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To the Editor:

Nilotinib, a second-generation tyrosine kinase inhibitor (TKI),
has been described to be a superior drug in the frontline
treatment of patients with Philadelphia chromosome–positive
(Ph+) chronic myeloid leukemia (CML) [1]. However, with
more mature follow-up, it has become clear that nilotinib is
associated with impaired glucose and lipid metabolism [2–4]
and an excess in arterial thrombotic events in comparison to
imatinib [5]. The 5-year safety update of the ENESTnd trial
[3] provided further confirmation; it reported significant ele-
vations in fasting glucose and serum lipids and an increased

* Sudeep Pushpakom
sudeepp@liverpool.ac.uk

1 Molecular and Clinical Pharmacology, University of Liverpool,
Liverpool, United Kingdom

2 Royal Liverpool and Broadgreen University Hospitals NHS Trust,
Liverpool, United Kingdom

3 Institute of Translational Medicine, University of Liverpool,
Liverpool, United Kingdom

Supplementary information The online version of this article (https://
doi.org/10.1038/s41375-018-0337-0) contains supplementary
material, which is available to authorized users.

1810 Letter

http://orcid.org/0000-0002-6682-4235
http://orcid.org/0000-0002-6682-4235
http://orcid.org/0000-0002-6682-4235
http://orcid.org/0000-0002-6682-4235
http://orcid.org/0000-0002-6682-4235
mailto:sudeepp@liverpool.ac.uk
https://doi.org/10.1038/s41375-018-0337-0
https://doi.org/10.1038/s41375-018-0337-0


incidence of cardiovascular events in nilotinib-treated patients
as opposed to imatinib [3].

Adipose tissue is an important determinant of whole body
glucose and lipid homeostasis [6], and adipocyte dysregu-
lation is known to result in various metabolic abnormalities
[7]. Accumulation of drugs in adipose tissue could result in
adipocyte toxicity; we have shown that anti-HIV drugs cause
adipocyte toxicity leading to insulin resistance and the
development of cardiometabolic disease in HIV-positive
individuals [8]. We hypothesised that nilotinib could cause
adipocyte toxicity leading to various metabolic adverse
effects in CML patients; here we have undertaken a trans-
lational study using in vitro–in vivo models to characterise
this. We have also tested telmisartan, an angiotensin receptor
blocker (ARB) and antihypertensive with beneficial meta-
bolic effects [9], as a potential therapeutic strategy to reduce
nilotinib-induced metabolic toxicity in vitro.

A chronic in vitro toxicity model as previously described
[8], consisting of 3T3-F442A murine preadipocyte cells,
was used to investigate the effect of nilotinib and imatinib
on adipocytes. Briefly, differentiating adipocytes were
incubated with either nilotinib (with or without telmisartan)
or imatinib 48 h post-initiation of differentiation, and drug
treatment was continued every 48 hours over a period of
10 days to mimic the chronic dosing schedule in CML
patients. Nilotinib (1–4 μM) and imatinib (5 μM) were used
within their therapeutic range; given the lipophilicity of
nilotinib, we also assessed a hypothetical higher nilotinib
concentration (20 μM) assuming adipose tissue accumulation
following chronic drug treatment. Lopinavir, an anti-HIV
drug known to cause adipocyte toxicity and metabolic

disturbances [8], was used as positive control. We have only
investigated these two TKIs in the current study. Statistical
analyses were conducted by one-way ANOVA with Dun-
nett’s Test. All in vitro experiments were repeated three times
in triplicate. A p value ≤ 0.05 was considered significant.

