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Abstract

Background: The application of tyrosine kinase inhibitors (TKIs) has revolutionized the management of chronic
myeloid leukemia (CML), rendering it a controllable disease. However, long-term administration is associated with
adverse metabolic effects, particularly disruptions in homocysteine metabolism and mineral balance. A comprehensive
comparison across TKI types remains absent. Objective: This study systematically characterized and compared the
metabolic signatures elicited by first- and second-generation TKIs Imatinib, Nilotinib, and Dasatinib on homocysteine
and mineral parameters in chronic myeloid leukemia. Methods: This retrospective cross-sectional study involved 90
stable CML patients treated with TKI therapy for at least six months at Baghdad Oncology Teaching Hospital between
March 2024 and April 2025. Patients were divided into three equal groups based on their medication: Imatinib, Nilotinib,
or Dasatinib. Fasting blood samples were collected and analyzed for homocysteine, PTH, calcium, potassium, creatinine,
vitamin B12, and ALP. Statistical methods, including ANOVA and correlation analyses, were used to compare groups
and explore drug-specific effects. Results: The three TKI groups demonstrated distinct metabolic disturbance patterns.
Nilotinib was associated with the highest homocysteine levels and showed strong positive correlations with PTH and
ALP. Dasatinib caused a moderate elevation in homocysteine and uniquely correlated positively with potassium. Imatinib
showed the most favorable homocysteine profile, which was primarily inversely correlated with calcium. Multivariate
analysis confirmed that these metabolic profiles effectively distinguished the three TKI groups. Conclusion: The present
study demonstrates that Imatinib, Nilotinib, and Dasatinib elicit distinct and discernible metabolic signatures. These
results support the adoption of personalized, TKI-specific monitoring approaches in the management of CML, aiming
to proactively reduce long-term cardiovascular and skeletal adverse effects and thereby improve alignment between
the quality and duration of survival.
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Introduction

Chronic Myeloid Leukemia (CML) is a clonal
myeloproliferative neoplasm that arises from a pluripotent
hematopoietic stem cell and is characterized by the
unchecked proliferation and accumulation of mature
granulocytes and their precursors. The defining feature of
CML, identified more than sixty years ago, is the presence
of the Philadelphia (Ph) chromosome, which results
from a reciprocal translocation between chromosomes 9
and 22, t(9;22)(q34;q11) [1, 2]. This genetic aberration
results in the formation of the *BCR-ABLI* fusion gene,
which encodes a constitutively active BCR-ABL tyrosine
kinase [3]. This oncoprotein serves as the primary driver
of leukemogenesis, aberrantly stimulating downstream

signaling pathways such as RAS/MAPK, JAK/STAT,
and PI3K/AKT. This dysregulation results in unchecked
cellular proliferation, diminished apoptosis, and impaired
adhesion to the bone marrow stroma [4].

Before the introduction of targeted therapy, the
prognosis for chronic myelogenous leukemia (CML) was
unfavorable, characterized by median survival durations
of five to seven years and a nearly certain progression to a
fatal blast crisis [5]. The therapeutic landscape for chronic
myeloid leukemia (CML) experienced a significant
transformation at the beginning of the 21st century with
the advent of Tyrosine Kinase Inhibitors (TKIs). Imatinib
mesylate, the inaugural BCR-ABLI TKI, exhibited
remarkable efficacy in eliciting sustained cytogenetic
and molecular responses, thereby redefining CML from
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a fatal condition to a manageable chronic disease for the
majority of patients [6]. The success of imatinib prompted
the development of second and third-generation tyrosine
kinase inhibitors, including nilotinib and dasatinib. These
drugs were engineered to address resistance and enhance
potency. Currently, they are commonly employed as initial
treatment options, thereby advancing the depth and speed
of molecular responses [7, 8].

The primary focus of CML management has
transitioned from attaining short-term remission to
promoting long-term survival with an improved quality of
life, which requires continuous TKI therapy over decades.
Nonetheless, prolonged TKI use presents considerable
clinical challenges due to a range of chronic, non-
hematological adverse effects. These off-target toxicities
result from the inhibition of kinases other than BCR-
ABLI, such as c-KIT, PDGFR, and SRC family kinases,
which are essential to various physiological functions [9,
10]. Common adverse effects encompass cardiovascular
events, metabolic disturbances, and organ toxicities,
which together contribute to long-term morbidity [11].
Among these, two interconnected areas of increasing
significance are disruptions in homocysteine metabolism
and mineral homeostasis. Hyperhomocysteinemia,
characterized by elevated plasma homocysteine levels,
has been increasingly observed in patients undergoing
TKI therapy [12].

Homocysteine, a sulfur-containing amino acid, relies
heavily on B vitamin metabolism, including B12, B6,
and folate.

Elevated homocysteine levels are an established,
independent risk factor for endothelial dysfunction,
atherosclerosis, and thromboembolic events, thereby
raising concerns about the long-term cardiovascular risk
in survivors of chronic myelogenous leukemia (CML)
[13, 14]. Concurrently, tyrosine kinase inhibitors (TKIs)
have been implicated in interfering with mineral and
bone metabolism. Notably, imatinib has been associated
with hypophosphatemia and alterations in bone turnover,
potentially through inhibition of PDGFR and other kinases
involved in osteoclast regulation [15, 16]. Parameters
such as Parathyroid Hormone (PTH), calcium, and
Alkaline Phosphatase (ALP) serve as vital biomarkers
in regulating homeostatic mechanisms. Disruptions
within this axis may contribute to the development of
metabolic bone disease, thereby elevating the long-
term risk of osteoporosis and fracture [17, 18]. The
relationship between homocysteine metabolism and bone
health remains an active area of research, with evidence
indicating that hyperhomocysteinemia may adversely
affect bone quality and potentially contribute to a cycle
of metabolic and skeletal deterioration in long-term
recipients of tyrosine kinase inhibitors [19, 20].

