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Abstract

Background. Leukemia may form at any age, from newborns to the elderly, and accounts for considerable
mortality worldwide.

Objectives. Nerolidol (NRD) is isolated from the aromatic florae oils and was found to have anticancer
activities. However, the role of NRD in antiproliferative and apoptosis actions in acute lymphoblastic leukemia
(ALL) is unclear.

Materials and methods. Human ALL cell lines, MOLT-4, were used to examine the potential anticancer
mechanisms of NRD on cellular proliferation, reactive oxygen species (R0S)-mediated apoptosis, oxida-
tive stress markers, caspases, PI3K/AKT, nuclear factor kappa B (NF-kB), and STAT-3/VEGF/Bcl-2 signaling
pathways.

Results. The MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay demonstrated that
NRD inhibited MOLT-4 cell proliferation in a concentration-dependent manner, with an 1C50 value of 30 pM.
It was found that NRD (20 and 30 pM/mL) resulted in accumulated intracellular ROS, reduced oxidative
stress and loss of mitochondrial membrane potential (MMP) in MOLT-4 cells in a concentration-related
way. Nerolidol was able to induce apoptosis, as evidenced by dual acridine orange/ethidium bromide (AO/
EB) staining. The levels of antioxidants, caspases-3, -8 and -9 were enhanced by NRD. This research proves
that NRD instantaneously triggers ROS-mediated pro-apoptotic signaling and caspases and attenuates PI3K/
Akt/NF-KB and STAT3/VEGF/Bcl-2 anti-apoptotic signaling.

Conclusions. Our results suggest that NRD treatment stimulates apoptosis in MOLT-4 cells by causing
the accumulation of intracellular ROS through PI3K/AKT/STAT-3 signaling pathways.
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Background

Leukemia is the heterogeneous assembly of hematopoi-
etic cells that transform to form a malignant neoplasm,!
which is the principal source of tumor-related death in pa-
tients under 20 years of age.2 According to the GLOBOCAN
2018 statistics, 437,033 new leukemia cases and 309,006
leukemia deaths were recorded.® Contact with environ-
mental radiation and exposure to extreme radiation levels
are recognized as leukemia risk factors.* Leukemia can
develop at any age, from newborns to the elderly, and ac-
counts for considerable mortality worldwide. Among these,
acute lymphoblastic leukemia (ALL) commonly affects
infants.> In the USA, nearly 6,000 newly diagnosed cases
of ALL subtypes are detected annually,! while the cura-
tive rate is almost >80%.° Despite the high remedial rate,
disease resistance and degeneration remain the foremost
cause of tumor-related deaths in progenies. Additionally,
the ALL cure ratio in adults is ~50%, which is relatively
poor.” Although current treatments such as stem cell trans-
plantation and chemotherapy are emerging quickly, deterio-
ration and medicine-associated obstacles are still endured
by patients.®? Another major difficulty is the progression
of multi-drug resistance in these patients.! Thus, innova-
tive anti-leukemic medications and optimizing dominant
chemotherapeutic usages are essential to rapid the diagno-
sis and enhancing patients’ quality of life in ALL.!* Hence,
new therapeutic strategies are urgently required.

Epigenetics refers to the heritable changes in gene func-
tion with no alterations in DNA sequences, consisting
of DNA methylation, histone modification and nucleo-
some remodeling, among others. Epigenetic modifications
play a key role in regulating DNA-based processes. During
the past few decades, epigenetic modifications were found
to play a significant role in the occurrence and develop-
ment of leukemia and were considered a promising target
for treating different types of leukemia and other hema-
tological malignancies, and sound clinical effects have
been achieved.!?