We investigated whether nilotinib and/or imatinib
(0.01–100 µM) caused cytotoxicity in both undifferentiated
and differentiating adipocytes using the MTT assay. Neither
nilotinib nor imatinib reduced cell viability in these cell types
at clinically relevant concentrations (Supplementary Figure 1).
We hypothesised that nilotinib may interfere with adipocyte
lipid accumulation and alter mRNA levels of key adipogenic
regulatory genes (Pparγ, Lpin1, Srebp1). Lipid accumulation
in differentiated adipocytes was assessed on day 10 using Oil
Red O staining [8] and gene expression was assessed by Real-
Time PCR using Taqman assays (Life Technologies). Niloti-
nib (4 µM: 0.46 absorbance units±0.02, p= 0.001), but not
imatinib, caused dose-dependent reduction in adipocyte lipid
accumulation when compared with the vehicle (0.56 ± 0.01)
(Fig. 1A; also see Supplementary Figure 2). Reduced lipid
droplet formation observed with nilotinib may suggest the
inability of adipose tissue to store lipids; this will result in
the ectopic accumulation of fat in the liver and skeletal muscle
leading to the development of insulin resistance [10]. Niloti-
nib, but not imatinib, also resulted in dose-dependent down-
regulation of all three adipogenic regulatory genes, with the
effect evident at therapeutic concentrations (4 µM nilotinib:
Ppar-γ: 48% downregulation, Lpin1: 40% downregulation,
Srebp1: 29% downregulation; all p < 0.05; Fig. 1B). PPARγ is
a master regulator of adipogenesis and mediates adipogenic
gene expression and insulin sensitivity [11]; lipin1, a gene that
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Fig. 1 Effect of nilotinib (with or without telmisartan) and imatinib on
adipocyte lipid accumulation and mRNA expression of Pparγ, Lpin1,
Srebp1 and Glut4 in differentiating 3T3-F442A adipocytes. 1A Lipid
droplets were stained with Oil Red O on day 10 following treatment
with respective drugs/vehicle. Lipid bound Oil Red O was extracted
with isopropyl alcohol and absorbance was measured at 450 nm. 1B
Gene expression of Pparγ, Lpin1, Srebp1 and Glut4 were assessed by
real-time PCR using Taqman assays-on-demand gene expression
assays (Life Technologies) on a 7900HT Fast Real-Time PCR system
(Life Technologies). Hprt was used as an endogenous control. The

mRNA expression was calculated using the comparative Ct method
according to the manufacturer’s protocol and the fold change for the
gene of interest was expressed as 2^-(ΔΔCT). Telmisartan was co-
incubated with only one concentration of nilotinib (4 µM). Lopinavir
(LPV), an anti-HIV drug, was used as a positive control. All experi-
ments were repeated three times in triplicate. Statistical analyses were
conducted by one-way ANOVA with Dunnett’s Test. Data represent
Mean ± SD; p ≤ 0.05. *Vehicle vs NILO/LPV/IMA; †NILO4µM vs
NILO4µM+ TEL5µM. NILO: nilotinib, IMA: imatinib, TEL: telmi-
sartan, LPV: lopinavir, Hprt: Hypoxanthinephosphoribosyltransferase
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encodes a magnesium-ion-dependent phosphatidic acid phos-
phohydrolase enzyme, is involved in triglyceride synthesis
[12]; SREBP1 plays a role in cholesterol homeostasis [13]. We
then assessed the effect of these two TKIs on Glut4, the
principal glucose transporter in the adipocyte; both nilotinib
(p= 0.01), and to a lesser extent imatinib (p= 0.02), sig-
nificantly downregulated Glut4 mRNA expression in differ-
entiating adipocytes (Fig. 1B). Downregulation of Glut4 by
nilotinib could result in reduced glucose uptake into the adi-
pocyte and may lead to insulin resistance observed in CML
patients. Downregulation of Glut4 by imatinib, a drug that has
been consistently suggested to improve insulin sensitivity in

CML patients [14], is interesting; this suggests the need to
assess other mechanisms involved in the regulation of whole
body insulin sensitivity, such as the role of liver and skeletal
muscle. We then assessed whether telmisartan can reverse
nilotinib-induced adipocyte toxicity; co-incubation of telmi-
sartan (5 µM) with 4 µM nilotinib resulted in significant
reversal of nilotinib-mediated inhibition of adipocyte lipid
accumulation (NILO+TEL: 0.52 ± 0.01, in comparison to
NILO 4 µM: 0.46 ± 0.02, p= 0.01; Fig. 1A) and adipogenic
mRNA downregulation (p= 0.02; Fig. 1B).

