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Abstract

Imatinib, nilotinib, dasatinib, bosutinib, ponatinib, and asciminib are FDA-approved tyrosine kinase inhibitors (TKIs) for
chronic myeloid leukemia (CML), each of which has a specific pharmacological profile. Asciminib has been recently (2021)
approved for patients resistant to former TKIs, and because the binding site of this drug (the myristoyl pocket in the ABL1
kinase) is different from that of other TKIs (ATP-binding sites), it is, therefore, effective against T315I mutation of BCR-ABL
oncoprotein. All TKIs have a different pharmacological profile due to different chemical structures. Imatinib is the only TKI
whose absorption depends on both influx (OCT1 and OATP1A2) and efflux (ABCB1 and ABCG2) transporters, whereas the
others rely only on efflux transporters. The efflux of dasatinib is also regulated by ABCC4 and ABCC®6 transporters. Nilotinib
and ponatinib are transported passively, as no role of transporters has been found in their case. A phenomenon common to all
in the metabolic aspect is that the CYP3A4 isoform of CYP450 primarily metabolizes TKIs. Not only does CYP3A4, flavin-
containing monooxygenase 3 (FMO3), and uridine 5'-diphospho-glucuronosyltransferase (UGT) also metabolize dasatinib,
and similarly, by glucuronidation process, asciminib gets metabolized by UGT enzymes (UGT1A3, UGT1A4, UGT2B7,
and UGT2B17). Additionally, the side effects of TKIs are categorized as hematological (thrombocytopenia, neutropenia,
anemia, and cardiac dysfunction) and non-hematological (diarrhea, nausea, vomiting, pleural effusion, and skin rash). How-
ever, few toxicities are drug-specific, like degradation of biomolecules by ponatinib-glutathione (P-GSH) conjugates and
clinical pancreatitis (dose-limited toxicity and manageable by dosage alterations) are related to ponatinib and asciminib,
respectively. This review focuses on the pharmacokinetics of approved TKIs related to CML therapy to comprehend their
specificity, tolerability, and off-target effects, which could help clinicians to make a patient-specific selection of CML drugs
by considering concomitant diseases and risk factors to the patients.
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Introduction

Chronic Myeloid Leukemia (CML) is a clonal, myeloprolif-
erative disease that develops when the hemopoietic stem cell
acquires the Philadelphia chromosome. This chromosome
forms after the reciprocal translocation between chromo-
somes 9 and 22, i.e., t (9; 22). In this genetic translocation,
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the Abelson (Abl) gene on chromosome 9 gets translocated
to the Breakpoint cluster region (Bcr) on chromosome
22, forming a fused oncogene (Bcr-Abl) on the truncated
chromosome 22 (the Philadelphia Chromosome) [1]. This
oncogene codes for BCR-ABL oncoprotein, which regulates
several signaling pathways due to constitutively stimulation
of ABL-related tyrosine kinase activity. Tyrosine kinases
are mediators of various cell signaling pathways that cause
physiological changes like cell proliferation, differentiation;
and dysregulation in these tyrosine kinases results in can-
cer [2]. These kinases have an extracellular ligand-binding
domain to which the corresponding ligand binds, which then
induces dimerization and phosphorylation of the cytoplas-
mic domain of the kinase, and further regulation of several
cytoplasmic signaling pathways occurs [3].

@ Springer


http://orcid.org/0000-0002-2395-6086
http://crossmark.crossref.org/dialog/?doi=10.1007/s11010-022-04376-6&domain=pdf

1262

Molecular and Cellular Biochemistry (2022) 477:1261-1279

In the last decade, specific inhibitors against tyrosine
kinases have been developed to control tumor progres-
sion, which proved quite effective with respect to other
targeted therapies [3]. The TKIs are potentially competi-
tive inhibitors for ATP-binding sites and inhibit the sub-
strate-binding at the kinase domain, which prevents the
phosphorylation of BCR-ABL oncoprotein [4]. Approxi-
mately 20 TKIs have been developed (Table 1), and only
six of them (imatinib, dasatinib, nilotinib, bosutinib,
ponatinib, and asciminib) have been clinically approved
in the case of CML [5]. Of all, imatinib was the effec-
tive drug, but because of T3151 mutation and multidrug
resistance (MDR), investigators began to explore new
therapies, and in pursuit of that, other TKIs have been
developed [6, 7]. Nevertheless, only ponatinib was found

to be effective against the T3151 mutation, but because of
its more adverse effects on organs, it is of little use [7, 8].

In addition to these, a few more kinase inhibitors (rado-
tinib, danusertib, and asciminib) got approval. Radotinib
(IY5511HCI) is a structural analog of imatinib, primarily
nilotinib, is gaining interest and is undergoing phase III stud-
ies to analyze their efficacy and safety in treating chronic
phase CML patients [9, 10]. Danusertib (PHA-739358) is
found to be a potent inhibitor of both Aurora kinase and
BCR-ABL, and is in phase II clinical trials for the therapy of
CML; and asciminib (ABLO0O1) acts as a selective allosteric
ABLY1 inhibitor that recently received FDA approval [11,
12]. The search did not stop here, and yet, there is a clini-
cal trial for a new novel inhibitor such as Bafetinib, Rebas-
tinib, Tozasertib, Danusertib, HG-7-85-01, GNF-2, GNF-5,

Table 1 US FDA-approved TKIs along with their target sites, related diseases, binding site, and year of approval

Inhibitors  Target site Disease Binding site / Inhibitor type Approval year
Imatinib Inactive BCR-ABL, PDGFR, ARG, KIT, VEGF, CML, GIST ATP Binding site/ ATP Competitive 2001
DDRI1
Gefitinib  EGFR NSCLC Reversible Inhibitor 2003
Erlotinib EGFR, HER1 NSCLC Reversible Inhibitor 2005
Sorafenib  Raf-1, B-Raf, VEGFR2, FLT3 RCC Competitive 2005
VEGFR3, PDGFR§, c-Kit Inhibitor
Bafitinib  Lyn, BCR-ABL CML, AML, Glioblastoma Non-competitive 2005
Inhibitor
Erlotinib  EGFR, HERI1 NSCL Reversible Inhibitor 2005
Dasatinib ARG, TEK, BTK, Active & Inactive BCR-ABL, Imatinib-resistant CML ATP Binding site/ ATP Competitive 2006
SRC, DDR1, EPHA2, PDGFR
Sunitinib ~ VEGFR2, PDGFR Imatinib-resistant GIST ATP Binding site/ ATP Competitive 2006
Lapatinib EGFR, HER2 Breast Cancer Reversible Inhibitor 2007
Nilotinib ARG, KIT, VEGFR, Inactive BCR-ABL, DDR1, Imatinib-resistant CML ATP Binding site/ ATP Competitive 2007
NQO2, PDGFR
Bosutinib BCR-ABL, SRC, TEK, CAMK2G, C-Kit, Imatinib-resistant CML ATP Binding site/ ATP Competitive 2012
PDGFR
Ponatinib  All mutated forms of BCR-ABL, T315I, FGFR, Imatinib-resistant CML ATP Binding site/ ATP Competitive 2012/2013
TIE2, VEGFR
Axitinib VEGFR, PDGFRp Breast cancer, RCC Competitive 2012
Inhibitor
Asciminib myristate pocket of BCR-ABL1 CML Non-competitive 2021
Inhibitor
Radotinib BCR-ABL, PDGFR CML Competitive Phase III trial
Inhibitor
Danusertib Aurora kinases, Ret, CML Competitive Phase II trial
TrkA, FGFR1, Abl Inhibitor
Rebastinib BCR-ABL, SRC, KDR, CML Non-competitive Not approved
FLT3, Tie-2, c-Kit Inhibitor
GNF-2 BCR-ABL CML Non-competitive Not approved
Inhibitor
GNEF-5 BCR-ABL CML Non-competitive Not approved
Inhibitor
Tozasertib Aurora Kinase, Abl CML Competitive Not approved
Inhibitor

