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Background: Vitamin D deficiency is a common side effect of imatinib mesylate (IM) therapy. Transporter
polypeptides involved in the disposition of IM may be required for maintenance of adequate vitamin D
concentrations.
Objective: The aim of the present work is to study the association between the plasma concentrations
Keywords: of IM and plasma 25-hydroxyvitamin (25[0H]) D3 with transporter genotypes in patients with chronic
25(0H) vitamin D3 myelogenous leukemia.
CML Methods: A total of 77 adult patients with chronic myelogenous leukemia treated with IM participated in
Imatinib this study. Peak and trough plasma IM and 25(OH) vitamin D3 concentrations were measured and com-
TKI pared to the results of single nucleotide polymorphisms of the efflux transporting gene ABCB1-1236 C>T
Uptake-efflux genes and the uptake transporting gene OATP1B3-334 T>G. Multiple linear regressions were used to examine
the associations between 25(0OH) vitamin D3 concentrations and a number of patient characteristics, in-
cluding responses to therapy. Binary logistic regression analysis was used to predict odd ratios for the
clinical response to IM.
Results: Plasma 25(OH) vitamin D3 concentration quartile values were: 25%, 8.2 ng/mL; 50%, 9.8 ng/mL;
and 75%, 12 ng/mL. High IM peak concentration, being OATP1B3-334 T>G (TT), and/ or ABCB1-1236 C>T
(CT) are associated with lower concentrations of 25(0OH) vitamin D3. Moreover, IM peak concentration, IM
trough concentration, and plasma concentration of 25(0OH) vitamin D3 were associated with the clinical
response to IM.
Conclusions: vitamin D, IM concentration, as well as the genotype of OATP1B3-334 T>G, had an influence
on the response of patients with chronic myelogenous leukemia.
© 2022 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction growth hormone, and deficiency of vitamin D.° Vitamin D defi-

ciency in patients treated with imatinib may also be caused by

Imatinib mesylate was the first selective tyrosine kinase in-
hibitor (TKI) used for the successful treatment of chronic myel-
ogenous leukaemia (CML).! However, long-term imatinib therapy
has been associated with several adverse effects, including growth
limitation,?> changes in bone mineral metabolism,* changes in
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a lack of vitamin D consumption, limited sunshine exposure, and
medication interactions. However, there is currently limited pub-
lished research on the role of transporter polypeptides in imatinib-
associated vitamin D deficiency® or on the effects of this deficiency
on the clinical response to TKIs in patients with CML.

Cytochrome P450 enzymes are responsible for the primary
metabolism of TKIs but the TKIs are carried into and out of
cells by different members of the solute carrier and adenosine
triphosphate-binding cassette (ABC) families.>” Also, these P450
enzymes have a role in both the effectiveness of imatinib ther-
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apy and in the synthesis of vitamin D because imatinib decreases
P450-associated production of calcidiol and calcitriol.® It has also
been observed that imatinib interferes with CYP27B1 in the kidney,
inhibits vitamin D metabolism, and results in vitamin D (calcitriol)
insufficiency in patients treated with imatinib.?

It has been suggested that organic cation transporters (OCTs)
such as OCT1 and OCTNZ2, as well as the organic anion transporting
polypeptides (OATPs) such as OATP1B3 and OATP1A2 may be in-
volved in the absorption of imatinib by cells that overexpress these
transporters.'-!! Vitamin D3 and the vitamin D receptor (VDR)
have been shown to regulate the expression of a variety of in-
testinal membrane transporter genes. Multidrug resistance protein
1 (ABCB1), ABCC2, and ABCC4 mRNA and protein levels were in-
creased by vitamin D3 therapy.'?