Despite the well-documented individual toxicities
associated with various tyrosine kinase inhibitors
(TKIs), a significant gap remains in the comprehensive
and comparative analysis of their specific effects on
the interaction between homocysteine metabolism and
mineral homeostasis. Although it is acknowledged that
different TKIs exhibit distinct off-target kinase inhibition
profiles, a systematic, direct comparison that delineates
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their unique metabolic signatures is currently lacking.
Most existing studies have focused on single agents or
have not thoroughly examined the correlations between
homocysteine levels and key mineral parameters, such
as parathyroid hormone (PTH), calcium, potassium, and
alkaline phosphatase (ALP), across diverse TKI treatment
regimens. Understanding whether imatinib, nilotinib, and
dasatinib induce distinct patterns of metabolic disruption
is essential for developing tailored monitoring and
management strategies.

This study aims to systematically examine and
compare the metabolic signatures induced by first- and
second-generation TKIs specifically Imatinib, Nilotinib,
and Dasatinib focusing on homocysteine metabolism
and mineral balance in a well-defined cohort of CML
patients. Using multivariate analysis, the research intends
to identify drug-specific disruption patterns, helping to
establish distinct risk profiles for each TKI. The ultimate
goal is to move beyond a one-size-fits-all monitoring
approach towards personalized, TKI-specific follow-up
care. This would enable clinicians to proactively address
long-term cardiovascular and skeletal risks, ensuring that
survival quality matches its duration in modern CML
management.

Materials and Methods

Study Design

This study employed a retrospective, cross-sectional
design to delineate the metabolic profiles linked to
Tyrosine Kinase Inhibitors (TKIs). The group included
90 adults who had been diagnosed with Chronic Myeloid
Leukemia (CML) and had been on a stable TKI treatment
for at least six months. Clinical and laboratory data
were retrospectively extracted from medical records at
a prominent oncology teaching hospital in Baghdad and
subsequently anonymized. Data collection transpired
from March 2024 to April 2025, yielding a contemporary
and pertinent sample. The study design facilitated a
comprehensive analysis of empirical data to investigate
the specific impacts of TKI therapies on homocysteine
metabolism and mineral homeostasis.

Study Population

The study involved 90 adult patients diagnosed with
Chronic Myeloid Leukemia (CML) who were receiving
active management at a prominent oncology teaching
hospital in Baghdad.

Inclusion criteria

The study included adult patients, aged 18 years
or older, with a verified diagnosis of chronic myeloid
leukemia (CML). Participants were required to have
undergone uninterrupted treatment with a single tyrosine
kinase inhibitor (TKI), such as Imatinib, Nilotinib, or
Dasatinib, for at least 6 months before data collection.
Also, all of the laboratory results for homocysteine,
parathyroid hormone (PTH), calcium, potassium, and
alkaline phosphatase had to be available during the study
period.



Exclusion criteria

The study excluded individuals with preexisting
conditions that notably influence homocysteine or
mineral metabolism, including stage 4 or 5 chronic
kidney disease, primary hyperparathyroidism, and active
liver cirrhosis. Participants receiving medications known
to affect homocysteine levels, such as methotrexate or
anticonvulsants, as well as those consuming high doses of
B vitamins, were also omitted. Pregnant or breastfeeding
women were excluded, as were patients without complete
medical records or essential laboratory data required for
comprehensive analysis.

TKI Therapy Stratification and Dosing

The cohort consisted of 90 patients, evenly divided
into three groups based on their targeted tyrosine kinase
inhibitor (TKI) therapy, with 30 patients per group.
Patients in the Imatinib group received a consistent dosage
0f'400 mg once daily. In the Nilotinib group, the majority
28 out of 30 patients (93.3%) were administered 300 mg
twice daily. Similarly, in the Dasatinib group, 29 patients
(96.7%) received 100 mg once daily. This stratification
enabled a direct comparison of therapies’ metabolic
effects, with a consistent average treatment duration of
approximately 3 years across all groups.

Data Collection and Laboratory Measurements

Blood samples were collected from participants
through standard venipuncture after an overnight fast.
Serum and plasma were separated by centrifugation and
analyzed in the hospital’s central laboratory using routine
automated analyzers and commercially available reagent
kits. Detailed information on the analytical methods and
equipment for each parameter is provided below.

Homocysteine (Hcy)

Plasma homocysteine levels were measured using an
automated clinical chemistry analyzer (Mindray BS-200
model). The enzymatic cycling method was employed
for analysis, in which homocysteine is continuously
converted to S-adenosyl-L-homocysteine, which is
subsequently converted to adenosine, producing a
chromogenic product. The resulting color intensity, as
assessed photometrically, directly correlates with the
homocysteine concentration in the sample. The typical
reference range for plasma homocysteine is 5-15 pmol/L
[21].

Parathyroid Hormone (PTH)

An electrochemiluminescence immunoassay (ECLIA)
on a Roche Cobas e411 analyzer was used to measure
intact PTH levels in serum. This method uses a sandwich
principle, in which PTH in the sample binds to both a
biotinylated antibody and a ruthenium-labeled antibody.
Chemiluminescence is then used to measure the complex
formed. The normal range for intact PTH is typically
15-65 pg/mL [22].

Calcium (Ca)
A clinical chemistry analyzer (Abbott Architect
c4000) was used to measure total serum calcium by the
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colorimetric method. Arsenazo III dye is used in the test.
It makes a purple complex with calcium ions. The analyzer
measures the amount of light this complex absorbs, which
is directly proportional to the total calcium in the serum.
The normal range for serum calcium is 8.6 to 10.2 mg/
dL [23].

Potassium (K)

A clinical chemistry analyzer (Medica EasyLyte)
with an ion-selective electrode (ISE) module was used
to measure serum potassium levels. The ISE directly
measures potassium concentration by detecting the
electrical potential generated by potassium ions as they
cross a membrane. The normal range for potassium in the
blood is 3.5 to 5.1 mmol/L [24].