GIST Gastrointestinal stromal tumors, NSCL Non-small-cell lung carcinoma cancer, RCC Renal cell carcinoma
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and 1,3,4-thiadiazole derivatives are ongoing [13—17]. It is
anticipated that these novel inhibitory molecules may help
to combat previously formed TKI resistance in leukemia.

Numerous studies reported alterations in the Bcr-Abl
gene, mutations in BCR-ABL oncoprotein, and the manu-
facturing of novel TKIs, but there are little data on the com-
parative pharmacology of these TKIs. This review aims to
elucidate the drug profiles of TKIs (imatinib, dasatinib, nilo-
tinib, bosutinib, ponatinib, and asciminib) related to CML,
to understand their pharmacological differences that may be
a reason for patient-wise selection of these TKIs.

Imatinib

Imatinib is a TKI approved in the United States after the
failure of previously used treatments for CML patients with
blast crisis, accelerated, or chronic phases [18]. In the late
1990s, biochemist Nicholas Linden developed imatinib at
Novartis Pharmaceuticals, which then led to clinical trials
of the drug. And after receiving approval from the US FDA
in May 2001, the drug was used at the Dana-Farber Insti-
tute to treat CML [4]. Imatinib is a derivative of 2-phenyl
amino pyrimidine that is specific only against certain tyros-
ine kinases. The structural analysis revealed that imatinib
binds to BCR-ABL near the ATP-binding site leading to the
conformational change at the ABL active site motif Asp-
Phe-Gly (DFG), constraining BCR-ABL kinase activity, and
finally reduces cell proliferation [19]. Imatinib is selective
for the Bcr-Abl gene but is also effective against other tyros-
ine kinases such as cytokine receptor (c-kit), expressible in
GIST; and platelet-derived growth factor (PDGF) receptor
[20, 21]. It is not that imatinib only acts on cancer cells,
while it also inhibits the AblI gene in the normal cells. But
the normal cells continue proliferation due to additional
tyrosine kinases. Since tumor cells are completely depend-
ent on the Ber-Abl kinase protein, cancers expressing the
Bcr-Abl oncogene can be treated by imatinib [22]. Despite
inhibition by imatinib, the BCR-ABL protein enters the
nucleus but is unable to perform any of its regular roles,
such as the anti-apoptotic function, and eventually causes
tumor cell death [23].

Transport

After oral intake, imatinib gets quickly absorbed from the
gut due to its rapid dissolution at acidic pH [24]. Two pri-
mary sites of imatinib absorption through the influx trans-
porters are the enterocytes of the intestine and hepatocytes
of the liver. These transporters regulate inflow through elec-
trochemical gradients of transport substrates to ions across
a membrane. In imatinib uptake, mainly the organic cation
transporter 1 (OCT1 or the SLC22A1 gene product) and to

a minor extent, organic anion transporting polypeptide 1A2
(OATP1A2, the SLCO1A2 gene product), situated at the
apical membrane of enterocytes, play the lead role [25, 26].
Additionally, the solute carriers OATP1B3 (SLCO1B3 gene
product) and OCTN2 (SLC22A5 gene product), expressed
on the basolateral membrane of hepatocytes, promote
hepatic drug absorption [25]. Another influx of imatinib is
the transporter ABCC4, expressed on the basolateral mem-
brane of hepatocytes and supports systemic imatinib uptake
(flow of imatinib from the liver into the systemic circula-
tion) [25].

If the drug has entered, it has to exit the cell also, and here
comes the role of efflux transporters. The efflux transport-
ers related to imatinib are the ATP-binding cassette (ABC)
transporters such as the ABCB1 (formerly known as P-gly-
coprotein or MDR1) [27-29] and ABCG?2 (formerly known
as breast cancer resistance protein, BCRP) [29, 30]. These
transporters cause drug excretion through ATP hydroly-
sis and subsequent phosphorylation of the transporters as
energy sources, leading to active transport across multiple
cell membranes [31]. Both ABCB1 and ABCG?2 are found
to be expressed in several tissues, including the liver (at the
sinusoidal basolateral membrane, as well as the apical bile
canalicular membrane of hepatocytes, intestine, placenta,
kidney, and the blood-brain barrier [32-35]. Compared
to influx transporters, these efflux transporters have been
studied and examined more due to their role in MDR. Fur-
thermore, the absolute availability of imatinib depends on
the balance between influx and efflux transporters over the
intestinal barrier, preferring the active drug uptake.

Metabolism

The recommended dose of imatinib is 400 mg/day in CML
and GIST patients, and 600 mg/day in the accelerated phase
or blast crisis of CML [36]. The dosage has to be taken once
a day in combination with a meal and water. Differences
between imatinib-related pharmacokinetics across individu-
als are due to interpatient variability in the expression of
drug transporters [34].

Imatinib is an orally administered drug with a mean
absolute systemic availability of 98% [37]. After 2—4 h of
imatinib administration, it becomes available in plasma,
where this drug is bound to plasma proteins, primarily
albumin and al-acid glycoproteins [24, 38]. This drug is
actively cleared from the blood to the liver, the site of
metabolism. Imatinib is metabolized through cytochrome
P450 (CYP450) isoforms CYP3A4 and CYP3AS5; and
then after analyzing the metabolite patterns in plasma,
urine, and feces, N-desmethyl imatinib (CGP74588) found
to be the most active metabolite [39, 40]. CYP3A4 and
CYP3AS are responsible for most of the biotransformation
of imatinib and, to a lesser extent, the CYP1A1/2, 1B1,
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2C8/9, 2C19, and 2D6 enzymes as well [24, 41, 42]. In
the plasma, apart from imatinib and CGP74588, few other
metabolites whose structure could be partially determined
by LC-MS. were also found, and those were categorized
as N-oxide-, deaminated-, hydroxy-, and glucuroconjugate
metabolites [43] (Fig. 1).