For example, colorectal and bladder cancers have been linked
to low circulating levels of plasma 25-hydroxyvitamin (25[0OH]) vi-
tamin D3."3 Even in the context of hematological malignancies,
such as leukemia and lymphoma, low 25(0OH) vitamin D3 concen-
trations were associated with a worse outcome.'*-'® Higher lev-
els of 25(0OH) vitamin D3 in the blood have been shown to pro-
tect against the development of chronic lymphocytic leukemia.!”
VDR overexpression has also been found in malignant hematopoi-
etic cells. These findings suggest that vitamin D may have impor-
tant antitumor effects.!®

There are many reasons, including therapy-associated mucosi-
tis, that some patients with cancer may not absorb sufficient
vitamins from their diet properly. Chemotherapy-induced activa-
tion of CYP3A4 or other metabolising enzymes may result in
the conversion of 25(OH) vitamin D3 into inert molecules such
as 24,25(0H) vitamin D3.'® Published reports suggest that vita-
min D deficiency may have clinically important implications. In
Philadelphia chromosome-positive leukemia, adequate 25(0OH) vi-
tamin D3 concentrations were positively correlated with molecu-
lar response.'® A significant decrease in circulating 25(OH) vita-
min D3 concentrations in patients with acute leukemia experienc-
ing relapse compared with those in complete remission has also
been observed.'” In the present study, we aimed to investigate the
relationship between the plasma concentrations of imatinib and
25(0H) vitamin D3 in patients with CML and to evaluate their as-
sociation with the clinical response to imatinib therapy. In addi-
tion, the effect of transporting gene polymorphisms on 25(0H) vi-
tamin D3 concentrations was investigated.

Patients and Methods
Design and sampling

This study was designed as an observational study. A total of
77 patients from the Haematological Outpatient Clinic of the Na-
tional Cancer Institute, Cairo University, were recruited into this
study. The eligible patients were diagnosed with CML. Their age
was 18 years or older and they had been treated with imatinib for
at least 30 days (to reach a steady state) before study. Peak and
trough plasma imatinib concentrations were determined by HPLC-
MS/MS as previously described.2? Plasma concentrations of 25(0H)
vitamin D3 were determined using an ELISA kit. Single nucleotide
polymorphisms of genes involved in imatinib and 25(0OH) vita-
min D3 uptake and efflux transporters were assessed using restric-
tion fragment length polymorphisms as previously described.?%
All other laboratory tests were performed in the clinical labora-
tory of the National Cancer Institute in Cairo, Egypt, using routine
validated methods. These laboratory tests included haemoglobin,
white blood cells (WBCs), platelets, aspartate transaminase (AST),
alanine transaminase (ALT), creatinine, and other routine biochem-
ical parameters. The study protocol was approved by the institu-
tional review board of the National Cancer Institute of Cairo Uni-
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versity, Egypt, and all patients gave written informed consent in
compliance with the Declaration of Helsinki (revised 2013). The
institutional review board acceptance number for this study is
IRB00004025.

Response assessment

All the clinical response data were extracted from the patient
files using routine validated methods.2! Over the course of therapy,
optimum and poor responses to treatment are monitored using cy-
togenetic (karyotype and/or Fish) and molecular (BCR-ABL1 mRNA
metaphases) indicators, which revealed optimal and unsatisfactory
responses, along with treatment failure.

Measurement of 25(0H) vitamin D3 concentrations

Plasma 25(OH) vitamin D3 concentrations were determined us-
ing an ELISA kit (Sunlong Biotech, China) and a Tecan plate reader
infinite F 50 (Tecan Group Ltd, Mannedorf, Switzerland). The pro-
tocol followed the manufacturer’s instructions.

Measurement of imatinib mesylate trough and peak concentrations

All patients had been treated with imatinib for at least 30 days
(to reach a steady state). Whole blood samples were collected into
EDTA-containing tubes just before subsequent drug administration
(trough sample) and 2 hours after imatinib administration (peak
sample). The plasma was separated by centrifugation at 2500 x g
for 10 minutes. The LC-MS/MS system used for plasma separation
consisted of an ABSCIEX Q TRAP 3200 mass spectrometer (AB-
SCIEX, Berlin, Germany) equipped with an ESI interface linked to
an Agilent 1200 HPLC system (Agilent Technologies, Santa Clara,
California). The method is described in detail in a previously pub-
lished study.?® Multiple reaction monitoring with ion transitions:
m/z 494:394 for imatinib was used for quantification.