Alkaline Phosphatase (ALP)

A clinical chemistry analyzer was used to measure
serum ALP activity using a kinetic rate method. The test
uses p-nitrophenyl phosphate (pNPP) as a base. The ALP
enzyme in the sample cleaves pNPP to p-nitrophenol, a
yellow product. The analyzer monitors the rate of increase
in absorbance at 405 nm, which is directly related to ALP
activity. The normal range for ALP in adults is usually 40
to 129 U/L [25].

Creatinine (Cr)

Serum creatinine levels were determined using a
clinical chemistry analyzer (Abbott Architect c4000)
employing the Jaffe method, a kinetic colorimetric assay.
In an alkaline picrate solution, creatinine forms a red-
orange complex. The rate of color development, measured
photometrically at 510 nm, is directly proportional to the
serum creatinine concentration. The established reference
interval for serum creatinine in adults generally ranges
from 0.6 to 1.2 mg/dL [26].

Vitamin B12

Serum vitamin B12 levels were measured using
an electrochemiluminescence immunoassay (ECLIA)
performed on a Roche Cobas e411 analyzer. This
sandwich assay utilizes ruthenium-labeled intrinsic factor
to bind vitamin B12 in the sample, with the resulting
chemiluminescent signal being directly proportional to
vitamin B12 concentration. The normal reference range
for serum vitamin B12 is 200-900 pg/mL [27].

Ethical Considerations

The study protocol was approved by the Institutional
Review Board (IRB) of the Iraqi National Cancer Research
Center at the University of Baghdad (Approval Number:
917), ensuring adherence to the ethical standards outlined
in the Declaration of Helsinki. Due to its retrospective
nature and reliance on previously collected, anonymized
data, the IRB waived the requirement for informed consent
from individual participants.

Statistical Analysis

To investigate the effects of various TKI treatments
on patient metabolism, a series of statistical analyses was
employed. Initially, patient cohorts were characterized by

Asian Pacific Journal of Cancer Prevention, Vol 27 3757



Kawakeb N Abdulla et al

their mean and standard deviation. To compare critical
metabolic indicators such as homocysteine and mineral
concentrations across the three TKI groups, a one-way
ANOVA was utilized. When significant differences were
identified, post hoc tests were conducted to determine
which groups exhibited disparities.

Furthermore, Pearson’s correlation analysis was
conducted to examine the specific relationships between
homocysteine levels and other parameters within each
TKI group. Subsequently, a multivariate analysis of
variance (MANOVA) was performed to assess whether
the overall metabolic profile could differentiate among
the treatment groups. A p-value of less than 0.05 was
regarded as indicative of statistical significance across
all tests. Moreover, Figure 1 was generated by employing
RStudio [28, 29].

Results

Patient Characteristics and TKI Stratification

The baseline characteristics of the 90 patients with
chronic myeloid leukemia (CML), categorized by their
tyrosine kinase inhibitor (TKI) treatment regimen, are
summarized in Table 1. The three groups Imatinib (n=30),
Nilotinib (n=30), and Dasatinib (n=30) showed similar
demographics, with no statistically significant differences
in age (p=0.551) or gender distribution (p=0.902). All
subjects received standard, stable doses of their respective
TKIs. Treatment durations, creatinine, and vitamin B12
levels did not differ significantly among groups (p=0.184).
Table 1.

Comparative Analysis of Metabolic Parameters Across
TKI Groups

Analysis of key metabolic parameters indicated
notable, drug-specific modifications. Plasma homocysteine
(Hcy) concentrations demonstrated significant variation
across groups (p<0.001), with the Nilotinib-treated cohort
showing the highest mean level at 16.8 £ 5.9 umol/L,
followed by the Dasatinib group at 12.5 + 3.8 umol/L,

and the Imatinib group at 9.2 = 2.1 pmol/L.

Serum parathyroid hormone (PTH) levels exhibited
a significant gradient (p<0.001), with the highest
concentrations observed in the Dasatinib group (46.7 +
10.2 pg/mL), intermediate levels in the Nilotinib group
(35.1 £ 11.5 pg/mL), and the lowest in the Imatinib
group (25.8 + 8.9 pg/mL). Additionally, a significant
difference in serum potassium levels was observed
(p=0.005), with the lowest levels in the Dasatinib cohort
(5.2+ 0.8 mmol/L). No statistically significant differences
were identified for serum calcium (p=0.065) or alkaline
phosphatase (ALP, p=0.221) (Table 2).

TKI-Specific Correlation and Clustering Profiles

To examine the relationship between homocysteine
and mineral homeostasis, correlation analyses were
performed within each TKI group, revealing distinct,
statistically significant signatures unique to each drug.
Imatinib demonstrated a moderate, inverse correlation
between homocysteine and serum calcium (r = -0.41, p
= 0.025). Nilotinib showed strong positive correlations
between homocysteine and parathyroid hormone (PTH) (r
=0.72,p<0.001) and between homocysteine and alkaline
phosphatase (ALP) (r = 0.55, p = 0.002). Dasatinib
presented a unique profile, with a significant positive
correlation between homocysteine and potassium (r =
0.47, p =0.009) (Table 3).

Multivariate Analysis of TKI-Specific Metabolic
Signatures

The Multivariate Analysis of Variance (MANOVA)
was employed to evaluate whether the combined set of
measured metabolic parameters such as homocysteine,
PTH, calcium, and others differed significantly across
the three TKI groups. This approach offers the advantage
of identifying collective variations that may not be
apparent when analyzing each parameter individually.
Subsequently, Linear Discriminant Analysis (LDA) was
applied to visually delineate these distinct, TKI-specific
metabolic profiles.