Gschwind et al. studied the imatinib metabolism in
detail and reported that metabolism occurs in two phases
[40]. The phase I metabolic pathway includes the metabo-
lites pyridine N-oxidation (CGP72383), benzylic hydroxy-
lation (AFN911), N-demethylation (CGP7458, M20.0a,
M25.6, M28.8, and APG049), piperazine-N-4 oxidation
(CGP71422), and piperazine ring oxidation with lactam
formation (APG049, APG050, M23.7, M25.6, M27.6,
M28.8, and M29.6) (Fig. 2). In the phase II metabolism,
the conjugation of imatinib and CGP74588 with glucu-
ronic acids (M21.0 and M20.0a, respectively) occurs, and
glucuronic acid gets oxidized to carboxylic acid (M42.2).
It is estimated that an average of 75% of imatinib doses
undergo biotransformation. Excretion occurs more either
through bile (20% as parent compounds and 68% as metab-
olites) or renal excretion (5% of the parent compound and
13% of the metabolites) [36].
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Toxicity

Imatinib is usually well tolerated, with insignificant common
side effects, such as nausea and vomiting, diarrhea, muscle
cramps, fatigue, skin rash, and edema. In a study, the GIST
and CML patients showed fewer side effects such as nau-
sea, emesis, distressingly demonstrated fatigue, and minor
hemorrhage [44]. This drug-induced subsequent hepatotox-
icity in a female patient treated with CML-related therapies,
i.e., hydroxyurea, INF-a, and imatinib, concurrently [45].
Following histological examination of this patient, some
findings were found, such as fold necrosis of hepatocytes
and slight infiltration of lymphocytes around the necrosis
lesions and on the sinusoids of the liver, similar to acute
viral hepatitis [45]. Apart from CML, acute liver failure
was obtained in GIST related case study after ten weeks
of imatinib treatment [46]. Liver biopsy confirmed hepato-
toxicity by revealing sinusoidal congestion, inflammation,
necrosis of hepatocytes, and hepatocytes drop-out around
hepatic venules [46]. Besides this, imatinib is also associated
with water retention and edema, and as a result, some high
protein content in blood exhibits hepatotoxicity [47]. One
study first time reported, three cases of splenic rupture as
a side effect of imatinib treatment; two of these three were
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Fig. 1 Imatinib metabolic pathway (https://www.pharmgkb.org/pathway/PA164713427)
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CML patients and one patient with myeloid metaplasia [48].
All the patients had been treated with a dose of 600 mg/
day of imatinib with an average duration of more than one
week. Computed tomography (CT) revealed that there was a
solitary splenic rupture in the CML patients, whereas drug-
induced thrombocytosis and splenic rupture were observed
in myeloid metaplasia patients [48].

As previously mentioned, imatinib affects c-Kit and
PDGEFR tyrosine kinases. And both kinases play a major
role in regulating testicular organogenesis, Leydig cell dif-
ferentiation, and luteinizing hormone receptors, so it was
tested whether this drug has any side effects on the male
reproductive system [49-51]. Prasad et al. demonstrated that
imatinib significantly affects testosterone and LDH levels,
but the effect is reversible once the drug is withdrawn [51].
The c-kit tyrosine kinase is also located in melanocytes and
plays a role in melanogenesis and pigmentation [52, 53]. So,
it is believed that due to this kinase, imatinib also exhibited
dermatological side effects by inducing hyperpigmentation
after six months of therapy in one patient, which developed
into a chloasma-like appearance after one year of therapy
[54]. So far, several side effects were observed in patients,
but imatinib-induced pneumonitis was unnoticed. One case
study reported that a patient associated with a chronic mye-
loid neoplasm underwent one month of imatinib treatment,
and after that, was diagnosed with shortness of breath and
productive cough [55]. CT revealed bilateral pulmonary
interstitial syndrome, which resolved after systemic corti-
costeroid therapy, but the same symptoms recurred upon
resumption of imatinib therapy [55].

Nilotinib

Despite its high efficacy, in about 20% of patients, imatinib
proved ineffective due to mutation, MDR, and side effects
[56]. So, in the quest for better therapy, the second gen-
eration TKIs were developed, and in that row, nilotinib
ranks first. Like imatinib, nilotinib is also an orally taken
drug with 30-fold more potent and selective for BCR-ABL
in comparison to imatinib [57]. Nilotinib is an analog of
imatinib, a phenyl amino pyrimidine derivative in which
the alignment of the amide is reversed, and the methylpip-
erazine is substituted with a trifluoromethyl and a methyl-
imidazole, discovered by re-engineering imatinib, using
medicinal chemistry and structural biology approaches
to improve selectivity toward BCR-ABL finally efficacy
[58]. FDA-approved this drug in 2007 for CML patients
of chronic and accelerated phases and imatinib-resistant
patients [59].

Preliminary studies proved good efficacy and tol-
erability of nilotinib when administered twice a day at
a dose of 400 mg and having a half-life of 15-24 h in
plasma [59]. Nilotinib is also influential in treating edema,
which occurred due to inhibition of PDGFR in the case
of imatinib therapy. The dose of nilotinib (400 mg twice
daily) increases the bioavailability of this drug so that its
accumulation cannot inhibit this receptor tyrosine kinase,
and a rare occurrence of edema occurred [58].
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Transport

Cellular transportation of nilotinib is different from imatinib
[60]. As mentioned above, OCT1 is a transporter of the cati-
onic drug imatinib due to the presence of the basic N-meth-
ylpiperazine group at physiological pH in this specific drug.
Since this group is absent in nilotinib, OCT1 does not sup-
port this drug uptake. Therefore, the uptake of nilotinib is
primarily passive, resulting in an advantage of nilotinib over
imatinib in diseases caused by c-Kit and PDGFR [26]. In
addition, nilotinib efficiency is less likely influenced through
transporters due to its high hydrophobic nature than imatinib
[61]. Furthermore, because nilotinib and imatinib have dif-
ferent transport pumps, this results in the stability of the
drug intracellularly and proves beneficial in imatinib-resist-
ant patients [62].

Like imatinib, the prime efflux transporters of nilotinib
are ABCB1 and ABCG2. A study has shown that ABCB1
inhibits nilotinib-mediated kinase at high concentrations, but
such a role is not played by ABCG2 [63]. This indicates that
nilotinib is predominantly transported via ABCB1 and has
no strong interaction with ABCG2. For the first time through
TagMan transporter array technology, Eddie et al. reported
that increased concentration of nilotinib (up to 2 pM) in

K562 cells leads to a 57-fold higher mRNA expression of
ABCC6 than in control cells [64]. Nilotinib resistance in
patients can be overcome by increasing the concentration of
this drug or by using a pump inhibitor [61, 65].

