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S phase arrest in MV4-11 cells, it triggered apop-
tosis  and non-significant S phase accumulation in 
MOLM-13 cells. Co-administrations reduced cell 
viability. Increased cytotoxic effect of co-treatments 
was further proved mechanistically through induc-
tion of apoptosis via phosphatidylserine relocaliza-
tion. The cell cycle alteration in co-treatment was 
significant with an S phase arrest in MV4-11 cells, 
however, it was not effective on cell cycle progression 
of MOLM-13 cells. Resveratrol also increased SPT 
expression. Overall, modulation of SPT together with 
resveratrol might be the possible explanation for res-
veratrol’s action. It could be an integrative medicine 
for FLT3-ITD AML after investigating its detailed 
mechanism of action in relation to de novo pathway 
of ceramide production.

Keywords  Apoptosis · Cell cycle · FLT3-ITD 
AML · Resveratrol · Serine palmitoyltransferase

Introduction

Sphingolipids and their metabolites possess mem-
brane-related structural roles and important signaling 
functions in various intracellular processes includ-
ing cell proliferation, cell death, cell migration and 
inflammation (Ogretmen 2018). Hence, their con-
tribution to cancer development and therapy has 
attracted significant attention, recently. Each metabo-
lite in the complex sphingolipid pathway has their 
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own roles to regulate the critical pathways involved 
in carcinogenesis (Shaw et  al. 2018). For instance, 
ceramide (Cer), central signaling lipid, is well known 
to inhibit cell proliferation by inducing apoptosis, 
autophagy and cell cycle arrest whilst its metabolites 
such as sphingosine-1-phosphate (S1P) produced by 
sphingosine kinases (SKs) and glucosylceramide 
(GC) generated by glucosylceramide synthase (GCS) 
favor cell survival and proliferation (Hannun and 
Obeid 2018). Sphingolipids could be produced by 
two different pathways named de novo pathway and 
salvage pathway (hydrolysis of sphingomyelin (SM) 
to Cer) (Shaw et al. 2018; Hannun and Obeid 2018).

De novo pathway is the common route to generate 
Cer via sequential functioning of different enzymes. 
Serine palmitoyltransferase (SPT) is the rate-limiting 
enzyme catalyzing the first step in de novo pathway, 
which is the condensation of L-serine and palmitoyl 
CoA to form 3-ketosphinganine. Then, this resulting 
intermediate is converted to Cer (Nganga et  al. 2018). 
Although elevated levels of intracellular Cer in response 
to cellular stress inhibit cell growth and survival, inhi-
bition of SPT, hence reducing Cer levels, is associated 
with growth suppression of cancer cells (Kojima et al. 
2018; Bernhart et al. 2015). SPT’s roles in cellular func-
tions seem to be context-dependent. In glioma cells, 
silencing or inhibition of SPT caused impaired cell 
growth and induced apoptosis (Bernhart et al. 2015). In 
in vitro and in vivo models of melanoma, SPT inhibition 
caused cell cycle arrest at G2/M phase, decreased sphin-
golipid levels and upregulated p53 and p21 expression 
(Lee et al. 2011; Lee et al. 2012). Therefore, targeting 
SPT could be an attractive strategy to interfere with pro-
liferation of cancer cells and there are newly synthesized 
SPT inhibitors with promising anti-carcinogenic activi-
ties in addition to conventional SPT inhibitors such as 
myriocin (Kojima et al. 2018; Yaguchi et al. 2017).

Resveratrol is a plant-based pleiotropic poly-
phenol with well-defined and extensively reviewed 
anti-carcinogenic properties (Bhaskara et  al. 2020). 
Although it affects cell proliferation, cell survival, cell 
cycle progression, invasion, metastasis, apoptosis and 
autophagy by activating or inhibiting various signaling 
pathways (Bhaskara et  al. 2020; Berretta et  al. 2020), 
it is clear that its functions in solid cancers, to a lesser 
extent, hematological malignancies, are also related to 
modulation of sphingolipid metabolism (Kisková and 
Kassayová 2019). In hepatocellular carcinoma, res-
veratrol treatment resulted in increased intracellular 