Table 1. Baseline Characteristics of CML Patients Stratified by TKI Regimen

Characteristic Imatinib (n=30) Nilotinib (n=30) Dasatinib (n=30) p-value
Age (Years) 45.1+12.5 473+ 11.8 43.8+13.1 0.551!
Gender (Male/Female) 16/ 14 17/13 15/15 0.9022
Treatment Duration (Months) 38.5+15.2 341+12.8 358+ 145 0.184!
Creatinine (mg/dL) 0.79+0.16 0.81+0.14 0.76 £0.15 0.432!
Vitamin B12 (pg/mL) 584.2+198.5 623.4+235.1 551.7+241.3 0.458!

Data presented as Mean + Standard Deviation. 'One-way ANOVA; 2Chi-square test.

Table 2. Metabolic Parameters Stratified by TKI Regimen
Parameter Imatinib (n=30) Nilotinib (n=30) Dasatinib (n=30) p-value
Homocysteine (Hcy, pmol/L) 92+2.1 16.8 +5.9 12.5+3.8 <0.001
PTH (pg/mL) 25.8+8.9 35.1+£11.5 46.7+10.2 <0.001
Calcium (Ca, mg/dL) 9.3+0.5 94+04 9.1£0.6 0.065
Potassium (K, mmol/L) 5.7+0.5 5.6+0.6 52+0.8 0.005
ALP (U/L) 92.5+13.2 90.1 £15.8 96.8+17.1 0.221

Data presented as Mean + Standard Deviation. P-values from one-way ANOVA.
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Table 3. TKI-Specific Correlation Coefficients (r) between Homocysteine and Mineral ParametQers

TKI Group PTH Calcium (Ca) Potassium (K) ALP
Imatinib 0.14 -0.41%* 0.22 0.19
Nilotinib 0.72%* -0.21 0.18 0.55%
Dasatinib 0.25 -0.31 0.47% 0.30

Correlation coefficients (r) range from -1 to +1, reflecting the strength and direction of relationships. A positive r indicates a direct association: as
homocysteine levels rise, the related parameter also tends to increase. Conversely, a negative r suggests an inverse association: higher homocysteine
is associated with a decrease in the other parameter. The absolute value of r determines the strength: values above 0.5 are strong, 0.3 to 0.5 moderate,
and below 0.3 weak. Hierarchical clustering of the correlation matrices further emphasized the differences in metabolic network profiles. Imatinib
was found to primarily influence a simplified Hcy-Ca axis, while Nilotinib demonstrated a closely interconnected Hey-PTH-ALP complex. In

contrast, Dasatinib exhibited a distinct Hey-K relationship.* p < 0.05

Linear Discriminant 2 (21.7% Variance)

0
Linear Discriminant 1 (78.3% Variance)

TKI Regimen
~# Dasatinib
& |matinid
% Nilotinib

Figure 1. linear Discriminant Analysis of Metabolic Profiles by TKI Regimen

The findings revealed a highly significant overall
effect (Pillai’s Trace = 0.674, p < 0.001), indicating
that the metabolic profiles are clearly segregated
based on TKI treatment. To illustrate this clustering, a
Linear Discriminant Analysis (LDA) was conducted.
The first linear discriminant (LD1), which explained
78.3% of the variance and was primarily influenced by
homocysteine (Hey) and parathyroid hormone (PTH),
effectively differentiated the three TKI groups. The second
discriminant (LD2), accounting for 21.7% of the variance
and affected by potassium and calcium levels, further
distinguished the Dasatinib group (Figure 1).

TKI Regimen as a Primary Predictor of Homocysteine
Levels

To identify the principal determinants of homocysteine
concentrations, a multiple linear regression analysis was
employed. This statistical approach effectively isolates
the impact of a specific variable in this context, the type

of tyrosine kinase inhibitor (TKI) while accounting
for confounding factors such as age, gender, and renal
function indicated by creatinine levels.

The results demonstrated that the tyrosine kinase
inhibitor (TKI) regimen was the most significant
predictor among the analyzed variables. Specifically,
patients treated with Nilotinib exhibited homocysteine
levels approximately 7.42 umol/L higher than those
receiving Imatinib, after adjusting for confounding
factors. Additionally, Dasatinib treatment was associated
with a 3.18 umol/L increase in homocysteine levels.
Conversely, variables such as age, gender, and creatinine
did not display statistically significant associations
with homocysteine concentrations, underscoring the
predominant influence of targeted TKI therapy on this
metabolic parameter. Table 4,

TKI Treatment Duration and Dosage Profiles
To contextualize the observed metabolic differences,

Table 4. Multiple Linear Regression Model for Predictors of Plasma Homocysteine Levels

Predictor B Coefficient Standard Error Standardized f t-value p-value
(Intercept) 8.15 2.10 - 3.88 <0.001
TKI [Nilotinib] 7.42 1.21 0.63 6.13 <0.001
TKI [Dasatinib] 3.18 0.98 0.31 3.24 0.002
Age 0.03 0.03 0.08 1.01 0.315
Gender [Male] 0.45 0.65 0.06 0.69 0.491
Creatinine 0.92 1.01 0.08 0.91 0.366

The reference category for the TKI regimen is Imatinib. The model (F(4, 85) = 15.32, p < 0.001) explains 41.8% of the variance in homocysteine

levels (Adjusted R? = 0.418). B Coefficient represents the unstandardized coefficient
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Table 5. TKI Treatment Duration and Dosage Stratified by Regimen

TKI Regimen Imatinib (n=30) Nilotinib (n=30) Dasatinib (n=30) p-value
Treatment Duration (Months) 385+15.2 341+12.8 35.8+14.5 0.184!
Dosage (Most Common) 400 mg OD (100%) 300 mg BID (93.3%) 100 mg OD (96.7%) -

Data presented as Mean + Standard Deviation. 'One-way ANOVA. Abbreviations: OD, Once Daily; BID, Twice Daily

Table 6. Correlation Coefficients (r) between Treatment Duration and Metabolic Parameters by TKI Group