Metabolism

Like imatinib, nilotinib is also an orally administered drug,
but despite their structural similarity, the pharmacokinetics
of both drugs is different. The bioavailability of nilotinib is
only 30%, which increases to 50% after consumption with
a meal containing fat due to the hydrophobic nature of this
specific drug [19]. Nilotinib is tightly (~99%) bound to
plasma proteins and transported to the liver, where CYP3A4
metabolizes it through oxidation and hydroxylation path-
ways to form nilotinib carboxylic acid and nilotinib N-oxide
[66]. Nilotinib also regulates the hepatic enzymes (CYP3A4,
CYP2CS8, CYP2C9, CYP2D6, and UGT1Al) through a
feedback mechanism (Fig. 3).

Toxicity

The in vivo and in vitro studies reported the significant
toxicological effect of this drug on different organs such
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Fig. 3 Nilotinib metabolic pathway (https://www.pharmgkb.org/pathway/PA166178331)
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as the liver, bile duct, and gall bladder, while mild toxic-
ity was observed in the spleen, heart, pancreas, and thyroid
[67]. The most significant toxicity related to nilotinib is the
inhibition of AERG (a gene that codes for a protein known
as K,11.1, the alpha subunit of a potassium ion channel)
that regulates electric current across the heart [19]. Due to
cardiac problems with nilotinib, several death events were
reported, and these reports suggested that this may be due
to ventricular re-polarization abnormalities. Furthermore,
elevated hepatic enzymes were observed in~10-15% of
patients who rarely progressed to hepatitis [67].

Dasatinib

Dasatinib is an ATP-competitive TKI like imatinib and
nilotinib, but it acts more potently than the two. Dasatinib
received FDA approval in 2006 to treat chronic-accelerated-
or myeloid or lymphoid blast phase of CML, and Ph* ALL,
which are resistant to previous treatments [68]. Like others,
this drug is also given orally but is structurally different from
imatinib, and as a result, dasatinib bounds to those BCR-
ABL conformations to which imatinib does not bind [69,
70]. The recommended starting dose of dasatinib in chronic
phase CML patients is 100 mg orally once daily, compared
to 140 mg once daily in accelerated phase, myeloid blast
phase, and lymphoid blast phase CML or Ph* ALL [71, 72].

The main targets of dasatinib are BCR-ABL, Src, c-kit,
ephrin receptors, and other tyrosine kinases [73]. Dasat-
inib binds strongly to the BCR-ABL kinase, which, despite
a plasma life of 3-5 h, proved to be a more potent and
longer effective drug than other previous CML treatments,
such as imatinib and nilotinib [73, 74]. Furthermore, a
BCR-ABL related in vitro study reported that dasatinib
(IC50: 0.8 nmol/L) is»325-fold and»16-fold more potent
than imatinib (IC50: 260 nmol/L) and nilotinib (IC50:
13 nmol/L), respectively [75]. One reason behind this high
potency may be that unlike imatinib, which only binds to
the inactive conformation of BCR-ADbI, dasatinib is known
to bind to both the active and inactive conformations of this
kinase enzyme. So, it is believed that due to this difference,
dasatinib is effective against imatinib-resistant BCR-ABL
mutations (but not in the case of T315I mutation), which
have disrupted the inactive conformation [69, 70, 76].

Transport

The absorption of dasatinib is mainly a passive process in
contrast to the active transportation of imatinib. A study
illustrated that the organic cation transporters (OCT1, OCT-
2, and OCT-3) have no role in dasatinib cellular uptake, but
this drug is a substrate of the efflux transporters (ABCB1
and ABCG?2) in leukemic cells [77]. In addition to the above

two transporters, dasatinib is also a substrate of the ABCC4
(MDR4) transporter located in the stomach and gastrointes-
tinal tract, which facilitates gastric absorption of the respec-
tive drug [78]. Furthermore, the studies reported that the
absorption of dasatinib is dependent on the acidic pH as
its absorption ranges from 18.4 mg/mL at pH 2.6 to only
0.008 mg/mL at pH 6.0 [79]. Therefore, the stomach plays
a vital role in the absorption of dasatinib due to its acidic
pH, as the pH rises to 6 in the duodenum and then gradually
to 7.4 in the terminal ileum; and as a consequence of this,
the absorption mainly occurs in the upper segment of the
intestinal tract [78, 80].

The first time the dasatinib resistance role of ABCC6
was evaluated by experimenting with the effect of ABCC6
inhibitors (pantoprazole, indomethacin, and probenecid) on
the efficacy of dasatinib and imatinib [28]. The study dem-
onstrated that the inhibitors reduce the IC50 of dasatinib
but not of imatinib, representing that inhibition of ABCC6
enhanced the efficacy of dasatinib by reducing its efflux
through ABCC6 and increasing intracellular drug concen-
tration. So, dasatinib transport depends on the bioavailability
of ABC transporters, regardless of OCTs' existence.

Metabolism

Dasatinib is rapidly absorbed orally, with peak plasma con-
centration (Cmax) within 0.5-3 h after administration [71].
Unlike nilotinib, dasatinib administration is not based on
the type of food; this drug is highly plasma protein bound
(96%) and widely distributed in the extravascular space [81].

In the liver, CYP3A4 enzymes primarily metabolize
dasatinib with the help of Flavin-containing monooxy-
genase 3 (FMO3) and Uridine 5'-diphospho-glucuron-
osyltransferase (UGT), and 30% of the drug remains
unchanged. The different metabolites formed after bio-
transformation of dasatinib have been identified through
in vitro incubation of '*C. The metabolites are found to
be developed through either primary metabolic pathway
(M4, M5, M6, M9, M20, and M24) or multiple metabolic
pathways (M3a/b, M7, M21, M23a/b, M28a/b, M29a/
b/c, and M30) in the liver microsomes and hepatocytes
[82]. Some metabolites (M3a/b, M23a/b, M28a/b, and
M?29a/b/c) are pairs of positional isomers that have not
been sufficiently resolved from each other in chromatog-
raphy. The M4, M5, and M6 metabolites are categorized
as N-dealkylated Dasatinib (deshydroxyethyl), piperazine
N-oxide, and carboxylic acid. Out of these three, M4 is
equipotent to dasatinib, while the other two (M5 and M6)
are tenfold less active. The metabolites M3a/b are found
to be positional isomers of the 2-chloro-6-methylphenyl
ring-hydroxylated derivatives of the N-oxide of dasatinib.
M7 is the N-oxide of the carboxylic acid metabolite, and
metabolite M9 is the metabolite formed with the initial
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metabolism of the 2-chloro-6-methyl carboxamide moi-
ety, followed by the formation of a new 6-membered ring.
In the same study, M20 was confirmed as the 4-hydroxy-
2-chloro-6-methylphenyl metabolite of dasatinib, and M21
as the sulfate conjugate of M20. The metabolites M23a/b
are identified as the positional isomer of the 2-chloro-
6-methylphenyl ring-hydroxylated derivative of the car-
boxylic acid metabolite, and M28a/b as the positional
isomer of the 2-chloro-6-methylphenyl ring-hydroxylated
M4. The metabolites M24 and M30 were confirmed as
benzyl alcohol derivatives of dasatinib and sulfate conju-
gates of 2-chloro-6-methylphenyl ring-hydroxylated M6,
respectively. The oxidative metabolites M20 and M24 are
abundant in liver microsome and hepatocyte incubations,
and the plasma prominent metabolite M21 is also a major
metabolite of the hepatocyte incubations [82]. The isomers
of M29, i.e., M29a/b/c, were identified as the positional
isomer of dehydroxylated dasatinib, both hydroxylations
occurring on the 2-chloro-6-methylphenyl ring. The pri-
mary route of dasatinib clearance is oxidative biotransfor-
mation through which circulating metabolites are formed.
These metabolites include products of hydroxylation, alco-
hol oxidation, N-oxidation, N-dealkylation, sulfate, and

glucuronide conjugation, and secondary metabolites that
are byproducts of primary metabolites (Fig. 4).