concentration of Cer by upregulating the enzymes of 
de novo pathway and downregulating Cer-catabolizing 
enzymes (Charytoniuk et al. 2019). In chronic myeloid 
leukemia (CML) and colon cancer cells, acid sphingo-
myelinase, responsible for degradation of sphingomy-
elin to Cer, was upregulated in response to resveratrol 
(Mizutani et al. 2016). Resveratrol downregulated Cer-
metabolizing genes and upregulated Cer-producing 
genes in HL60 acute promyelocytic leukemia (APL) 
cells (Cakir et  al. 2011). Resveratrol and its newly 
synthesized dimers were found to inhibit sphingo-
sine kinase-1 (SK-1) expression and to induce PARP-
dependent apoptosis in MCF-7 breast cancer cells (Lim 
et al. 2012). To our knowledge, there is no study inves-
tigating the therapeutic role of resveratrol in relation to 
de novo pathway of sphingolipid metabolism in FLT3-
ITD positive acute myeloid leukemia (AML) although 
we recently showed it could affect Cer catabolism 
enzymes, SK-1 and GCS (Ersöz and Adan 2022)

FMS-like tyrosine kinase 3 (FLT3)-internal tandem 
duplication (ITD) positive AML is a subgroup of geneti-
cally complex AML classified based on the presence of 
ITD within the juxtamembrane domain of FLT3 recep-
tor tyrosine kinase (Antar et al. 2020). FLT3 signaling 
is crucial for normal hematopoietic and immune system 
development, which leads to activation of downstream 
pathways involved in cell proliferation and suppression 
of apoptosis. In functionally differentiated cells, it is not 
expressed, however, majority of AML cases has overex-
pressed or mutated FLT3 (Antar et al. 2020; Daver et al. 
2019). Two common mutations in FLT3 gene are ITD 
and tyrosine kinase domain mutations, resulting in con-
stitutive activation of FLT3 kinase and its downstream 
proliferative pathways. Therefore, FLT3 is a therapeutic 
target for the development of FLT3 inhibitors, some of 
which are clinically approved for the treatment of FL3-
ITD positive AML in combination therapies. However, 
the clinical results seem to be unsatisfactory due to 
off-target effects, toxicity and acquired drug resistance 
(Antar et  al. 2020). Therefore, investigation of natural 
products as a chemopreventive or an adjuvant due to 
their less toxic behaviour and beneficial health effects 
could give promising results for the treatment of FLT3-
ITD AML in combination approaches together with 
clinically used agents (Ha et al. 2020).

In this study, the possible cytotoxic, cytostatic 
and apoptotic effects of resveratrol on FLT3-ITD 
positive MOLM-13 and MV4-11 cells together 
with SPT inhibition were investigated. Resveratrol’s 
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anti-proliferative effects through inducing apoptosis 
and cell cycle arrest were intensified by inhibiting 
SPT. Based on the results of this study, it would be 
suggested that resveratrol could be a part of integra-
tive therapy when combined with clinically approved 
FLT3 inhibitors after further detailed in  vitro and 
in vivo analyses of resveratrol’s sphingolipid metab-
olism-based actions.

Materials and methods

Chemicals

Resveratrol and MTT were purchased from Sigma-
Aldrich (USA). Myriocin was obtained from Cay-
man Chemicals (Ann Arbor, MI, USA). 10 mM stock 
solutions were prepared in DMSO. The final concen-
tration of DMSO did not exceed more than 0.1% in 
culture. Penicillin-streptomycin, RPMI 1640, and 
fetal bovine serum (FBS) were obtained from Invitro-
gen (Paisley, UK).

Cell lines and culture conditions

Heterozygous FLT3-ITD cell line MOLM-13 and 
FLT3- ITD loss of heterozygosity (LOH) cell line 
MV4-11 were obtained from DSMZ (German Collec-
tion of Microorganisms and Cell cultures). MOLM-
13 and MV4-11 cells were cultured in RPMI 1640 
(with L-glutamine) (GibcoTM) medium supple-
mented with 10-20% FBS and 1% penicillin-strepto-
mycin in a 5% CO2 incubator at 37ºC.