Several naturally occurring phytochemicals have been
identified due to evidence of their anticancer properties,
and they are considered possible therapeutics for regulat-
ing various malignant cells by inhibiting multiplication, in-
cursion and metastasis.'® Nerolidol (NRD) is isolated from
the aromatic florae as essential oil and identified as a ses-
quiterpene alcohol.' It has numerous pharmacological
properties, including anticancer, apoptotic, anti-oxidative,
and anti-inflammatory effects.!®> Recently, NRD has been
revealed to alleviate inflammation, oxidative stress and
apoptosis in cyclophosphamide-induced cardiotoxicity.'®
It has also been documented that NRD blocked the inflam-
matory reaction in lipopolysaccharide (LPS)-stimulated
acute lung injury by the elevation of antioxidants and
AMPK/Nrf-2/(HO)-1 signaling.” Furthermore, NRD has
been demonstrated to be valuable as an anticancer com-
plex, owing to its efficiency in suppressing proliferation
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and targeting cell survival'8; it acts as a chemosensitizer
in many malignancies.'*?° Nerolidol was shown to improve
the efficacy of doxorubicin (DOX) in breast carcinogen-
esis?® and enhance its effectiveness in lymphoblast and
ovarian carcinoma cells.?! Nevertheless, to the best of our
knowledge, the anticancer and apoptotic activities of NRD
in ALL cells MOLT-4 have not yet been reported.

Apoptosis is an active cell death program that occurs
in normal physiological and pathological environments.
It has been established that triggering apoptotic cell death
is a highly beneficial approach by which anti-tumor com-
pounds can target malignant cells.?? Chemotherapeutic
mediators may stimulate apoptotic signaling via 2 crucial
pathways: an intrinsic mitochondrial-facilitated path-
way and a death receptor-facilitated extrinsic pathway.
An intrinsic cascade is activated by specific molecules,
ultimately inducing downstream caspase-3 stimulation,
which is one of the vital apoptotic mediators.2* Caspases
are a series of cysteine proteases that play a critical part
in the molecular pathways of cell death.?* A set of oxygen-
containing chemicals comprise reactive oxygen species
(ROS), generally produced from the mitochondria.?>?¢
Tumor cells usually accumulate more ROS than typi-
cal cells.?” Reactive oxygen species-stimulated apoptosis
is greatly dependent on the triggering of pro-apoptotic
signaling pathways such as PI3K/AKT, STAT-3, NF-«xB, and
MAPKs. The NF-«B is a well-known chemo-resistance-
related anti-apoptotic factor.2® Acute lymphoblastic leu-
kemia cells’ elevated constitutive NF-«kB activity caused
anti-apoptosis and inflammation.?’ Therefore, regulation
of NF-«B is a strong molecular target for therapeutics. Tri-
als have revealed cellular communications relating to ROS
and NF-kB.?® While ROS might activate the tumor cell
apoptosis, the ROS-prompted anti-apoptotic component,
NF-«B, can reduce the apoptotic activity of ROS. PI3K/Akt
is the most activated network, observed in 70-85% of ALL
patients.® Dysregulation of PI3K/Akt signaling is a major
event occurring in both T-cell and B-cell ALL, resulting
in increased proliferation, survival and drug resistance.3!
Due to the significant physiological communication be-
tween STAT-3, Bcl-2 and PI3K/Akt networks in acute
leukemia, these signaling networks are strong targets for
collective inhibition.?3% The vascular endothelial growth
factor (VEGF) protein family has been implicated in vascu-
lar angiogenesis regulation.3* More importantly, increasing
evidence has established that aberrant regulation of VEGF
signaling triggering stimulation of the PI3K/Akt pathway
is connected to the poor prognosis in ALL.%> Hence, identi-
fying medications that can concurrently trigger persistent
ROS-facilitated pro-apoptotic signaling and inhibit PI3K/
Akt/NF-«kB and STAT3/VEGEF/Bcl-2 activities may advance
cancer chemotherapy.

Even though NRD has been described as having anti-
tumorigenesis activities in numerous human malignant
cell lines, its anticancer benefits on blood cancer have
barely been researched. However, the possible use of NRD
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in anti-tumor therapy in ALL cells is relatively unexplored,
especially in MOLT-4 cells. Therefore, the current work
is focused on assessing NRD for inhibiting cell multiplica-
tion and stimulating apoptosis in the ALL cell line, MOLT-4.

Objectives

This research aimed to demonstrate that NRD instan-
taneously triggers ROS-mediated pro-apoptotic signaling
and caspases and attenuates PI3KK/Akt/NF-kB and STAT3/
VEGEF/Bcl-2 anti-apoptotic signaling.