Dasatinib acts as both an inhibitor and inducer of
CYP3A4 depending on its concentration; also, the metabo-
lism of the respective drug is affected by concomitant drugs
metabolized by CYP3A4. Following co-administration of
dasatinib with inhibitors of CYP3A4 (e.g., erythromycin,
clarithromycin, itraconazole, ketoconazole), the systemic
exposure of this TKI increased by 4- to fivefold; and when
the same drug was co-administered with CYP3A4 induc-
ers (e.g., phenytoin, rifampicin, dexamethasone, carbamaz-
epine, or phenobarbital), the systemic exposure of dasat-
inib reduced by ~80% [81, 82]. The elimination of this
drug mainly occurs in the feces (85%) and is minor in urine
(4%). The 19% of dosage of dasatinib was recovered as an
unchanged form in feces and the remaining percentage as
the different metabolites of dasatinib [83].

Toxicity

Despite its high potency, this drug showed adverse effects
in a few patients. These effects may be of mild to moderate
severity, usually non-hematological adverse events (inci-
dence of 12-29%) being fluid retention events (including
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superficial edema or pleural effusion), adverse gastrointes-
tinal events (including diarrhea and nausea), skin rash, hem-
orrhage, dyspnea, headache, musculoskeletal pain, pyrexia,
and fatigue [71]. The severe hematological adverse event
comprises thrombocytopenia, in which few patients suffer
from CNS hemorrhage, and others from gastrointestinal
hemorrhage [81].

The broad term fluid retention event leads to pulmonary
hypertension (PH) and congestive heart failure/ cardiac dys-
function, which means this drug directly and specifically
affects the pulmonary and blood vessels [83]. In addition,
some patients suffer from hepatotoxicity due to the induc-
tion of oxidative stress. This was confirmed after a clinical
trial of the drug in rat primary hepatocytes, where dasat-
inib increased the level of reactive oxygen species (ROS),
reduced glutathione in the cell, reduced activity of superox-
ide dismutase (SOD), declined membrane potential of mito-
chondria, and eventually enhanced other events to promote
oxidative stress [83].

Bosutinib

Bosutinib, a substituted 4-anilino-3- quinoline carbonitrile,
is an orally available kinase inhibitor that acts against the
Src and Abl kinases and explicitly inhibits the Bcr-Abl onco-
protein. Even at a low dose, bosutinib proved more effective
than imatinib and overcame most imatinib-resistant BCR-
ABL mutations (D276G, Y253F, and E255K; except T315])
[84]. This drug received its first approval in 2012 for CML
therapy in combination with prior TKIs (imatinib, nilotinib,
and dasatinib); and later approved as a first-line treatment for
newly diagnosed chronic phase CML patients in the United
States and the European Union in 2017 and 2018, respec-
tively [37]. The clinically approved dosages of bosutinib are
400 mg once daily (QD) for newly diagnosed chronic phase
Ph* CML patients and 500 mg QD for chronic Phase, accel-
erated phase, or blast phase Pht CML patients resistant to
prior therapies [85]. Due to its long half-life (average mean
half-life varies from 32.4 to 41.2 h), the prescribed once
daily regimen is sufficient for bosutinib [58].

Transport

It was previously thought that the transporters ABCB1 and
ABCG?2 did not exert a noticeable protective effect in bosu-
tinib-associated cellular toxicity assays, which confirmed no
role of these transporters in efflux and resistance to this drug.
A study evaluated the similar phosphorylated Bcr-Abl pat-
tern in bosutinib-treated K562, K562/ABCB1 (overexpress-
ing ABCB1), and K562/ABCG?2 (overexpressing ABCG2),
which further verified that this TKI proved to be a potent

anticancer drug by overcoming MDR caused by ABCB1 and
ABCG?2 transporters [86].

But later, another study noticed the vital role of ABCBI1
as an efflux transporter for bosutinib and claimed that the
data could help determine appropriate treatment options for
bosutinib-resistant patients. In this in vitro and in vivo study,
the interaction of bosutinib with three transporters (ABCBI1,
ABCG?2, and SLC22A1) was analyzed; and subsequent drug
and transporter interactions were assessed with transporter
inhibitors (verapamil, ABCBI inhibitor; fumitremorgin C,
ABCG?2 inhibitor; amantadine, SLC22A1 inhibitor) [87].
The results demonstrated an increased and decreased bosu-
tinib concentration according to the low and high levels of
ABCBI, but no such effect was obtained in the case of the
remaining two transporters. And in line with this finding, the
IC50 value of bosutinib increased in ABCB1-overexpress-
ing cells which decreased after verapamil treatment only
in ABCB1-overexpressing cells, not in the wild-type cells.
The inhibitors of ABCG2 and SLC22A1 did not show any
significant difference in the drug concentration, so it is clear
that only ABCBI1 is responsible for the bosutinib-related
MDR [87].

Metabolism

Bosutinib is a highly permeable and less soluble drug, and
because of this characteristic, it is prescribed to be taken
with food as the tolerability and risk of bosutinib increases
with combined intake. This TKI is widely distributed,
proved because of highly binding to human plasma proteins
in vitro (94%) and ex vivo in healthy subjects (96%); and
bosutinib binding is independent of its concentration [88].
Like other TKIs, the metabolism of bosutinib is regulated
by CYP3A4, and this was investigated through the use of an
inhibitor (ketoconazole) and inducer (rifampin) of CYP3A4.
The result demonstrated the same as the inducer reduced
plasma concentration and increased drug clearance, and
the inhibitor did the opposite [89]. Other reports also add
to this investigation by demonstrating that bosutinib's co-
administration with ketoconazole decreases the mean appar-
ent clearance of this drug by ninefold and increases half-life
from 46.2 to 69.0 h [58, 88].