Pharmacogenetic analysis

The polymerase chain reaction-restriction fragment length poly-
morphism method was used for the genotyping. Genotyping data
for the efflux transporting gene ABCB1-1236 C>T and the uptake
transporting gene OATP1B3-334 T>G was extracted as previously
described.?°

Statistical analysis

Demographic and clinical data were subjected to descriptive
analysis. The 25(0OH) vitamin D3 plasma concentration quartiles
were determined. The x2 test, ANOVA test (for normally dis-
tributed variables) with Bonferoni adjustment when appropriate,
and the Kruskal-Wallis H test (for nonparametric analysis) were
used to examine the associations between 25(0OH) vitamin D3
quartiles and other patient demographic, genetic, and laboratory
data. Pearson correlation coefficients between plasma 25(0H) vita-
min D3 and all patient characteristics were calculated.

Multiple linear regression analysis was used to determine the
role of various genetic polymorphisms and other factors on the
25(OH) vitamin D3 plasma concentrations measured. The binary
logistic regression method was used to predict the dependent vari-
able (response to imatinib). If it was found that the regression co-
efficients were statistically significant, the 95% CIs were established
for the likelihood ratio. Observed versus predicted frequency differ-
ences were assessed using the Hosmer-Lemeshow goodness-of-fit
test. The statistical program IBM SPSS Statistics (IBM-SPSS Inc, Ar-
monk, New York) was used to perform all statistical tests with a
significance threshold of P < 0.05.
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Table 1
Baseline characteristics of patients by quartile of plasma 25-hydroxyvitamin D3.

Characteristic Quartile 1 Quartile 2 Quartile 3 Quartile 4 P value

ABCB1- cC 1(8.3) 2 (16.7) 5(41.7) 4 (33.3) 0.026*

1236 TT 8 (27.6) 5(17.2) 8 (27.6) 8 (27.6)

C>Tf CT 10 (27.8) 10 (27.8) 9 (25.0) 7 (19.4)

OATP1B3- TT 6 (100) 0 (0) 0(0) 0(0) 0.03*

334 GG 7 (14.6) 14 (29.2) 17 (35.4) 10 (20.8)

T>G' TG 6 (26.1) 3(13) 5(21.7) 9 (39.1)

Response! Good response 13 (52.0) 3(12.0) 7 (28.0) 2 (8.0) 0.142
Bad response 6 (11.5) 14 (26.9) 15 (28.8) 17 (32.7)

Gender' Female 10 (24.4) 11 (26.8) 9 (22) 11 (26.8) 0.81
Male 9 (25.0) 6 (16.7) 13 (36.1) 8(22.2)

Aget, y Total: 39 (9.8) 37 (7) 41 (8) 41 (11) 38 (11) 0.445

Weight?, kg Total: 84 (19) 88 (16) 824+ 15 94 (21) 72 (16) 0.008*

Hg', g/dL Total: 11.7 (1.8) 113 (2.5) 11.5 (1.5) 12 (1.6) 11.7 (1.9) 0.75

WBCs!, /mm? Total: 8 (21) 6.6 (5) 54 (1.5) 14 (39) 6.8 (5.8) 0.52

Platelets!, /mm? Total: 206 (115) 175 (66) 241 (189) 228 (101) 179 (65) 0.198

ASTY, 1U Total: 25 (13) 24 (6) 24 (7) 23 (7) 29 (25) 0.618

ALTE, 1U Total: 21 (11) 24 (14) 21 (11) 20 (10) 18 (8) 0.521

Creatinine?, mg/dL Total: 0.88 (0.2) 0.9 (0.2) 0.86 (0.2) 0.85 (0.2) 0.9 (0.2) 0.286

Imatinib peak level?, ng/mL Total: 2968 (1072) 3490 (1219) 3095 (1059) 2843 (953) 2476 (856) 0.051

Imatinib trough level’, ng/mL Total: 1501 (690) 1694 (674) 1718 (789) 1327 (705) 1307 (517) 0.11

Duration of imatinib therapy’ months Total: 27.5 (22) 24 (18) 32 (25) 27 (22) 25 (21) 0.97

ALT = alanine aminotransferase; AST = alanine aminotransferase; Hg = hemoglobin; WBCs = white blood cells.

* Statistically significant p-value less than 0.05.
T Values are presented as n (%).
 Values are presented as mean (SD).