Detection of cell viability

The effects of resveratrol (10-30 µM), myriocin 
(40-120 nM) and their combinations (10 µM res-
veratrol+40 nM myriocin, 20 µM resveratrol+80 nM 
myriocin and 30 µM resveratrol+120 nM myriocin) 
at a constant ratio on MOLM-13 and MV4-11 cells’ 
viability were assessed by MTT cell proliferation 
assay (Adan and Baran 2015; Oğuz and Adan 2021). 
Briefly, the cells were seeded into a 96 well plate at 
a density of 1 × 104 cells/well and incubated for 48 h. 
20 µl MTT solution (5 mg/mL, Sigma Aldrich) was 
added to observe formazan crystals which were dis-
solved in 100  µl DMSO. Then, absorbance values 
(at 570 nm) were recorded and the cell proliferation/

viability graphs were drawn. Based on the graphs, 
IC50 values (concentrations inhibiting cell viability 
by 50%) for resveratrol and myriocin were calculated 
using linear regression analysis in GraphPad software 
(San Diego, CA).

Combination index (CI) analysis

The method of Chou-Talalay was applied to deter-
mine whether there is synergistic/additive/antagonis-
tic effects of combinational treatments in MOLM-13 
and MV4-11 cells using CompuSyn software. This 
software generates CI values which were calculated 
from MTT cell viability results of aforementioned 
combinations. CI  < 1 indicates synergism, CI  = 
1.0–1.1 indicates additive effect and CI> 1 indicates 
antagonism (Chou 2008).

Analysis of apoptosis using annexin‑V/PI dual 
staining by flow cytometry

7.5 × 105 cells/well were treated with resveratrol (10-
30 µM), myriocin (120 nM) and the combination (30 
µM resveratrol plus 120 nM myriocin) for 48 h in a 6 
well plate at 37  °C. The protocol based on Annexin 
V-FITC apoptosis detection kit (BioVision, USA) 
was followed with minor modifications. The cells 
were collected at 1800 rpm for 10 min, washed with 
cold 1X PBS and resuspended with 200  µl annexin 
binding buffer. Then, 2 µl propidium iodide and 2 µl 
Annexin V/FITC were added. Following incubation 
at room temperature for 15  min in the dark, apop-
totic cells were detected using a BD FACSCalibur 
flow cytometer (BD Biosciences) within 1  h. The 
histograms were obtained and analyzed using BD 
FACSDivaTM (BD Biosciences) (Adan and Baran 
2015; Oğuz and Adan 2021).

Analysis of cell cycle progression using PI staining 
by flow cytometry

MOLM-13 and MV4-11 cells (7.5 × 105 /well in a 6 
well plate) were treated with resveratrol (10–30 µM) 
and myriocin (120 nM) alone or in combination (30 
µM resveratrol plus 120 nM myriocin) for 48 h. After 
centrifugation at 260×g for 10 min, cell pellets were 
washed twice with cold PBS followed by incubation 
at − 20 °C with cold ethanol for 24 h. Samples were 
centrifuged at 260×g for 10 min and supernatant was 
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removed. Pellets were homogenized in cold PBS and 
centrifuged. PBS-TritonX100 and RNase-A (200 µg/
ml, Sigma Aldrich) were added and incubated at 
37 °C for 30 min. Then, propidium iodide (1 mg/ml, 
Sigma Aldrich) staining was performed at room tem-
perature for 10–15 min. Cell cycle analysis was per-
formed using BD FACSCalibur flow cytometer with 
BD FACSDivaTM (BD Biosciences) (Adan and Baran 
2015).

Western blot

4 × 106 cells were treated with with resveratrol (10-
30 µM) for 48 h. Cells were lysed using RIPA buffer 
(Sigma-Aldrich, USA). Protein concentrations were 
calculated using RC DCTM Protein Assay Kit (Bio-
Rad, USA). 30  µg/well total protein was separated 
by SDS-PAGE and transferred to PVDF membranes. 
The membranes were blotted with primary antibodies 
for SPT (1:3000, Abcam, Cambridge, UK) and Beta 
Actin (1:3000, Cell Signaling, USA) overnight at + 
4 °C and conjugated with appropriate secondary anti-
bodies (1:10000, Jackson Immuno Research, USA). 
The membranes were visualized with Pierce ™ ECL 
Western Blotting Substrate kit (Thermo ScientificTM, 
USA). Densitometric analysis of immunoreactive 
bands was performed by using the imaging software 
(Bio-Rad, ChemiDoc, Image LabTM 3.0).