After CYP3A4 activity, two primary bosutinib-related
metabolites, i.e., oxidized bosutinib (M2) and N-desme-
thyl bosutinib (M5) were found to circulate, and both were
considered to be fewer active metabolites as they contrib-
ute < 5% to bosutinib activity [90, 91] (Fig. 5). One study
reported a rapid and complete (94.6%) metabolism of bosu-
tinib following a dose of 500 mg (a mixture of radiolabeled
and unlabeled bosutinib) drug in six male patients and also
confirmed that the majority of drug excreted through feces
(91.3%) and minorly through urine [92]. Subsequently,
it was also found that bosutinib and M5 are the major
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Fig.5 Bosutinib metabolic pathway (https://www.pharmgkb.org/pathway/PA166178011)

drug-related components in feces, while bosutinib and M2
are in the urine.

Toxicity

The adverse effects of bosutinib are manageable and cat-
egorized as hematological and non-hematological toxicities.
The hematological toxicities include thrombocytopenia, neu-
tropenia, and anemia, which all upsurges after prior first-,
second-, and third-line bosutinib treatment of CML [93-95].
Neutropenia adversity was less in bosutinib treatment than in
imatinib (11% vs. 24%, respectively), but thrombocytopenia
and anemia frequencies were similar in both TKI treatments.
Most persistent non-hematological toxicities related to bosu-
tinib include diarrhea, nausea, vomiting, rashes, abdominal
pain, pyrexia, headache, constipation, and cough. Of all
these, diarrhea is the major toxicity due to its abundance in
84% of patients, which can be controlled through interrup-
tion or reduction of drug dosage [94, 96]. Arthralgia, myal-
gia, muscle cramps, bone pain, and peripheral or periorbital
edema were observed less frequently in bosutinib-treated
patients than in imatinib-treated patients [96].

@ Springer

Apart from these minor, non-hematological toxicities,
other bosutinib-related adverse events are heart failure,
hypertension, and pleural effusion. In an investigation,
0.8% of 248 patients taking bosutinib as first-line therapy
and 4.4% of 570 patients taking bosutinib as second, third,
or fourth-line therapy for CML or advanced stages of leuke-
mia were found to be suffering from heart failure [93]. The
same study evaluated that 7.8% of 818 patients who were
receiving bosutinib treatment for CML or ALL developed
hypertension-related adverse events; relatively, they had no
record of any such disease in the past [93]. A report stated
that 4% of 248 patients were diagnosed with pleural effusion
after receiving first-line bosutinib therapy [97].

Ponatinib

Ponatinib is the orally available pan-BCR-ABL TKI devel-
oped by ARIAD Pharmaceuticals through a computational
and structure-based approach [98]. It is the only FDA-
approved TKI for T315I-positive Ph*t ALL and T3151-pos-
itive CML (at any stage); and also, for leukemic patients
who have not taken any TKIs other than ponatinib [99, 100].
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This TKI is effective against the T315I mutation due to the
presence of a novel triple bond ethynyl linker in it, through
which ponatinib overcomes the steric hindrance that arises
after replacement of threonine with isoleucine on the 315
(T315I) position of mutant BCR-ABL oncoprotein [98]. This
linker helps ponatinib to span the bulky isoleucine side chain
present in the T3151 mutant BCR-ABL protein, which the
prior TKIs could not execute. A structure—activity-based
study has shown that triple bonds give ten times higher
potency than single or double bond systems, and the data
from this study provide another reason for ponatinib to be
the most efficient TKI [101].

Transport

The interaction of Ponatinib with drug transporters is poorly
explored, and in that also there are little data on drug inter-
actions with influx transporters compared with efflux trans-
porters. The most studied efflux transporters in ponatinib
are ABCB1, ABCC10, and ABCG?2 transporter, which
induce MDR by extruding anticancer compounds from the
cell. Ponatinib was shown to be an inhibitor of ABCB1
and ABCG?2, as it hinders the efflux of chemotherapeutic
drugs by these transporters and, in addition, increases the
intake of those drugs also [24]. Two surveys after analyz-
ing IC50P°atinib (concentration of drug required to inhibit
a biological process by half) in K562 cells and variants:
ABCB1-overexpressing K562-DOX and ABCG2 overex-
pressing K562-ABCG2, revealed that, unlike imatinib, nilo-
tinib and dasatinib, ponatinib is not exported via ABCBI1
and ABCG2 [102, 103]. Besides efflux transporters, Lu et al.
also scrutinized no role of OCT1, the import transporter,
in the transport of ponatinib in target BCR-ABL positive
leukemic cells [103]. Conversely, in regions where ABCB1
and ABCG2 are highly accumulated, this TKI becomes inef-
fective. This condition was observed in brain tumors, where
ponatinib fails to enhance anticancer drug sensitivity due to
its inability to cross the blood—brain barrier, a locus where
efflux transporters (ABCB1 and ABCG2) accumulate in
high proportions [104].

Although ABCC10 (also known as MRP7) has not been
heavily investigated compared to ABCB1 and ABCG2, some
in vitro and in vivo studies revealed its activity as the efflux
transporter for anticancer drugs, e.g., taxanes [105, 106].
Some previous experiments proved that ponatinib alone or in
combination with chemotherapeutic drugs might prove to be
a potent reversal drug for MDR therapy. And in that aspect,
one study reported for the first time that ponatinib induced
intracellular accumulation of the chemotherapeutic drug
[*H]-paclitaxel by inhibiting the MRP7 function and protein
expression at a clinically achievable concentration, and thus
attenuated the MRP7-mediated MDR [107]. Consequently, it
became known through several studies that ponatinib can be

passively transported into cells, and the likelihood of MDR
due to major ATP efflux transporters (ABCB1 or ABCG2)
in patients administered ponatinib is very low or negligible.

Metabolism

The prescribed dose of ponatinib is 45 mg daily, confirmed
after phase 1 and phase 2 trials in CML and Ph™ ALL
patients [108, 109]. Instead, the US FDA recommended
a dosage of 30 mg in patients with hepatic impairment,
whereas the dosage of ponatinib had to be given with cau-
tion in patients with impaired kidney function, and the use
of ponatinib during pregnancy and lactation has been banned
[108]. 92% of the dose was recovered after drug administra-
tion, with 86.6% being recovered in feces and 5.4% in urine.
This drug is readily absorbed with a steady-state maximum
plasma concentration (C,,,,) of 145 nM at 4-8 h and a mean
terminal elimination half-life (t,,,) ~22 h [109].

Ponatinib is metabolized primarily by CYP3A4 and
to a lesser extent by CYP3AS5, CYP2C8, and CYP2D6;
to N-oxide and N-desmethyl metabolites (Fig. 6) [108,
110]. N-desmethyl metabolite is fourfold less potent than
ponatinib [108]. The effect of CYP3A4 on the metabolism
of ponatinib has been investigated following co-administra-
tion of ponatinib and ketoconazole (CYP3A4 inhibitor), in
which it was confirmed that inhibition of CYP3A4 increases
plasma concentration (C,,,,) and area under the concen-
tration—time curve (AUC) [111]. Along with CYP3A4,
CYP1ALl also metabolizes ponatinib, and it biotransforms
the parent drug into monohydroxylated, and di-hydroxylated
products [108].

