone, C.D.C.; Jenkinson, C.; Stephen, H.K.;
Zondervan, K.T. World Endometriosis Research Foundation Global Study. Impact of endometriosis on quality of life and work
productivity: A multicenter study across ten countries. Fertil. Steril. 2011, 2, 366–373. [CrossRef] [PubMed]
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