Statistical analysis

GraphPad software (San Diego, CA) was used to ana-
lyze data and the results were expressed as the mean 
± standard error (SEM) from at least three inde-
pendent experiments. Comparisons among multiple 
groups were evaluated using student’s t test or one-
way ANOVA followed by Dunnett’s test. P  <  0.05 
was considered as a statistically significant difference.

Results

Combined treatment with resveratrol and myriocin 
shows enhanced cytotoxic effects on FLT3‑ITD AML

The viability of MOLM-13 and MV4-11 cells was 
checked after treating the cells with resveratrol (10-
30 µM) and myriocin alone (40–120 nM) and in 
combinations by MTT assay. A significant decrease 

was observed in a concentration-dependent manner 
in response to increasing concentrations of resvera-
trol in both cell lines (Fig. 1). IC50 concentrations of 
resveratrol were calculated as 22 µM and 30 µM for 
MOLM-13 and MV4-11 cells, respectively. MOLM-
13 cell was affected even at lowest concentration of 
resveratrol whereas the proliferation of MV4-11 
cells affected at higher concentrations compared to 
untreated controls. Myriocin alone did not inhibit cell 
viability significantly in both cell lines. The increas-
ing concentrations of resveratrol (10–30 µM) com-
bined with those of myriocin (40-120 nM) resulted 
in inhibition of cell proliferation especially at higher 
concentrations of resveratrol (30 µM) and myriocin 
(120 nM) in MOLM-13 and MV4-11 cells as com-
pared to untreated cells (Fig. 1a). However, MOLM-
13 cells were more sensitive to the combinations 
and 30 µM resveratrol in combination with 120 nM 
myriocin suppressed cell viability significantly as 
compared to both control and resveratrol alone (p: 
0.02). Based on these results, CI analysis was also 
performed on both MOLM-13 and MV4-11 cells. 
In accordance with cell viability results, the combi-
nation of 30 µM resveratrol with 120 nM myriocin 
showed synergistic effect (CI:0.78) in MOLM-13 
cells (Fig. 1b) whilst 10 µM and 20 µM resveratrol in 
combination with 40 nM and 80 nM myriocin exhib-
ited antagonistic (CI: 1.23) and additive effects (CI: 
1.01), respectively. On the other hand, CIs could not 
be calculated for MV4-11 cells, which might be due 
to increasing trends in % cell viability after the treat-
ments with myriocin’s individual concentrations rela-
tive to untreated control (Fig. 1a).

Resveratrol plus myriocin showed increased 
apoptotic effects on FLT3‑ITD AML cells

It was also explored whether resveratrol and myri-
ocin may show an effect on FLT3-ITD AML cell 
apoptosis. Increasing concentrations of resveratrol 
(10-30 µM) individually increased apoptotic cell 
population (early (Q4) plus late (Q2) apoptosis) in 
MOLM-13 cells, compared with the control group 
(9% (10 µM), 15.5% (20 µM) and 43.5% (30 µM) vs. 
5.9% (control), respectively) eventhough 20 and 30 
µM resveratrol showed statistically significant effect 
(Fig. 2a and b). Similarly, MV4-11 cells underwent 
apoptosis in a dose-dependent manner after res-
veratrol treatment (10-30 µM) when compared to 
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Fig. 1   The % viability of MOLM-13 and MV4-11 cells 
treated with resveratrol plus myriocin after 48 h incubation (a). 
The data was expressed as a mean percentage ± SE relative to 
the untreated control from at least three replicates. **p < 0.005, 
***p:0.0006, ****p < 0.0001 compared to the control, 
#p < 0.05 compared to 30 µM resveratrol in MOLM-13 cells. If 

there is no statistical difference between or among the groups, 
it is not depicted on the graphs. CI analysis of MOLM-13 cells 
in which C < 1, C:1.00-1.1 and CI  >  1 indicate synergistic, 
additive and antagonistic effect, respectively (b). r: resveratrol, 
m: myriocin