Yihua et al. studied detail about the metabolite profiling
of radioactive ['*C] ponatinib after administering a single
dose of 45 mg in six male volunteers [112] (Fig. 6). In this
study, through radio-chromatographic profiling and mass
spectral analysis, ponatinib and its amide hydrolysis acid
metabolite (M 14) were two abundant metabolites of plasma.
In addition to these two metabolites, some other ponatinib
metabolites evaluated were M 14 glucuronide (M15), despip-
erazinyl acid (M23), hydroxyponatinib glucuronide (M24),
ponatinib glucuronide (M29), ponatinib N-oxide (M36),
and N-desmethyl ponatinib (M42); and they all accounted
for 3.4, 7.0, 2.1, 6.0, 0.5, and 0.5% of the plasma radioac-
tivity, respectively. The same study reported the metabo-
lite profile of urine and detected a trace level of ponatinib.
The major metabolites of urine were M14 and M15, and
these two, together with M 16, accounted for 53.5% of the
total urinary radioactivity. Within 35-41 min after dosing,
a group of metabolites (M25, M29, M30, M31, M32, M33,
M34, M35, M36, M38, M39, M41, and other co-eluting
metabolites) is excreted in the urine, that wholly accounts
for 14.0% of the urine radioactivity. During fecal metabolite
profiling, 23.7% of radioactive ponatinib was quantified; and
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hydroxyponatinib (M31) and M42 were categorized as the
main metabolites because of their 20.4 and 9.6% radioactiv-
ity, respectively. Metabolite peaks not well distinguished in
chromatography formed one cluster, the M23 cluster, which
contributed 17.2% of the fecal radioactivity. Further metabo-
lites, M32, M33, M35, M36, M38, M39, and M41, were
assessed in feces, which contributed 2.1% of the total fecal
radioactivity [112]. In feces, no M14-derived metabolites
were found. After a single oral dose, ponatinib gets elimi-
nated through multiple pathways, i.e., hydroxylation (18%),
N-demethylation (8.3%), methylation (8.4%), and amide
bond hydrolysis (4.4%) (Fig. 7) [112, 113].

Toxicity

As mentioned above, CYP1A1 regulates ponatinib metab-
olism by forming mono- and di-hydroxylated ponatinib
metabolites; and with the addition of glutathione (GSH),
these hydroxylated metabolites get reduced into electrophilic
intermediates, i.e., P-GSH conjugates/epoxides. These epox-
ides are reactive and contribute to adverse effects related to
ponatinib by binding and mutating both protein and DNA.
This was further confirmed by comparing the ponatinib
metabolism in wild type and treated (treated with CYP1A1

@ Springer

inducers: 2,3,7,8-tetrachlorodibenzodioxin or 3-methyl-
cholanthrene) mice, where the results reassured the role of
CYP1A1 by showing the presence of P-GSH conjugates
only in the feces of treated mice [108]. So, this ensured that
despite the normal metabolism of ponatinib by CYP1A1,
this enzyme also regulates the formation of electrophilic
intermediates that may boost ponatinib toxicity.
Previously ponatinib-related toxicities were manage-
able such as rash, dry skin, headache, abdominal pain,
and constipation, which were found in approximately 40%
of ponatinib-treated CML patients [109]. But after that,
major adverse events had been reported during clinical tri-
als, which occurred in two phases. In the phase I study, no
thrombotic events were initially observed, whereas an 8%
incidence of severe arterial thrombotic events was observed
in the phase II trial [99, 108]. Subsequent additional follow-
up of these drug trials uncovered a higher frequency of seri-
ous adverse vascular events (48% and 24% in phase I and
II trials, respectively) [114]. This led the FDA and ARTAD
Pharmaceuticals to withdraw ponatinib from the market in
October 2013 rapidly. This withdrawal caused problems for
patients who were responding exclusively to this drug alone.
With those specific patients in mind, providers then launched
single-patient investigational new drug (IND) applications;
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and between November 2013 and January 2014, more than
370 patients were administered with single-patient INDs
[114]. Given this situation, the FDA again allowed ponatinib
to be re-marketed in January 2014, but only to patients to
whom no other TKI is prescribed. One way to avoid adverse
events is to use low doses of ponatinib in combination with
other therapeutic agents, resulting in reduced resistance in
cells, leading to long-term effects [115].

Asciminib

The target site of the five previously discussed and
accepted TKIs is the ATP-binding site of BCR-ABL, and
mutations in that region result in clinical resistance against
those drugs. Considering drug resistance and intolerable
toxicities (vascular and pulmonary) of past TKIs, asci-
minib was studied continuously for the past five years and
recently received FDA approval (29th October 2021) for
the treatment of chronic phase Ph* CML patients with
the T3151 mutation [116-118]. Asciminib, a first-in-class
STAMP (Specifically Targeting the ABL Myristoyl Pocket)
inhibitor, specifically and potently inhibits BCR-ABL1 by
binding to a pocket different from the ATP-binding site of

the kinase [119]. Several investigations are underway on
asciminib to know its post-approval pharmacology.

Asciminib is an orally bioavailable potent and specific
BCR-ABL inhibitor that differs from other TKIs in that it
binds to the myristoyl pocket, and through this asciminib
targets both native and mutated BCR-ABL1 oncoprotein
even after T3151 mutation. The myristoyl pocket is usu-
ally occupied by the myristoylated N-terminal of ABL1,
which causes autoinhibition by locking the ABL1 kinase
in the inactive state, but in CML after the formation of
BCR-ABL oncoprotein, this motif is lost, and then ABL1
kinase always remains in the active state [117]. So, the
allosteric binding of aciminib to the myristoyl site restores
the inactive state of ABL1 and inhibits the kinase activity
of the BCR-ABL oncoprotein (Fig. 8). Despite all confor-
mations of the myristoyl pocket, this drug is specific only
for the ABL1 kinase motif of this pocket, and asciminib
has a low range of activity toward all clinically observed
ATP mutants, including T315I [10, 120]. Since the myris-
toyl pocket is rarely available in other kinases, asciminib
proved highly selective for BCR/ABL1 and clinically sig-
nificant for CML patients in whom many of the approved
TKIs had failed.
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Transport

Several studies have revealed the role of ABC transport-
ers (mainly drug efflux transporters ABCB1 and ABCG2)
in TKI therapy, but there is still little study in the aspect
of asciminib. During the evaluation of the association
between asciminib resistance and the transporter (ABCB1
and ABCG2) in three cell types: K562-Dox (ABCB1-over-
expressing via doxorubicin exposure), the naive BCR-ABL1*
cell line K562 (negligible ABCB1/ABCG2 expression), and
K562-ABCG2 (ABCG?2 overexpression via transduction),
asciminib efflux by both the ABCB1 and ABCG?2 transport-
ers were demonstrated [121]. This is further confirmed as
the same study showed increased Lethal Dose (LD50%¢"
miniby i K562-Dox and K562-ABCG?2 cells contrasted with
K562 control cells; and again, sensitivity is wholly restored
with cyclosporine and Ko143, the inhibitors of ABCB1 and
ABCG?2, respectively [122].