TKI Group Homocysteine (Hcy) PTH Calcium (Ca) Potassium (K) ALP
All Patients 0.11 0.08 -0.09 -0.14 0.05
Imatinib -0.02 0.18 -0.22 0.10 0.13
Nilotinib 0.21 0.15 0.07 -0.18 -0.05
Dasatinib 0.41* 0.28 -0.19 -0.24 0.22

* p < 0.05 was considered statistically significant. Correlation analysis was performed using Pearson's correlation test. Correlation coefficients (r)
range from -1 to +1, reflecting the strength and direction of relationships. A positive r indicates a direct association: as homocysteine levels rise, the
related parameter also tends to increase. Conversely, a negative r suggests an inverse association: higher homocysteine is associated with a decrease
in the other parameter. The absolute value of r determines the strength: values above 0.5 are strong, 0.3 to 0.5 moderate, and below 0.3 weak.

the treatment duration and standard dosing regimens
across the three TKI groups were analyzed. The mean
duration of therapy was similar among patients receiving
Imatinib (38.5 £ 15.2 months), Nilotinib (34.1 = 12.8
months), and Dasatinib (35.8 + 14.5 months), with
no statistically significant difference (p=0.184). This
consistency in treatment exposure supports the conclusion
that the differing metabolic profiles are more likely a direct
result of the specific TKI agent rather than variations in
therapy duration.

The analysis of dosing patterns showed that patients
mainly received standard, clinically approved regimens.
All patients in the Imatinib group were on a once-daily
400 mg dose. In the Nilotinib group, most (93.3%)
received 300 mg twice daily. Similarly, almost all patients
(96.7%) in the Dasatinib group received a once-daily
100 mg dose. This consistent dosing reduces the risk of
confounding from varying drug intensity and supports the
generalizability of our results to typical clinical settings
(Table 5).

Influence of Treatment Duration on Metabolic Parameters

Correlation analysis examining the relationship
between treatment duration and metabolic parameters
across the entire cohort (N=90) yielded no significant
associations, including homocysteine levels (r = 0.11, p
= 0.302). Notably, when stratified by TKI, a significant
correlation was observed only in the Dasatinib cohort,
in which longer treatment duration correlated with a
gradual increase in homocysteine concentrations (r=0.41,
p=0.025). No comparable associations reached statistical
significance in the Imatinib or Nilotinib groups (Table 6).

Discussion

The introduction of Tyrosine Kinase Inhibitors (TKIs)
has significantly altered the prognosis for individuals with
Chronic Myeloid Leukemia (CML), establishing it as a
manageable chronic illness for most patients. Nonetheless,
this achievement has highlighted a new clinical challenge:
the long-term management of metabolic toxicities
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associated with treatment. Our research aimed to explore
this complex issue by moving beyond a simple catalog of
side effects to identify the distinct metabolic signatures
associated with different TKI agents. The most notable
finding of our study is that first-line and second-generation
TKIs do not produce identical off-target metabolic effects;
each induces a distinct pattern of disruption, particularly
regarding the intricate relationship between homocysteine
metabolism and mineral balance.

Our findings clearly indicate that second-generation
tyrosine kinase inhibitors, particularly nilotinib, are
significant contributors to elevated plasma homocysteine
levels. Patients undergoing nilotinib therapy demonstrated
notably higher homocysteine concentrations compared
to those receiving imatinib, with a considerable subset
surpassing the established cardiovascular risk threshold.
This observation aligns with an accumulating body
of recent scholarly research. A recent investigation
identified significant hyperhomocysteinemia in patients
treated with nilotinib, linking this biochemical imbalance
to increased oxidative stress and endothelial damage
[30]. The underlying mechanism is presumably due to
unintended interactions between targeted pharmacological
agents and fundamental cellular biochemical processes.
It is hypothesized that tyrosine kinase inhibitors (TKIs),
particularly the more potent second-generation TKIs, may
interfere with the metabolism or cellular absorption of B
vitamins, such as B12 and B6, which serve as essential
cofactors for enzymes involved in homocysteine clearance
[31].

This process results in a biochemical bottleneck,
causing an accumulation of the deleterious amino acid
homocysteine. Notably, beyond absolute homocysteine
levels, the distinct correlation patterns observed for
each tyrosine kinase inhibitor (TKI) offer significant
insights. In particular, nilotinib exhibited a remarkably
strong positive correlation between homocysteine and
parathyroid hormone (PTH). This indicates a potential
self-perpetuating cycle unique to this medication, in which
elevated homocysteine levels may directly or indirectly
stimulate parathyroid gland function. Conversely, the



drug’s direct influence on bone and mineral metabolism
could indirectly affect homocysteine regulation. The
notable correlation between homocysteine concentrations
and alkaline phosphatase, a well-established marker of
bone turnover, further supports this hypothesis.

This triad of interrelationships delineates a distinctly
interconnected “bone-mineral-homocysteine axis” that
is specifically disrupted by nilotinib. This observation
corroborates findings from a separate investigation
indicating that TKI-induced alterations in bone metabolism
are drug-specific and may have enduring consequences for
skeletal integrity in CML survivors [32-34].

Our results indicate that cardiovascular risk assessment
should be integrated with bone health monitoring in
patients receiving nilotinib. The cohort treated with
dasatinib exhibited a distinct metabolic profile. Although
homocysteine levels were elevated relative to imatinib,
this increase was less pronounced than that observed
with nilotinib. Notably, a significant positive correlation
between homocysteine and potassium was identified as
a defining characteristic of this group. The physiological
underpinnings of this association are not immediately
apparent, but may be attributable to dasatinib’s well-
documented effects on fluid retention and renal tubular
dysfunction [35]. It is conceivable that shared mechanisms
of transport or renal processing may connect potassium
and homocysteine homeostasis [36-38]. Additionally,
the positive correlation between treatment duration and
homocysteine levels observed solely in the dasatinib
group suggests a cumulative, time-dependent toxicity
that clinicians should monitor during extended follow-up.