Materials and methods
Reagents and chemicals

Nerolidol (NRD), Dulbecco’s modified Eagle’s medium
(DMEM), antibiotics, fetal bovine serum (FBS) , phosphate-
buffered saline (PBS), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), dimethyl sulfoxide
(DMSO), Rhodamine-123 (Rh-123), sodium dodecyl sulfate
(SDS), acridine orange/ethidium bromide (AO/EB), and
2'-7"-dichlorodihydrofluorescein diacetate (DCFH-DA)
were obtained from Ruicong Ltd (Shanghai, China).
The primary and secondary antibodies were acquired from
Elabscience Biotechnology (Wuhan, China).

Culturing of MOLT-4 cells

Human blood cancer MOLT-4 cells were procured
from the German Collection of Microorganisms and Cell
Cultures (DSMZ); Braunschweig, Germany). They were
matured and maintained in DMEM, with the addition
of antibiotics (100 U/mL) and FBS (10%), at 37°C, 5% CO,
atmosphere and less than 95% humidified air.

Cell cytotoxicity assay

Using the MTT test, the effect of NRD on MOLT-4 cells
was measured®® and was used to determine cell prolifera-
tion. MOLT-4 cells were sown at 6 x 103 cells/well in 96-
well plates kept overnight in DMEM media. Treated cells
were given various doses of NRD (5-50 pM/mL) at 37°C.
A volume of 20 pl of MTT was administered to an indi-
vidual well and kept at 37°C for 4 h to permit the MTT
conversion into formazan insoluble crystals through mito-
chondrial dehydrogenase. The subsequent formazan crys-
tals were softened by adding 150 uL DMSO to the culture
media. Each experiment was repeated thrice, and cells
grown in a culture medium containing DMSO were used
as a control. To assess cell proliferation, the optical density
(OD) was determined at 570 nm employing a microplate
reader (Pope Scientific, Inc, Saukville, USA). Cell prolifera-
tion was determined as the ratio of cell viability against
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untreated MOLT-4 cells (100%). The ICs, (drug concen-
tration that caused a 50% reduction in MTT assay) was
determined.

Measurement of intracellular level ROS

The level of ROS was determined with the DCFH-DA
staining method.?” Blood cancer cells, MOLT-4, were
seeded in 6 culture dishes each and maintained for 24 h,
and various concentrations of NRD (control and 20 and
30 uM/mL) were administered. Following this, all groups
were stained with DCFH-DA (10 pM) and subsequently
kept at 37°C. Treated cells were gathered and then cleaned
twice with ice-cold PBS to remove extra dye. The fluores-
cence was measured by excitation at 485 +10 and emission
at 530 +12.50 nm, compatible with a multimode reader
(PerkinElmer EnVision; PerkinElmer, Waltham, USA).

Analysis of mitochondrial
membrane potential

The mitochondrial membrane potential (MMP) was esti-
mated to understand early apoptotic phases by conducting
Rh-123 staining.®” Human ALL adult cells, MOLT-4, were
seeded in 6 wells and sustained with CO, (5%) at 37°C in a hu-
midified CO, incubator for 24 h. Subsequently, MOLT-4 cells
were exposed to a control solution and 20 and 30 uM of NRD
for 1 day, wet twice with cold PBS, fixed with paraformalde-
hyde (4%) for 20 min and swabbed. Successively, all groups
were stained with Rh-123 (10 pg/mL) in darkness at 37°C for
30 min. Following this, they were washed twice with wash-
ing buffer to remove any extra stain, and the MMP differ-
ence was determined using fluorescent microscopy (Nikon
Eclipse TS100; Nikon Corp., Tokyo, Japan). The intensity
of fluorescence in the captured images was examined using
Image] v. 1.48 software (National Institutes of Health (NIH),
Bethesda, USA).