Results
Baseline Characteristics

Seventy-seven patients with CML (41 women and 36 men) were
treated orally with 400 mg/d imatinib. Patients enrolled in this
study had a mean (SD) age of 39 (9) years (range =20-60 years).
The mean (SD) patient weight was 84 (19) kg (range =44-135 kg).
The median levels of hemoglobin, WBCs, platelets, AST, ALT, and
creatinine are all shown in Table 1. Mean (SD) imatinib peak and
trough concentrations were 2968 (1072) ng/mL and 1500 (690)
ng/mL, respectively. Table 1 depicts the frequency distribution of
the efflux transporter ABCB1-1236 C>T and the uptake transport-
ing polypeptides OATP1B3-334 T>G, as well as their relationship
with plasma 25(0OH) vitamin D3 quartiles. The frequency distribu-
tion of ABCB1-1236 C>T among our patients was 15.5% (CC), 37.7%
(CT), and 46.8% (TT). The frequency distribution of the gene variant
OATP1B3-334 T>G among our patients was: 7.8% had the homozy-
gous wild type of TT allele, 29.8% had the heterozygous TG allele,
and 62.4% had the variant type GG.

Distribution of 25(0OH) vitamin D3 concentrations

Plasma 25(OH) vitamin D3 concentrations measured in these
patients were normally distributed as shown in (Figure). All of the
patients’ concentrations were below the laboratory’s lower limit of
normal (<20 ng/mL) of 25(OH) vitamin D3. The 25(OH) vitamin D3
concentration quartiles were: 25%, 8.2 ng/mL; 50%, 9.8 ng/mL; and
75%, 12 ng/mL.

Patients’ characteristics versus quartiles of 25(OH) vitamin D3
concentrations are shown in Table 1. The relationships between
25(0OH) vitamin D3 concentration and each of the demographic
and clinical characteristics of our patients showed no significant
difference for all parameter, including gender, duration of therapy,
hemoglobin level, WBCs, platelets, AST, ALT, creatinine concentra-
tion, imatinib peak concentration, and imatinib trough concentra-
tion (P > 0.05). However, there was a significant relationship be-
tween a patient’s weight and the concentration of 25(OH) vitamin
D3. There were also significant relationships between 25(0OH) vi-
tamin D3 and the heterozygote-type CT of ABCB1-1236 C>T, and
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Figure. Distribution of plasma 25-hydroxyvitamin (25[OH]) vitamin D3 concentra-
tions in the study cohort (N=77).

the wild-type GG of OATP1B3-334 T>G (P < 0.05) (Table 1). Vita-
min D concentrations showed nonsignificant correlation with all of
the patients’ laboratory and demographic data except for patient’s
weight and imatinib peak concentration. There were also signif-
icant negative correlations between both 25(0OH) vitamin D3 con-
centration and weight as well as imatinib peak concentration (r=-
0.261 and -0.304, respectively; P < 0.05).

Variables associated with vitamin D concentration

For studying variables associated with vitamin D concentration,
multiple linear regression analyses were performed with 25(OH)
vitamin D3 as the dependent variable. In Table 2, the results of the
multiple linear regression analyses are presented; imatinib peak,
ABCB1-1236 C>T and OATP1B3-334 T>G were the independent
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Table 2
Relationship of plasma 25-hydroxyvitamin Dvitamin D3 levels to selected patient characteristics.
Model Unstandardized coefficient Significance 95% CI
Lower Upper
Imatinib peak level, ng/mL -0.001 0.018 -0.001 0.000
OATP1B3-334 T>G (TT) -4.459 0.000 -6.343 -2.575
ABCB1-1236 C>T (CT) -0.989 0.039 -1.928 -0.049

Statistically significant p-value less than 0.05.

Table 3
Odds ratio for response to imatinib by quartile of plasma 25-hydroxyvitamin D (25[0OH]) vitamin D3 levels and plasma imatinib levels.
B Unstandardized coefficient Significance 0Odds ratio 95% CI
Lower Upper
Imatinib peak, ng/mL -0.001 0.015 0.999 0.998 1.000
Imatinib trough, ng/mL 0.003 0.001 1.003 1.001 1.005
25(0OH) vitamin D3
Quartile 2 2.748 0.005 15.615 2.325 104.866
Quartile 3 2.717 0.003 15.141 2.457 93.318
Quartile 4 3.637 0.001 37.968 4.152 347.166