Fig. 2   Apoptotic response of MOLM-13 cells to resveratrol 
in combination with myriocin for 48 h (a). Q4 quadrant shows 
Annexin-positive/PI negative, early apoptotic cells while Q2 
quadrant shows Annexin-positive/PI positive, late apoptotic 
cells (b). The data was expressed as a mean percentage ± SE 

relative to the untreated control from at least three replicates. 
*p < 0.05, ##p:0.0079 versus control, $$ p: 0.0067 myr 120 
versus res 30+ myr 120. If there is no statistical difference 
between or among the groups, it is not depicted on the graphs
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untreated control (13.4% (10 µM), 33.5% (20 µM), 
and 61.3% (30 µM), vs. 10.7% (control), respec-
tively) while 30 µM resveratrol affected cell apop-
tosis significantly (Fig.  3a and b). Myriocin (120 
nM) alone did not induce apoptosis in both cell 
lines. Combined resveratrol and myriocin (30 µM 
resveratrol+120 nM myriocin) significantly pro-
moted MOLM-13 cell apoptosis as compared to the 
control (50.85 vs. 5.9%). Similarly, a combination 
of resveratrol and myriocin (30 µM resveratrol+120 
nM myriocin) enhanced MV4-11 cell apoptosis sig-
nificantly when compared to the control (79.3 vs. 
10.7%). Comparison between 30 µM resveratrol 
and the combination treatment was not statistically 
significant although there were increases in both 
MOLM-13 (50.85% vs. 43.5%) and MV4-11 (79.3% 
vs. 61.3%) apoptotic cell population, respectively 
(Figs. 2 and 3). Comparison of apoptotic cell popu-
lations between 120 nM myriocin and co-treatment 
induced statistically significant apoptosis in both 
MOLM-13 (50.85% vs. 5%) (Fig.  2) and MV4-11 
(79.3% vs. 9.8%) (Fig.  3). Collectively, these data 
suggested that the combination treatment decreased 

leukemia cell proliferation via induction of apopto-
sis relative to untreated cells or myriocin alone.

Differential effects of resveratrol in combination with 
myriocin on cell cycle distributions of MOLM‑13 
and MV4‑11 cells

To investigate the probable mechanisms underlying 
the observed cytotoxic effects, cell cycle progres-
sion was also analyzed in MOLM-13 and MV4-11 
cells treated with resveratrol, myriocin alone and 
resveratrol plus myriocin. The cells were accumu-
lated at S phase when treated especially with 30 
µM resveratrol for both MOLM-13 (31.3 vs. 26%) 
and MV4-11 (29.4 vs. 23.15%) cells, respectively 
as compared to untreated controls although MV4-
11 cells only showed statistically significant arrest 
(Figs.  4 and 5). On the other hand, myriocin (120 
nM) alone caused an increase at G2/M (12.85 vs. 
8.9%) in MOLM-13 cells and a very slight rise in 
G0/G1 population in MV4-11 (71.2 vs. 70.25%) 
cells (Figs.  4 and 5), which were not statistically 
significant. 30 µM resveratrol in combination with 

Fig. 3   Apoptotic response of MV4-11 cells to resveratrol in 
combination with myriocin for 48  h (a). Q4 quadrant shows 
Annexin-positive/PI negative, early apoptotic cells while Q2 
quadrant shows Annexin-positive/PI positive, late apoptotic 
cells (b). The data was expressed as a mean percentage ± SE 

relative to the untreated control from at least three replicates. 
**p < 0.005, ***p < 0.0005 versus control or myr 120 versus 
res 30+ myr 120. If there is no statistical difference between or 
among groups, it is not depicted on the graphs
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120 nM myriocin resulted in non-statistically sig-
nificant G0/G1 arrest and statistically significant S 
phase arrest in MOLM-13 (75.75 vs. 65.01%) and 
MV4-11 (34.35 vs. 23.15%) cells when compared to 
the control, respectively (Figs.  4 and 5). Addition-
ally, MV4-11 cells accumulated at S phase after the 
combination treatment relative to myriocin alone 
(22.15% vs. 34.35%). These data indicated that res-
veratrol in combination with myriocin showed a 
more significant suppressive effect on MV4-11 cell 
cycle progression than MOLM-13 cells.