Evaluation of apoptosis
demonstrated by AO/EB staining

Morphological and nuclear changes were assessed
in MOLT-4 human ALL cells, to which NRD was added,
and were distinguished by staining with AO/EB.3” MOLT-4
cells were supplemented with control and NRD (20 and
30 pM/mL) conditions and sustained for 24 h. All groups
were administered the dye mixture of AO/EB (100 pg/mL
per each). Treated cells were maintained in the dark for
20 min, ensuring unbound dye was eliminated by washing
with PBS and viewing through a fluorescence microscope
(Nikon Eclipse TS100; Nikon Corp.).

Analysis of oxidative stress markers

The oxidative stress markers assessed were glutathione
(GSH), catalase (CAT), superoxide dismutase (SOD), and
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thiobarbituric acid reactive substances (TBARS), using
assay kits provided by Biomed (Badr City, Egypt).

Measurement of caspase -3, -9 and -8

The activity of the caspases caspase-3 (cat. No. 32203),
caspase-9 (cat. No. 13915) and caspase-8 (cat. No. 13913)
was determined with an enzyme-linked immunosorbent
assay (ELISA) kit procured from Cayman Chemical (Ann
Arbor, USA). These experiments were conducted accord-
ing to the manufacturer’s protocol, and 3 independent
replicates were carried out.

Estimation of mRNA levels using
quantitative reveserse transcription
polymerase chain reaction

Total RNA was isolated from human ALL cells, MOLT-4,
according to the procedures indicated for TRIzol® reagent
(Bio-Rad, Hercules, USA). The isolated RNA was reverse
transcribed into cDNA using the High-Capacity cDNA
Reverse Transcription kit (Thermo Fisher Scientific,
Waltham, USA) following the kit protocols. Next, the Fast
Start SYBR Green master mix (Bio-Rad) was used to inves-
tigate the cDNAs according to the company’s protocols.
The samples were subjected to electrophoresis, and the re-
sulting band intensities were measured using ImageJ v. 1.48
software (National Institutes of Health (NIH), Bethesda,
USA). Fold conversions for the individual gene expres-
sions were determined using a comparative threshold cycle
(Ct) method, according to the formula 2-“2CY, The series
of primers for using quantitative reveserse transcription
polymerase chain reaction (RT-qPCR) were as follows:

TNE-a F: 5-CTTCTGCCTGCTG CACTTTGGA-3'

R: 5" TCCCAAAGTAGACCTGCCCAGA-3'

NF-«kB F: 5-GCAAAGGGAACATTCCGATAT-3'

R: 5-GCGACATCACATGGAAATCTA-3'

COX-2 F: 5-CCGGGTACAATCGCACTTAT-3'

R: 5-GGCGCTCAGCCATACAG-3'

IL-6 F: 5-GACTGATGTTGTTGACAGCCACTGC-3'

R: 5"TAGCCACTCCTTCTGTGACTCTAACT-3'

GAPDH E: 5-CTTCTTTTGCGTC GCCAGCCGA-3'

R:5-"ACCAGGCGCCCAATACGACCAA-3'

Western blot study

The human blood cancer cells, MOLT-4, were given
NRD (control and 20 and 30 uM/mL) and grown for

Table 1. Comparison of the study groups

Variables Control
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1 day. The cell lysates were prepared with ice-cold lysis
buffer, including protease inhibitors, and a western blot
experiment was carried out. The measurement of protein
was performed using a Protein BCA Assay Kit (Pierce
Chemical Co, Rockford, USA). Briefly, the proteins were
electrophoretically dispersed and relocated to a poly-
vinylidene difluoride (PVDF) film. Then, the film was
blocked using a probe overnight at 4°C, and primary anti-
bodies were administered in 1:1,000 dilutions, preserved
overnight at 4°C; secondary antibodies (1:5,000) were
subsequently added. Beta-actin was employed as an in-
ternal control. After introducing the specific antibodies,
the proteins were visualized with an LI-COR Odessy
imaging system (LI-COR, Belfast, UK).