Statistically significant p-value less than 0.05.

factors tested for prediction of 25(0H) vitamin D3. Both OATP1B3-
334T>G (TT) and ABCB1- 1236 C>T (CT) had negative associations
with 25(OH) vitamin D3 concentration. Moreover, high imatinib
peak concentration also had a negative association with 25(0OH) vi-
tamin D3 concentrations. The plasma concentration of 25(0OH) vi-
tamin D3 decreased by 0.001 ng/mL for every 1 ng/mL increase
in imatinib peak concentration (95% CI, -0.001 to 0.0). For pa-
tients having OATP1B3-334 T>G (TT), the plasma concentration of
25(0OH) vitamin D3 was decreased by 4.46 ng/mL compared with
patients having OATP1B3-334 T>G (GG) (95% CI, -2.575 to -0.824).
For patients having ABCB1-1236 C>T (CT), the plasma concentra-
tion of 25(0OH) vitamin D3 decreased by ~1 ng/mL compared with
patients having ABCB1-1236 C>T (TT) (95% CI, -0.97 to -1.031)
(Table 2).

Variables associated with response to imatinib

Good clinical responses were achieved in 52 (67.5%) patients.
These good responses included patients who achieved complete
molecular response (CMR), major molecular response (MMR), or
complete cytogenetic response. A binary logistic regression model
was used to predict the response to imatinib based on independent
factors (predictors).

Table 3 shows the parameters used in the regression models,
their SE, and the odds ratios with 95% Cls. The results show that
imatinib peak, imatinib trough, as well as the second, third, and
fourth quartiles of 25(OH) vitamin D3 compared with the first
quartile, were independent factors that had a substantial influence
on imatinib response.

The response to imatinib decreased by ~1 time for every 0.001
ng/mL increase in the imatinib peak concentration (95% CI, 0.998-
1.00). Also, the response to imatinib increased by ~1 time for every
0.003 ng/mL increase in the imatinib trough concentration (95% ClI,
1.001-1.005) (Table 3).

It was found that the response to imatinib was increased by
15.6, 15.1, and 38 times in patients in the second, third, and fourth
vitamin D quartiles in comparison to the 25(OH) vitamin D3 first
quartile (95% CI, 2.325-104.866, 2.457-93.318, and 4.152-347.166),
respectively.

Discussion
In this study, the influence of imatinib concentrations on

plasma 25(0OH) vitamin D3 concentrations was examined across
multiple strata of the characteristics of 77 patients with CML. The

Endocrine Society has defined 25(0H) vitamin D3 deficiency as
concentrations below 20 ng/mL, whereas insufficiency was defined
as 25(0H) vitamin D3 concentrations between 21 and 29 ng/mL.22
All of our patients were deficient because all had 25(0OH) vitamin
D3 concentrations <20 ng/mL. Patients with CML, as well as many
healthy individuals, are at risk for vitamin D insufficiency.”® In-
sufficient 25(OH) vitamin D3 levels are associated with decreased
chances of recurrence-free survival in patients with cancer.?* Pa-
tients with acute leukemia who relapsed were found to have lower
blood 25(0OH) vitamin D3 concentrations than those who were
completely free of disease.!” The prevalence of 25(0OH) vitamin
D3 insufficiency in hematological malignancies was high and there
was a strong correlation between the lowest blood concentrations
and the most aggressive phases of the disease, as well as with
a poor response to treatment.?” Furthermore, the present study
showed that high 25(0OH) vitamin D3 concentrations were associ-
ated with low imatinib peak concentrations. An independent study
also found low vitamin D3 concentrations in children with CML
treated with imatinib.* Lack of sun exposure or poor diet are 2
possible alternative or contributing causes, whereas other possi-
bilities include medication interactions or a combination of these
causes.?5 However, an inhibitory effect of imatinib on the synthe-
sis of calcidiol and calcitriol in human keratinocytes has been re-
ported.®

The development of some diseases, including cancer, can be in-
fluenced significantly by variations in an individual patient’s DNA.
Vitamin D3 concentrations and the VDR have been shown to reg-
ulate the expression of a variety of intestinal membrane trans-
porter genes. Because vitamin D3 therapy has been shown to en-
hance mRNA and protein levels of ABCB1, ABCC2, and ABC(C4,'
the associations were examined in this study between different
genes and 25(0OH) vitamin D3 concentrations. ABCB1-1236 C>T,
OATP1B3-334 T>G, age, and weight all showed significant associa-
tions with 25(0OH) vitamin D3 concentrations.