The effect of resveratrol on the protein expression 
level of SPT in FLT3‑ITD positive AML cells

IC50 values or subtoxic concentrations (lower than 
IC50 values ) of resveratrol (10–30 µM) were chosen 
to analyze the alterations in protein levels of SPT in 
cultured MOLM-13 and MV4-11 cells using west-
ern blot. In both cell lines, SPT was upregulated in 
response to increasing concentrations of resveratrol 
(Fig.  6) compared to untreated cells. At 30 µM res-
veratrol, there were 4.8-fold and 2.27-fold increases 
in SPT levels for MOLM-13 and MV4-11 cells, 

Fig. 4   Flow cytometric analysis of cell cycle kinetics in 
MOLM-13 cells exposed to resveratrol in combination with 
myriocin for 48  h (a, b). The data was expressed as a mean 

percentage ± SE relative to the untreated control from at least 
three replicates. If there is no statistical difference between or 
among groups, it is not depicted on the graphs

Fig. 5   Flow cytometric analysis of cell cycle kinetics in MV4-
11 cells exposed to resveratrol in combination with myriocin 
for 48 h (a, b). The data was expressed as a mean percentage 

± SE relative to the untreated control from at least three rep-
licates. *p < 0.05, $p< 0.05 versus control, #p < 0.05 myr 120 
versus res 30+ myr 120



278	 Cytotechnology (2022) 74:271–281

1 3
Vol:. (1234567890)

respectively. Resveratrol could affect this enzyme 
more effectively in MOLM-13 cells as compared to 
MV4-11 cells.

Discussion

Resveratrol, a phytoalexin, has been recognized as a 
potential plant-based chemopreventive for cancers. Its 
anti-carcinogenic potential is quite complex and the 
common processes modulated by resveratrol include 
cell cycle progression, different modes of cell death, 
suppression of metastasis, invasion and angiogenesis 
through regulating different signaling pathways based 
on the context and cancer type (Ko et al. 2017). For 
instance, resveratrol induced apoptosis in HL60 and 
NB-4 APL cells by regulating PTEN/PI3K/AKT 
pathway (Meng et al. 2019). In lung and esophageal 
cancer cells, resveratrol suppressed invasion and 
metastasis by inhibiting ADAM9 expression (Lin 
et  al. 2020). Additionally, it has been shown in lim-
ited studies that resveratrol’s anti-carcinogenic fea-
tures could be also regulated via alterations in sphin-
golipid metabolism as extensively reviewed (Dei Gas 
and Ghidoni 2018).

Despite the recent advances in the treatment of 
FLT3-ITD AML by introduction of FLT3 inhibi-
tors, an effective therapy is still missing due to pri-
mary or secondary resistance in monotherapy or in 
combination therapy and short duration of remis-
sion in patients (Scholl et  al. 2020; Ambinder and 
Levis  2021). Therefore, in this particular study, the 
therapeutic potential  and  underlying mechanism of 
resveratrol’s action was investigated by particularly 
focusing on inhibition of SPT involved in de novo 
generation of sphingolipids in FLT3-ITD expressing 
AML cells.

We firstly checked the effect of resveratrol in com-
bination with SPT inhibitor myriocin on cell viability, 

cell death (necrosis and apoptosis) and cell cycle pro-
gression of FLT3-ITD cells. Resveratrol alone inhib-
ited cell viability in a dose-dependent manner in both 
MOLM-13 and MV4-11 cells (Fig. 1a) in accordance 
with the results obtained from different leukemia 
types including APL, AML and CML (Siedlecka-
Kroplewska et al. 2019; Ersöz and Adan 2022; Huang 
et al. 2019). On the other hand, myriocin alone used 
in sub-micromolar concentrations to inhibit enzyme 
activity (Chalfant et  al. 2002) did not affect the cell 
viability in contrast to the literature in which µM con-
centrations of myriocin showed more cytotoxic effect 
(Choi et al. 2014; Sano et al. 2017). When increasing 
concentration of resveratrol combined with those of 
myriocin, there was inhibition of cell viability in both 
MOLM-13 and MV4-11 cells compared to untreated 
cells, however, MV4-11 cells’ lesser sensitivity to res-
veratrol was observed (Fig.  1a). To address whether 
the inhibition of cell viability is synergistic or not, 
CI values were obtained, which clearly showed that 
MOLM-13 cells responded to the combination treat-
ment synergistically especially at highest concentra-
tions of resveratrol and myriocin (Fig. 1b).