Next, we investigated whether TKIs affect adiponectin
in vitro and in plasma samples obtained from CML patients.
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Fig. 2 Effect of nilotinib and imatinib on adiponectin in vitro and
in vivo. Effect of nilotinib (with and without telmisartan) and imatinib
on secreted adiponectin in differentiating 3T3-F442A adipocytes (A);
plasma adiponectin levels at baseline, 3 months and 12 months in
CML patients treated with imatinib (B); first-line nilotinib (C) and
second-line nilotinib (D). Telmisartan was co-incubated with only one
concentration of nilotinib (4 µM). Lopinavir (LPV), an anti-HIV drug,
was used as a positive control in vitro. All in vitro experiments were

repeated three times in triplicate. One-way ANOVA with Dunnett’s
Test was used for in vitro statistical analysis; Repeated measures
ANOVA with Dunnett’s Test was used to compare plasma adiponectin
levels at different time points in CML patients. Data represent Mean ±
SD; p ≤ 0.05. *Vehicle vs NILO/LPV/IMA; †NILO4µM vs NILO4µM
+ TEL5µM (in vitro). Mean adiponectin levels in each patient group at
different time points were compared against the baseline value. NILO:
nilotinib, IMA: imatinib, TEL: telmisartan, LPV: lopinavir
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Adiponectin is a protein exclusively secreted by the adi-
pocyte and is a key mediator of systemic insulin sensitivity
and glucose homeostasis [6]. Total adiponectin in the con-
ditioned media collected from drug-treated and control
adipocytes were measured using a standard ELISA. Nilo-
tinib induced a dose-dependent reduction in adiponectin
secretion (4 µM: 20% reduction, p= 0.02); however, the
effect of imatinib was only marginal (9.9% reduction, p=
0.04). Interestingly, co-incubation of telmisartan with nilo-
tinib reversed the inhibitory effect of nilotinib on adipo-
nectin secretion in vitro (p= 0.001; Fig. 2A).

For the in vivo analysis of adiponectin, nonfasted plasma
samples at three different time points (baseline, 3 and
12 months) were obtained from 30 CML patients who
received either nilotinib (n= 14) or imatinib (n= 16) for at
least 12 months. Relevant ethics approval and patient consent
were obtained. All patients were in first chronic phase
throughout. In the nilotinib-treated group, six patients received
the drug as first-line therapy and eight as second line fol-
lowing initial treatment with imatinib. Five out of the eight
second-line nilotinib patients were imatinib-resistant and
showed higher BCR-ABL1 transcript levels at the time of the
switch; the remaining three were switched due to imatinib
intolerance. In all second-line nilotinib patients, the sample
collected at the time of initiation of nilotinib therapy was
considered as the baseline sample. All patients in the imatinib-
treated group received the drug as first-line. We did not have
baseline sample for one of the imatinib-treated patients,
therefore we excluded that patient from any analysis (i.e.
imatinib, final n= 15). The median ages of imatinib and
nilotinib-treated CML patients were 39 and 49 years, respec-
tively; both drug groups had eight female subjects each.
None of the patients recruited had a medical history of
diabetes. Total adiponectin was measured using an
electrochemiluminiscence-based sandwich immunoassay
(Meso Scale Discovery, USA). Repeated measures ANOVA
with Dunnett’s Test was used to compare adiponectin levels at
different time points. Imatinib resulted in a significant increase
in plasma adiponectin levels at 3 (38.4 ± 7.1 mg/l; p < 0.01)
and 12 month (36.7 ± 7.2 mg/l; p < 0.01) time points com-
pared with baseline values (27.3 ± 5.7 mg/l; p < 0.05; Fig. 2B).
By contrast, in both first-line (Fig. 2C) and second-line
(Fig. 2D) nilotinib patients, there was no change in adipo-
nectin concentrations; however, with second-line nilotinib,
there was a non-significant decrease at both 3 (15.2 ± 1.8 mg/l;
p=NS) and 12 months (14.6 ± 1.7 mg/l; p=NS; Fig. 2D)
when compared to baseline levels (21.3mg/l).