When multiple linear regression analysis was performed with
25(0OH) vitamin D3 as the dependent variable, it was found that
OATP1B3-334 T>G (TT) had a positive association with 25(0H) vi-
tamin D3 concentration. 25(OH) vitamin D3 is a known substrate
for OATP2B1 and OATP1B3, providing a pathway for its excretion
from the body through the liver.2” This suggests that the intestinal
absorption and excretion of 25(OH) vitamin D3 from the body is
affected by OATP1B1/OATP1B3-mediated hepatic uptake.”’ ABCB1-
1236 C>T (CT) was also found to have a negative association with
25(0H) vitamin D3 concentration. Moreover, high imatinib peak
concentration had a negative association with 25(0OH) vitamin D3
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concentration. Hypophosphatemia is common in patients with CML
receiving imatinib, and it is linked to a decrease in 25(0OH) vitamin
D3 (calcidiol) and 1, 25-dihydroxy vitamin D3 (calcitriol).*

The 25(0OH) vitamin D3 concentration quartiles were found by
binary logistic regression to correlate with the response to ima-
tinib that was independent of the effect of imatinib trough and
peak concentrations. In a non-small-cell lung cancer model, vita-
min D analogues were found to enhance the anticancer effect of
imatinib.?® In comparison to individuals with a CMR, those with
only an MMR had lower vitamin D concentrations. Patients us-
ing dasatinib and vitamin D supplementation showed a shift from
MMR to CMR in patients who were treated with a TKI for a period
of at least 4 years.2?

Observational studies have also shown that low concentrations
of 25(0H) vitamin D3 are associated with an increased risk of mul-
tiple types of cancer.?® A 25(0OH) vitamin D3 concentration >20
ng/mL at the time of diagnosis and throughout cancer therapy
might improve the prognosis in many diseases.?!>? For example,
high concentrations of 25(OH) vitamin D3 were associated with
reduced development of leukemia.>> Also, It has been found that
25(0H) vitamin D3 concentrations below 20 ng/mL are linked to an
increased risk of solid tumors and a higher death rate from these
malignancies®?->43> as well as to increased cancer incidence and
death.3637 It has been reported that 1,25(0H), vitamin D stim-
ulates differentiation of mouse myeloid leukemia cells*® and en-
hances survival in mice injected with murine myeloid leukemia
cells.??

Our patients had very low concentrations of 25(OH) vitamin
D3. On the other hand, studies in both experimental and clinical
settings have shown a synergistic effect between vitamin D sup-
plementation and cancer therapy.?’4! Also, clinical remission of
chronic lymphocytic leukemia has been linked to sufficient vitamin
D consumption.*> 25(0H) vitamin D3 concentrations are affected
by the disease, either directly or indirectly; especially if patients
with advanced disease are less able to participate in outdoor activ-
ities or have suboptimal eating habits.'?

Study limitations

There are some limitations in our study, including the fact that
we only examined 1 sample of 25(0H) vitamin D3 from each pa-
tient without collecting baseline samples. The change in 25(0OH) vi-
tamin D3 concentrations over time may be more informative. We
also did not collect information on dietary intake, nonprescribed
supplements, sun exposure, and so on. Additional therapeutic tri-
als may be too costly to justify unless the possibility of therapeutic
benefit is judged to outweigh any costs. However, the fact that in-
creasing quartiles of 25(0H) vitamin D3 concentrations, as well as
both peak and trough imatinib concentration were positively cor-
related with the patients’ response support the need to study or
consider vitamin D supplementation in patients with CML treated
with imatinib.

Conclusions

The present study found that OATP1B3-334 T>G (TT), ABCB1-
1236 C>T (CT), and high peak imatinib concentration all had a
negative correlation with 25(OH) vitamin D3 concentration. These
data support the hypothesis that genetic differences in transporter
polypeptides play a role in imatinib effects on both vitamin D con-
centrations and clinical effects.
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