Cell cycle arrest and apoptosis are considered to 
be the main underlying mechanisms for the cytotoxic 
effects of most drugs and agents in cancers. There-
fore, we next checked apoptosis induction and cell 
cycle progression in MOLM-13 and MV4-11 cells 
treated with resveratrol plus myriocin. Resveratrol 
induced apoptosis in both MOLM-13 and MV4-11 
cells whilst myriocin was not effective (Figs.  2 and 
3). On the other hand, co-administrations increased 
apoptotic cell population (early and late apoptotic 
cells) in both cells (Figs.  2 and 3) as compared to 
control or myriocin alone. As shown in Fig.  5, cell 
cycle progression was arrested at S phase in MV4-
11 cells in response to resveratrol and resveratrol 
plus myriocin while there were non-statistically sig-
nificant accumulation of MOLM-13 cells at S phase 

Fig. 6   Western blot 
analysis of SPT protein 
expression in MOLM-13 
(a) and MV4-11 (b) cells 
exposed to increasing doses 
of resveratrol (10–30 µM). 
Actin was used as a loading 
control for both cell lines
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for resveratrol treatment and at G0/G1 for co-treat-
ment (Fig. 4). Myriocin slightly but not significantly 
blocked cell cycle progression at G2/M and G0/G1 
phases in MOLM-13 and MV4-11 cells, respectively 
(Figs. 4 and 5).

In these results, eventhough myriocin alone did 
not significantly contribute to apoptosis induction and 
cell cycle arrest, combination treatment resulted in 
increased apoptosis in both representative models of 
FLT3-ITD AML, however, cell cycle arrest seemed to 
be cell type specific. Resveratrol’s anti-proliferative 
effects were extensively studied in leukemias, which 
showed differences in mechanisms of action based on 
type of leukemia and leukemia cell context. In APL 
cells, resveratrol induced G0/G1 arrest and apopto-
sis (Siedlecka-Kroplewska et  al. 2019). Resveratrol 
caused accumulation of acute lymphoblastic leuke-
mia (ALL) cells at S phase and induced apoptosis 
(Opydo-Chanek et al. 2017), which is in accordance 
with S phase arrest in MV4-11 cells. The different 
sensitivity and response of MOLM-13 and MV4-11 
cells to combination treatments could be expected 
due to the presence of additional epigenetic and 
genetic mutations, which might cause the expression 
of different set of genes (Razumovskaya et al. 2011; 
Lindblad et al. 2015).

We also checked the protein expression of SPT in 
MOLM-13 and MV4-11 cell lines after treating them 
with increasing concentrations of resveratrol and 
showed that resveratrol upregulated SPT expression 
in both cell lines (Fig.  6). This data is the first one 
showing the role of baseline expression of SPT and 
how its expression is altered by resveratrol in FLT3-
ITD AML. To our knowledge, there are only limited 
studies investigating the role of SPT in resveratrol-
mediated cytotoxicity in cancer. In metastatic breast 
cancer cells, combined activation of SPT and nSMase 
(neutral sphingomyelinase involved in salvage path-
way) were responsible for Cer accumulation, lead-
ing to cell growth inhibition and apoptosis after res-
veratrol treatment (Scarlatti et  al. 2003). Resveratrol 
showed anti-proliferative effect on colon cancer cells 
by inhibiting ornithine decarboxylase (ODC) activity, 
an enzyme of polyamine metabolism linked to cancer 
development and ODC inhibition by resveratrol was 
counteracted by inhibiting SPT (Ulrich et  al. 2007). 
Chow et  al. (2014) showed that resveratrol induced 
SPT activation resulting in endoplasmic reticulum 
(ER) stress and expansion, which was responsible 