Furthermore, compared with others, the imatinib
profile was notably subdued yet retained its unique
signature. It was associated with the most favorable
homocysteine levels among the three groups. Its main
metabolic feature was an inverse relationship between
homocysteine and serum calcium. This finding supports
existing research on imatinib’s effects on bone metabolism,
including cases of hypocalcemia linked to the inhibition
of off-target kinases, such as (Platelet-Derived Growth
Factor Receptor) PDGFR, which are involved in bone
remodeling [39].

This indicates that the primary metabolic pathway of
imatinib involves a simplified homocysteine-calcium axis,
highlighting its unique off-target kinase inhibition profile in
comparison to second-generation agents. The effectiveness
of a multivariate approach was validated by our advanced
statistical models, which distinguished the three TKI
groups solely on the basis of their combined metabolic
parameters. This study provides strong, evidence-based
support for the conclusion that the metabolic profiles
identified are not incidental but are closely associated
with specific TKI regimens. It underscores the idea
that selecting a particular TKI influences the patient’s
metabolic pathway and the associated risks. The
translation of these findings into clinical practice is critical.
The paradigm for managing chronic myeloid leukemia
(CML) should shift from an exclusive emphasis on
molecular responses to a more personalized, preemptive
strategy addressing metabolic health. For patients
beginning nilotinib therapy, there may be an increased risk
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for hyperhomocysteinemia and its related cardiovascular
and skeletal complications. This warrants baseline and
periodic assessment of homocysteine levels, parathyroid
hormone (PTH), and alkaline phosphatase (ALP), in
addition to standard lipid and glucose measurements.
Additionally, this underscores the need to investigate the
potential of B-vitamin supplementation (such as B12 and
folic acid) as a preventive intervention, an area currently
under clinical investigation [40].

For patients treated with dasatinib, it is essential to
recognize the potential for time-dependent elevations
in homocysteine levels and the intriguing association
with potassium homeostasis. This underscores the
importance of implementing tailored monitoring
protocols and maintaining a low threshold for evaluating
renal electrolyte regulation in symptomatic cases. The
comparatively benign homocysteine profile observed
with imatinib offers reassurance; however, continued
vigilance regarding calcium metabolism and bone health
remains advisable.

This study’s limitations are acknowledged. Its cross-
sectional design permits identification of associations
but does not allow for definitive conclusions regarding
causality. The absence of detailed dietary data,
especially concerning B vitamin intake, introduces
a confounding factor, given the diet’s substantial
influence on homocysteine levels. Future research should
involve prospective, longitudinal studies that include
comprehensive dietary assessments, precise treatment
duration, and vitamin level measurements to validate
and extend these findings. Such studies are also needed
to explore direct clinical outcomes, such as fracture
incidence and cardiovascular events, associated with these
metabolic profiles.

In conclusion, this study offers a detailed, TKI-specific
characterization of the metabolic disturbances associated
with prolonged CML therapy. It is demonstrated that
nilotinib, dasatinib, and imatinib possess distinct off-target
profiles, each exerting a unique influence on homocysteine
metabolism and its interactions with essential minerals
and hormones. These findings compellingly support a
shift in clinical approach towards personalized follow-up
care, in which the selection of a TKI guides a customized
monitoring strategy. By systematically identifying and
addressing metabolic side effects, clinicians can aim
not only for durable leukemia remission but also for the
preservation of long-term cardiovascular, metabolic, and
skeletal health, thereby aligning survival quality with its
duration.

Author Contribution Statement

Design and development: Kawakeb N Abdullal,
Istikrar M. Hade. Gathering and organizing data:
Kawakeb N Abdulla, Azal Hamoody Jumaa. Data
analysis/interpretation: Azal Hamoody Jumaa, Shallal
Murad Hussein. Article composition: Istikrar M. Hade,
Azal Hamoody Jumaa. Critique the essay for significant
ideas: Istikrar M. Hade, Shallal Murad Hussein. Statistical
analysis expertise: Ahmed Hazem Abdulkareem |,
Youssef Shakuri Yasin. Ultimate article endorsement

Asian Pacific Journal of Cancer Prevention, Vol 27 3761



Kawakeb N Abdulla et al

and guarantee: Youssef Shakuri Yasin, Ahmed Hazem
Abdulkareem.

Acknowledgements

The authors sincerely thank the nursing and
administrative staff at the Oncology Teaching Hospital
in Baghdad, Iraq, for their invaluable support in data
collection and patient care. We also deeply appreciate
the dedicated team at the central laboratory for their
meticulous sampling and biochemical analyses, which
were essential to this research. Finally, we are genuinely
grateful to the patients for their voluntary participation,
without which the study would not have been possible.

Financial support and sponsorship
This study was conducted in a self-funded manner,
with the authors personally financing the research.

Declaration of Generative Al and Al-assisted technologies
in the writing process

The authors state that they did not use any generative
Al or Al-assisted tools in this work.

Conflicts of interest
The authors declare they have no conflicts of interest.

Abbreviations
ALP: Alkaline Phosphatase
ANOVA: Analysis of Variance
Ca: Calcium
CML: Chronic Myeloid Leukemia
ECLIA: Electrochemiluminescence Immunoassay
Hcy: Homocysteine
IRB: Institutional Review Board
ISE: Ion-Selective Electrode
LDA: Linear Discriminant Analysis
LD1: First Linear Discriminant
LD2: Second Linear Discriminant
MANOVA: Multivariate Analysis of Variance
OD: Once Daily
BID: Twice Daily
pNPP: p-Nitrophenyl Phosphate
PTH: Parathyroid Hormone
TKI: Tyrosine Kinase Inhibitor

References

1. Wu ZH. Milestone histories and paradigmatic genetic
discoveries of chronic myeloid leukemia (CML). InRare
Diseases 2020 Jan 14. IntechOpen.