Nilotinib-induced reduction in adiponectin in vitro was, to a
certain extent, mirrored in the CML plasma samples obtained
from second-line nilotinib-treated CML patients, but this was
non-significant. However, it should be noted that our sample
size was small (n= 14 or 15 per drug group) and therefore
lacked sufficient power to detect a statistically significant

difference in adiponectin. On the other hand, the increase in
plasma adiponectin observed with imatinib correlates with
what has been previously reported for imatinib in CML
patients [14]. Adiponectin expression is directly regulated by
PPARγ [6]; it is possible that nilotinib-induced reduction in
adiponectin could be a direct result of the downregulation of
PPARγ by nilotinib. The molecular mechanism(s) by which
imatinib increases adiponectin secretion is not clear; it is also
possible that the increase in adiponectin levels observed with
imatinib in vivo could be a mere reflection of improvement in
general health in CML patients.

Here we have shown that repeated exposure of nilotinib
and imatinib has contrasting effects on adipocyte lipid
accumulation, adipogenic mRNA expression and secretion of
adiponectin. Together, these mechanisms may explain the
impaired glucose and lipid metabolism observed in nilotinib-
treated CML patients. Although aggressive screening for
cardiovascular risk factors and cardiometabolic surveillance
in CML patients has been suggested to reduce nilotinib-
related cardiometabolic events [15], there is also a need for
therapeutic preventive strategies. The reversal of nilotinib-
induced adipocyte toxicity by telmisartan in vitro is impor-
tant in this context. The metabolic beneficial effects of tel-
misartan have been suggested to be due to both PPARγ
agonism [8] and angiotensin receptor blockade; the potential
therapeutic utility of telmisartan to counter the deleterious
cardiometabolic adverse effects caused by nilotinib in CML
patients will now need to be evaluated by observational, as
well as randomised studies. Our in vivo study has
some major limitations, such as small sample size, non-
availability of fasting plasma samples and lack of complete
concurrent clinical data; future studies will need to address
these limitations and validate these results to obtain a better
understanding of nilotinib-induced metabolic adverse effects.

Acknowledgements This work was funded by Wellcome Trust Insti-
tutional Strategic Support Fund.

Author contributions SP, REC and MP conceptualised and designed
the study. SS, EO, TF and SP conducted the experimental work and
analysis. REC, KK and LW carried out the recruitment of patients and
collection of samples and the clinical data. SP, REC, MP, SS and EO
interpreted the data. SS, EO, LW, TF, KK, MP, REC and SP drafted
the article. All authors had access to the final draft manuscript and
approved the submission of the article.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if

Letter 1813



changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Saglio G, Kim DW, Issaragrisil S, le Coutre P, Etienne G, Lobo C,
et al. Nilotinib versus imatinib for newly diagnosed chronic
myeloid leukemia. N Engl J Med. 2010;362:2251–9.

2. Breccia M, Muscaritoli M, Gentilini F, Latagliata R, Carmosino I,
Rossi Fanelli F, et al. Impaired fasting glucose level as metabolic
side effect of nilotinib in non-diabetic chronic myeloid
leukemia patients resistant to imatinib. Leuk Res. 2007;31:1770–2.

3. Hochhaus A, Saglio G, Hughes TP, Larson RA, Kim DW,
Issaragrisil S, et al. Long-term benefits and risks of frontline
nilotinib vs imatinib for chronic myeloid leukemia in chronic
phase: 5-year update of the randomized ENESTnd trial. Leuke-
mia. 2016;30:1044–54.

4. Racil Z, Razga F, Drapalova J, Buresova L, Zackova D, Palack-
ova M, et al. Mechanism of impaired glucose metabolism during
nilotinib therapy in patients with chronic myelogenous leukemia.
Haematologica. 2013;98:e124–26.

5. Aichberger KJ, Herndlhofer S, Schernthaner GH, Schillinger M,
Mitterbauer-Hohendanner G, Sillaber C, et al. Progressive per-
ipheral arterial occlusive disease and other vascular events during
nilotinib therapy in CML. Am J Hematol. 2011;86:533–9.

6. Rosen ED, Spiegelman BM. Adipocytes as regulators of energy
balance and glucose homeostasis. Nature. 2006;444:847–53.

7. Ravussin E, Smith SR. Increased fat intake, impaired fat oxida-
tion, and failure of fat cell proliferation result in ectopic fat sto-
rage, insulin resistance, and type 2 diabetes mellitus. Ann N Y
Acad Sci. 2002;967:363–78.