for ER-mediated apoptosis in human nasopharyngeal 
carcinoma cells. Resveratrol sensitized DU145 pros-
tate cancer cells to ionizing radiation by causing Cer 
accumulation. Cell death was decreased after resvera-
trol or resveratrol plus ionizing radiation treatment in 
the presence of myriocin, showing the role of de novo 
pathway (Scarlatti et  al. 2007). Resveratrol upregu-
lated SPT expression in hepatocellular carcinoma 
cells on lipid overload state (Charytoniuk et al. 2019). 
Resveratrol prevented the accumulation of breast can-
cer cells into multicellular tumor spheroids which was 
reversed partially in the presence of myriocin (Dolfini 
et al. 2007). In a recent study, SPT was upregulated 
in response to resveratrol and SPT inhibition counter-
acted resveratrol’s apoptotic activity in philadelphia 
chromosome positive acute lymphoblastic leukemia 
(Oğuz and Adan 2021).

Interestingly, all these results obtained in this 
study did not show what is expected in general 
regarding to the role of SPT inhibition, hence 
decreasing Cer accumulation, which could increase 
cell viability and suppress apoptosis in combina-
tion treatments to counteract or rescue resveratrol’s 
action as extensively discussed. However, inhibition 
of SPT was not able to reverse resveratrol’s cyto-
toxic and apoptotic effects, instead, it increased its 
anti-leukemic activities. It is thought that increased 
expression of SPT protein levels in response to res-
veratrol could not be related to increases in its enzy-
matic activity, which could result in discrepancy 
in the results relative to what is already known in 
literature. However, it is know from scarce studies 
that SPT inhibition alone or in combination treat-
ments suppresses cell proliferation and induce cell 
death and cell cycle arrest, therefore, SPT inhibi-
tors are though to be novel therapeutic agents based 
on the cell context (Bernhart et  al. 2015; Kojima 
et  al. 2018). In glioma cells, the major mechanism 
behind SPT inhibition-mediated growth suppression 
and apoptosis was related to impaired S1P receptor 
(S1PR) signaling due to decreased amount of S1P 
(Bernhart et  al. 2015). Oppositely, in PL-21 AML 
cells, a novel SPT inhibitor led to growth suppres-
sion via arresting cells at G2/M and inducing apop-
tosis-independent cell death. This inhibitor reduced 
the levels of C16-, C24-Cer and C16-, C24-SM, 
which were suggested as main way of growth inhibi-
tion and reducing S1P levels by SPT inhibition was 
not related to its anti-proliferative effects (Yaguchi 
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et al. 2017). Myriocin treatment decreased SM, Cer 
and S1P levels, induced both necrosis and apop-
tosis and suppressed pAKT levels in in  vitro and 
in vivo models of merkel cell carcinoma (Bhat et al. 
2019). Sano et al. (2017) proposed that a novel SPT 
inhibitor triggered necrosis-dependent cell death by 
upregulating COX-2 in lung cancer cells with an 
unknown mechanism. In lung cancer cells, myriocin 
induced cell death via activation of death receptor 4 
(DR4) pathway alone or in combination with DR4 
ligand TRAIL, docetaxel and cisplatin (Choi et  al. 
2014). Therefore, SPT’s activity should be evalu-
ated to observe changes in the levels of sphingolipid 
species especially long carbon chain Cer, SM and 
S1P in response to resveratrol to understand why 
resveratrol plus myriocin treatment gave significant 
cytotoxic and apoptotic effects.

In conclusion, growth-inhibition of FLT3-ITD 
AML cells in the presence of resveratrol plus SPT 
inhibitor myriocin was mainly associated with 
induction of apoptosis. However, cell cycle arrest 
was also effective in MV4-11 cells. Nevertheless, 
the mechanism(s) leading to resveratrol-induced 
SPT upregulation and its role in resveratrol’s activ-
ity and the mechanisms underlying the response 
of cells to resveratrol plus myriocin remain to be 
determined. The activity of SPT in resveratrol 
treated cells and the quantification of Cer, SM and 
other sphingolipid species might be the future direc-
tions to confirm the involvement of SPT in resvera-
trol induced antileukemic effects. Overall, it could 
be suggested that resveratrol might be a chemopre-
ventive in FLT3-ITD AML after its mechanism of 
action in relation de novo pathway is clarified in 
detail.
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