2. Mazzarello P. One hundred years of haematologica.
Haematologica. 2020;105(1):12-21. https://doi.org/10.3324/
haematol.2019.244350.

3. Suttorp M, Millot F, Sembill S, Deutsch H, Metzler M.
Definition, epidemiology, pathophysiology, and essential
criteria for diagnosis of pediatric chronic myeloid leukemia.
Cancers (Basel). 2021;13(4):798. https://doi.org/10.3390/
cancers13040798.

4. Amrita B, Ruchi S, Bhat G. Mechanisms of bcr-abl in
the pathogenesis of chronic myeloid leukemia (cml): A
review. Int J Onco Radiother. 2025;6(1):1-7. https://doi.

3762 4sian Pacific Journal of Cancer Prevention, Vol 27

org/10.51626/1jor.2025.06.00037.

5. Rinaldi I, Reksodiputro AH. Prognosic factors related to
the complete hematologic response (chr) in 3 months in
leukemia granulositic patients administered with imatinib
mesylate. Jurnal Penyakit Dalam Indonesia. 2020;7(3):7.
https://doi.org/10.7454/jpdi.v7i3.461.

6. Guilhot F, Rigal-Huguet F, Guilhot J, Guerci-Bresler A-P,
Maloisel F, Rea D, et al. Long-term outcome of imatinib 400
mg compared to imatinib 600 mg or imatinib 400 mg daily in
combination with cytarabine or pegylated interferon alpha 2a
for chronic myeloid leukaemia: Results from the french spirit
phase iii randomised trial. Leukemia. 2021;35(8):2332-45.
https://doi.org/10.1038/s41375-020-01117-w.

7. Efficace F, Stagno F, Iurlo A, Breccia M, Cottone F,
Bonifacio M, et al. Health-related quality of life of newly
diagnosed chronic myeloid leukemia patients treated with
first-line dasatinib versus imatinib therapy. Leukemia.
2020;34(2):488-98. https://doi.org/10.1038/s41375-019-
0563-0.

8. Cortes JE, Jiang Q, Wang J, Weng J, Zhu H, Liu X, et al.
Dasatinib vs. Imatinib in patients with chronic myeloid
leukemia in chronic phase (cml-cp) who have not achieved
an optimal response to 3 months of imatinib therapy: The
dascern randomized study. Leukemia. 2020;34(8):2064-73.
https://doi.org/10.1038/s41375-020-0805-1.

9. Costa A, Pittorru R, Caocci G, Migliore F, Tona F, Mulas O, et
al. The direct and indirect effects of tyrosine kinase inhibitors
on the cardiovascular system in chronic myeloid leukemia.
Hemato. 2023;4(3):207-26. https://doi.org/10.3390/
hemato4030017.

10. Mancini C, Menegazzi G, Peppicelli S, Versienti G, Guasti
D, Pieraccini G, et al. Ber:: Abll expression in chronic
myeloid leukemia cells in low oxygen is regulated by
glutamine via CD36-mediated fatty acid uptake. Cancer
Cell Int. 2025;25(1):176. https://doi.org/10.1186/s12935-
025-03805-y.

11. Lee H, Basso IN, Kim DDH. Target spectrum of the ber-abl
tyrosine kinase inhibitors in chronic myeloid leukemia. Int
J Hematol. 2021;113(5):632-41. https://doi.org/10.1007/
s12185-021-03126-6.

12. Sabanova VD, Naumova KV, Cherenova SG, Davydkin IL.
Endothelial dysfunction in patients with chronic myeloid
leukemia treated with second generation tyrosine kinase
inhibitors. Clinical Oncohematology. Fundamental Research
and Clinical Practice. 2024;17(S3):72-3.

13. Gluszek J, Kosicka T. The significance of homocysteine in
patients with hypertension. Postepy Higieny i Medycyny
Doswiadczalnej. 2021;75(1):634-42.

14. Prasad K. Atherogenic effect of homocysteine, a biomarker of
inflammation and its treatment. Int J Angiol. 2024;33(4):262-
70. https://doi.org/10.1055/s-0044-1788280.

15. Yadav A, Yadav M. Bone health in patients of chronic
myeloid leukemia on imatinib therapy. Sch J Appl Med
Sci. 2021:;9(3):390-2. https://doi.org/10.36347/sjams.2021.
v09i03.019.

16. Hashim WS, Jumaa AH, Alsaadi NT, Arean AG. Physiological
study comprising the sequelae of magnetic radiation on
human. Indian J Forensic Med Toxicol. 2020;14(2):421-5.
https://doi.org/10.37506/ijfmt.v14i2.2828

17. Indarwulan N, Savitri M, Ashariati A, Bintoro SUY, Diansyah
MN, Amrita PNA, et al. Bone mineral density, c-terminal
telopeptide of type i collagen, and osteocalcin as monitoring
parameters of bone remodeling in cml patients undergoing
imatinib therapy: A basic science and clinical review.
Diseases. 2024;12(11):275.

18. Yasin Al-Samarray Y, Jumaa AH, Hashim WS, Khudhair YT.
The cytotoxic effect of ethanolic extract of Cnicus benedictus



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

L. flowers on the murine mammary adenocarcinoma cancer
cell line AMN-3. Biochem Cell Arch. 2020;20:4345.
Widjaja SS, Rusdiana R, Jayalie VF. Homocysteine levels
and osteoporotic fracture in a population aged 55 years
over in medan district indonesia. Open Access Maced
J Med Sci. 2022;10(A):45-8. https://doi.org/10.3889/
oamjms.2022.7901.

Khudhur RK, Yahiya Y1, Majeed AH, Yasin YS, Jumaa AH.
Scrutiny of the co-cytotoxic impact of metformin-omeprazole
on the cervical cancer cell line and their aptitude to target
heat shock 60. Asian Pac J Cancer Pre. 2025;26(4):1353.
https://doi.org/10.31557/APJCP.2025.26.4.1353.