8. Pushpakom SP, Adaikalakoteswari A, Owen A, Back DJ, Tripathi
G, Kumar S, et al. Telmisartan reverses antiretroviral-induced
adipocyte toxicity and insulin resistance in vitro. Diab Vasc Dis
Res. 2018;15:233–42.

9. Takagi H, Niwa M, Mizuno Y, Goto SN, Umemoto T. Telmi-
sartan as a metabolic sartan: the first meta-analysis of randomized
controlled trials in metabolic syndrome. J Am Soc Hypertens.
2013;7:229–35.

10. Virtue S, Vidal-Puig A. Adipose tissue expandability, lipotoxicity
and the Metabolic Syndrome—an allostatic perspective. Biochim
Biophys Acta. 2010;1801:338–49.

11. Rosen ED, MacDougald OA. Adipocyte differentiation from the
inside out. Nat Rev Mol Cell Biol. 2006;7:885–96.

12. Fang Z, Wang S, Du X, Shi P, Huang Z. Phosphatidate
phosphatase-1 is functionally conserved in lipid synthesis
and storage from human to yeast. Acta Biol Hung. 2014;65:481–92.

13. Kim JB, Spiegelman BM. ADD1/SREBP1 promotes adipocyte
differentiation and gene expression linked to fatty acid metabo-
lism. Genes Dev. 1996;10:1096–107.

14. Fitter S, Vandyke K, Schultz CG, White D, Hughes TP, Zannet-
tino AC. Plasma adiponectin levels are markedly elevated in
imatinib-treated chronic myeloid leukemia (CML) patients: a
mechanism for improved insulin sensitivity in type 2 diabetic
CML patients? J Clin Endocrinol Metab. 2010;95:3763–7.

15. Aghel N, Delgado DH, Lipton JH. Cardiovascular toxicities of
BCR-ABL tyrosine kinase inhibitors in chronic myeloid leukemia:
preventive strategies and cardiovascular surveillance. Vasc Health
Risk Manag. 2017;13:293–303.

Leukemia (2019) 33:1814–1816
https://doi.org/10.1038/s41375-019-0393-0

Acute myeloid leukemia

Peripheral blood minimal/measurable residual disease assessed
in flow cytometry in acute myeloblastic leukemia

Cécile Guénot1,2 ● Francis Lacombe3 ● Kaoutar Allou3
● Florent Dumezy4 ● Jean Feuillard5

● Franck Geneviève6 ●

Estelle Guérin5
● Julien Guy7 ● Marc Maynadié7 ● Orianne Wagner Ballon8

● Claude Preudhomme4 ● André Baruchel9 ●

Hervé Dombret10 ● Norbert Ifrah11
● Marie C. Béné 1

● on behalf of the Groupe d’Etude Immunologique
des Leucémies (GEIL)

Received: 14 July 2018 / Revised: 15 December 2018 / Accepted: 7 January 2019 / Published online: 5 February 2019
© Springer Nature Limited 2019

* Marie C. Béné
mariecbene@gmail.com
mariechristine.bene@chu-nantes.fr

1 Hematology Biology, University Hospital, Nantes, France
2 Biology Laboratory, General Hospital, Le Mans, France
3 Hematology Biology, University Hospital, Bordeaux, France
4 Hematology Biology, University Hospital, Lille, France

5 Hematology Biology, University Hospital, Limoges, France
6 Hematology Biology, University Hospital, Angers, France
7 Hematology Biology, University Hospital, Dijon, France
8 Hematology Biology, University Hospital, Creteil, France
9 Hematology Department, Hôpital Robert Debré, Paris, France
10 Hematology Department, Hôpital Saint Louis, Paris, France
11 Hematology Department, University Hospital, Angers, France

1814 Letter

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-6569-7414
http://orcid.org/0000-0002-6569-7414
http://orcid.org/0000-0002-6569-7414
http://orcid.org/0000-0002-6569-7414
http://orcid.org/0000-0002-6569-7414
mailto:mariecbene@gmail.com
mailto:mariechristine.bene@chu-nantes.fr