Metabolism
After the failure of previous ABL kinase inhibitors, one
group conducted a phase I trial of aciminib (dose 10 mg-

200 mg) for 14 months in 150 CML patients (141 patients
in chronic phase and 9 in accelerated phase) who had

Table 2 Pharmacological profile of asciminib [122]

unacceptable side effects or were resistant from prior TKIs
[117]. After 12 months of follow-up, the study found a major
molecular response achieved in patients with resistance or
toxicity to ponatinib and those with a T315I mutation. At
various doses, 40 mg twice daily and 80 mg once improved
preclinical 90% inhibitory concentration against phospho-
rylated signal transducer and activator of transcription 5
(pSTATS); and a dose of 40 mg twice daily was found to
be above the preclinical 90% inhibitory concentration for
pSTATS inhibition in 100% of patients without a T315I
mutation [117]. Similarly, another scientific group used aci-
minib first time for realistic clinical practice against CML
patients after allowance by Novartis under a managed access
program (MAP) to investigate the efficacy and safety of this
drug [123]. The difference between the two studies is that
patients in the current study did not receive any alternative
TKI therapy, whereas patients in the former study (phase
I trial) received asciminib after the failure of at least two
TKIs, and the subsequent study found no dose discontinua-
tion, but both studies revealed hematological or pancreatitis
toxicities related to the drug.

The pharmacokinetic profile of aciminib (Table 2)
showed a half-life between 0.5 and 4 h, and also that the
absorption of the drug is completely dependent on its bioa-
vailability [120]. After absorption asciminib is distributed in

Binding site

Myristoyl pocket of ABL1 kinase

0.5-0.8 nM
ICy, 1-20 nM

Dissociation constant

Target
Selectivity

Pharmacokinetic

Phosphorylation STAT5 and BCR/ABL1 but not CRKL
BCR/ABLI cell lines regardless of the presence of p210 or p190
e A single dose of 7.5, 15, and 30 mg/Kg inhibited STATS (98%, 99%, and 99%, respectively)

that returned to baseline after 10, 12, and 16 h of administration
o At the 30 mg/Kg dose level,>80% STATS inhibition for 16 h post-dose

Metabolism
Inhibition

Glucuronidation most readily in humans through UGT1A3, UGT1A4, UGT2B7 and UGT2B17
Reversible inhibition of CYP3A4/5, CYP2C8, CYP2C9, CYP2B6 and is an inhibitor of

ABCBI1, ABCG2, and a weak inhibitor of OCT1
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all tissues with little penetration into the reproductive system
except the CNS. After administration, the drug remains in
its primary form and is evacuated via biliary excretion, and
the excreted half-life is reported to be 5 to 6 h [10]. Through
various studies, it was determined that the metabolism of the
respective drug varies in different model species, whereas,
in humans, glucuronidation is the metabolic pathway that
occurs by UGT1A3, UGT1A4, UGT2B7, and UGT2B17
[10, 119, 120]. Asciminib has a reversible inhibition effect
on liver enzymes (CYP3A4/5, CYP2B6, CYP2CS, and
CYP2C9), and this drug shows inhibition against the drug
transporters (ABCB1, ABCG2, and OCT1) as well [10, 119,
120].

Toxicity

Although asciminib shows less toxicity than other drugs,
some toxic effects include an asymptomatic increase in
lipase and clinical pancreatitis; and other effects include
nausea, headache, fatigue, joint pain, thrombocytopenia, and
high blood pressure in both types of patients taking either
a single or double daily dose of asciminib [117]. All in all,
clinical pancreatitis is considered dose-limiting toxicity, as
it occurs at doses greater than 40 mg twice daily, and is
manageable following dosage modifications.

Conclusion

To date, six orally administered tyrosine kinase inhibitors
(TKIs) have received approval (in the European Union and
the United States) for CML therapy, and each has its efficacy
and pharmacological profile. They all also differ based on
chemical structure, but the presence of pyrimidine structure
is common to all except bosutinib, which is quinazoline.
In addition to the differences in structure and pharmaco-
logical effects, these TKIs also differ from each other in
their association with CYP450 isoforms. Imatinib, nilo-
tinib, dasatinib, and bosutinib are metabolized by CYP3A4,
whereas ponatinib is metabolized primarily by CYP3A4/5
and minorities via CYP2C8 and CYP2D6. For asciminib,
little information is there, but the inhibitory effect of this
drug on several hepatic enzymes (CYP3A4/5, CYP2B6,
CYP2CS8, and CYP2C9) has been studied. Furthermore, all
TKIs except bosutinib modulate CYP450 interactions with
other compounds and thus alter the efficacy of this enzyme;
consequently, bosutinib may be a better option for polymedi-
cated patients.

Besides pharmacological profiles, these approved drugs
also differ in their toxicity profiles. Nilotinib shows a lower
level of fluid retention and possibly less hematological toxic-
ity than other TKIs. At the same time, there is a higher inci-
dence of headache, skin rash, pancreatitis, high blood glucose,

hyperlipidemia, and cardiovascular toxicity in nilotinib-treated
patients compared to imatinib. On the other hand, pleural effu-
sion and gastrointestinal toxicity occurred more frequently in
dasatinib patients. Comparing the effects of nilotinib, dasat-
inib, and imatinib, it has been verified that nilotinib- and dasat-
inib-treated patients have a higher risk of acute myocardial
infarction as well as arterial and venous events. Adverse effects
of ponatinib are headache, rash, abdominal pain, pancreatitis,
and diarrhea; the prominent toxicities include cardiac toxic-
ity (peripheral arterial occlusive disease, acute myocardial
infarction, and arterial thrombosis) and cerebrovascular tox-
icity which limits its use despite having an effect against the
simultaneous T3151 mutation. In the case of asciminib-treated
patients, low-grade toxicity (nausea, headache, fatigue, joint
pain, thrombocytopenia, and high blood pressure) and clini-
cal pancreatitis were found, but later it was found to be dose-
dependent, and other than this, the myristoyl pocket mutation
was found to be in only 5% of patients. The combination effect
of asciminib with other TKIs generates a mechanism of action
in which asciminib is effective against all catalytic site-asso-
ciated mutations and another’s against myristoylic mutations,
so the dual inhibition and synergistic effect results in a potent
action in CML.

As is known so far, the treatment landscape of CML has
changed radically after the introduction of multiple TKIs,
which has enabled CML patients and clinicians to select the
most appropriate drug by considering patients' concomitant
medications, concomitant diseases, and risk factors. This
review focuses on the absorption, metabolism, and toxicity
of TKIs and provides a holistic view to the researchers and
clinicians of TKIs on CML.
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