Koeppl LH, Popadic D, Saleem-Batcha R, Germer P,
Andexer JN. Structure, function and substrate preferences
of archaeal s-adenosyl-1-homocysteine hydrolases. Commun
Biol. 2024;7(1):380. https://doi.org/10.1038/s42003-024-
06078-9.

Andersen SL, Karmisholt J, Vestergaard P, Husted L,
Veno SK, Christensen PA. Parathyroid hormone reference
intervals in adults using second- and third-generation assays.
Scand J Clin Lab Invest. 2023;83(1):38-44. https://doi.org/
10.1080/00365513.2022.2164517.

Jassam NF. The clinical and analytical aspects of albumin
adjusted calcium and an assessment of the validity of
harmonisation between laboratories. The University of
Manchester (United Kingdom); 2020.

Calvo-Lopez A, Arasa-Puig E, Alonso-Chamarro J,
Puyol M. Serum/plasma potassium monitoring using
potentiometric point-of-care microanalyzers with improved
ion selective electrodes. Talanta. 2023;253:124100. https://
doi.org/10.1016/j.talanta.2022.124100.

Wang J, Xie Z, Xie H, Mo Z, Wang W, Zhu Y. A novel,
portable, and cost-effective turbidimetric sensor for
sensitive alkaline phosphatase activity assay. Biosens
Bioelectron. 2025;267:116857. https://doi.org/10.1016/j.
bi0s.2024.116857.

Guzik M, Iwanek G, Fudim M, Zymlinski R, Marciniak D,
Ponikowski P, et al. Spot urine sodium as a marker of urine
dilution and decongestive abilities in acute heart failure.
Sci Rep. 2024;14(1):1494. https://doi.org/10.1038/s41598-
024-51744-x.

Guillerme J, Feugray G, Girot H, Brunel V, Muraine MQ.
Preliminary evaluation of the diagnostic performance
of roche elecsys(r) active vitamin bl2 versus total
vitamin bl2 for vitamin bl2 deficiency screening.
Ann Clin Biochem. 2024;61(1):55-62. https://doi.
org/10.1177/00045632231194157.

Brown M. A Students Guide to SPSS v28.

Kronthaler F, Zollner S. R and RStudio. Data analysis with
rstudio: An easygoing introduction. Springer; 2020. p. 1-12.
Aghel N, Gustafson D, Delgado D, Atenafu EG, Fish
JE, Lipton JH. High sensitivity c-reactive protein and
circulating biomarkers of endothelial dysfunction in patients
with chronic myeloid leukemia receiving tyrosine kinase
inhibitors. Leuk Lymphoma. 2023;64(12):2008-17. https://
doi.org/10.1080/10428194.2023.2242990.

Pietrzik K, Bronstrup A. Vitamins b12, b6 and folate as
determinants of homocysteine concentration in the healthy
population. Eur J Pediatr. 1998;157(Suppl 2):S135-S8.
https://doi.org/10.1007/pl00014298.

Nemkov T, D’Alessandro A, Reisz JA. Metabolic
underpinnings of leukemia pathology and treatment. Cancer
Rep (Hoboken). 2019;2(2):e1139. https://doi.org/10.1002/
cnr2.1139.

33. Ahmed A, Nihad A, Sabreen G, Yasin Y'S, Azal J. Synergistic

antiproliferative effect of linagliptin-metformin combination
on the growth of hela cancer cell line. J Cancer Res.

34.

35.

36.

37.

38.

39.

40.

DOI:10.31557/APJCP.2026.27.10.3755
TKI Metabolic Signatures in CML

Updates. 2025;14:12-23. https://doi.org/10.30683/1929-
2279.2025.14.02.

Abdulla KN, Khudhur RK, Said AM, Jumaa AH, Yasin
YS. Laetrile and methotrexate: A dual-drug approach to
inhibiting cervical cancer cell proliferation. J. Cancer Res.
Updates. 2025;14:52-62. https://doi.org/10.30683/1929-
2279.2025.14.06.

Masiello D, Gorospe G, 3rd, Yang AS. The occurrence and
management of fluid retention associated with TKI therapy
in CML, with a focus on dasatinib. J] Hematol Oncol.
2009;2(1):46. https://doi.org/10.1186/1756-8722-2-46.
Kumar V, Singh P, Gupta SK, Ali V, Verma M. Transport
and metabolism of tyrosine kinase inhibitors associated
with chronic myeloid leukemia therapy: a review. Mol Cell
Biochem. 2022;477(4):1261-79. https://doi.org/10.1007/
s11010-022-04376-6.

Jumaa AH, Hade IM, Abdulla KN, Yasin YS. Ciprofloxacin
and metformin as dual therapeutic agents: Synergistic
impact on cervical cancer cell line proliferation: Insight
into cytoplasmic src tyrosine kinase targeting. Asian Pac J
Cancer Biol. 2025;10(3):699-712.

Jarad A. Diabetic wound healing enhancement by tadalafil.
2020. https://doi.org/10.31838/ijpr/2020.12.03.121.
Paragliola RM, Torino F, Barnabei A, lannantuono GM,
Corsello A, Locantore P, et al. Bone metabolism effects
of medical therapy in advanced renal cell carcinoma.
Cancers (Basel). 2023;15(2):529. https://doi.org/10.3390/
cancers15020529.

Peterson CT, Rodionov DA, Osterman AL, Peterson SN. B
vitamins and their role in immune regulation and cancer.
Nutrients. 2020;12(11):3380. https://doi.org/10.3390/
nul2113380.

Glere)

This work is licensed under a Creative Commons Attribution-
Non Commercial 4.0 International License.

Asian Pacific Journal of Cancer Prevention, Vol 27 3763