Statistical analyses

The statistical analysis of data from each group was con-
ducted using GraphPad Prism v. 8.0.2 (GraphPad Soft-
ware, San Diego, USA) and IBM SPSS software v. 25 (IBM
Corp., Armonk, USA). Data are presented as the median
(min-max). As the sample size was too small to verify nor-
mal data distribution, the differences between the groups
were analyzed using the nonparametric Kruskal-Wallis
test with Dunn’s post hoc test. Subsequently, significant
differences among multiple groups were examined using
the Kruskal-Wallis test, and Dunn’s post hoc test was em-
ployed for multiple comparisons. Dunn’s post hoc test was
employed for multiple comparisons to control for the false
positive rate due to multiple testing. Dunn’s test adjusts
the significance levels to account for multiple comparisons,
ensuring the control of type I error rates across the 16 com-
parisons. A statistically notable data divergence was con-
sidered when p < 0.05. All tests in this study were bilateral.

Results

The results of the Kruskal-Wallis test and Dunn’s post
hoc test are presented in Table 1-3.

Cytotoxicity effect of NRD on human
ALL cells

The MTT test estimated human MOLT-4 cell prolif-
eration at various quantities (control, 5, 10, 20, 30, 40,
and 50 pM/mL) of NRD (Table 1, Fig. 1A). It was revealed
that NRD had antiproliferative effects on MOLT-4 cells

test value "
p-value

5uM ‘ 10 uM ‘ 20 pM

MTT 98.95 89.99 76.84 63.75

(90.00-107.80) = (81.85-98.05) (69.89-83.71) = (57.99-69.45)

‘ 30 uM ‘ 40 uM ‘ 50 uM

51.65 3842 2531 3951 <0.00]

(46.98-56.28)  (34.94-41.86) (23.02-27.58)

Data was presented as median (min—max); *p-value was generated using the Kruskal-Wallis test; **degrees of freedom (df) is equal to 5.
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Table 2. Comparison of the study groups

Variables Control (n =6) 20 uM (n = 6) 25 uM (n = 6) test value (H)** | p-value*
SOD 29.54 (26.87-32.19) 15.92 (14.48-17.34) 11.07 (10.07-12.07) 13.66 0.001
CAT 23.16 (21.07-25.23) 14.90 (13.56-16.24) 7.12 (6.48-7.76) 15.15 0.001
GSH 21.65 (19.69-23.59) 12.75 (11.60-13.90) 0.93 (0.85-1.01) 13.66 0.001
TBARS 6.10 (5.55-6.65) 29.38 (26.73-32.01) 45.12 (41.04-49.16) 15.20 <0.001
Caspase-9 100.05 (91.00-109.00) 135.79 (123.51-147.93) 152.87 (139.05-166.55) 15.26 <0.001
Caspase-8 100.05 (91.00-109.00) 141.32 (128.54-153.96) 169.45 (154.13-184.61) 15.20 <0.001
Caspase-3 100.05 (91.00-109.00) 150.17 (136.59-163.61) 175.30 (159.44-190.98) 15.20 <0.001
TNF-a 100.05 (91.00-109.00) 0.63 (0.57-0.69) 042 (0.38-0.46) 15.15 0.001
NF-kB 100.05 (91.00-109.00) 0.70 (0.64-0.76) 0.48 (0.44-0.52) 15.15 0.001
COX-2 100.05 (91.00-109.00) 0.68 (0.62-0.74) 0.39(0.35-043) 15.17 0.001
IL-6 100.05 (91.00-109.00) 0.75 (0.68-0.82) 0.53 (0.48-0.58) 15.15 0.001
p-PI3K/PI3K 1.00 (0.91-1.09) 0.73 (0.66-0.80) 045 (0.41-0.49) 1523 <0.001
p-AKT/AKT 1.00 (0.91-1.09) 0.80 (0.73-0.87) 0.52 (0.47-0.57) 1522 <0.001
p-STAT3/STAT3 1.00 (0.91-1.09) 0.69 (0.63-0.75) 0.44 (0.40-0.48) 15.26 <0.001
VEGF 1.00 (0.91-1.09) 0.58 (0.53-0.63) 0.39 (0.35-0.43) 1523 <0.001
Bcl-2 1.00 (0.91-1.09) 0.74 (0.67-0.81) 0.53 (0.48-0.58) 15.20 <0.001

Data were presented as median (min-max); *The p-value was generated using the Kruskal-Wallis test; **Degrees of freedom (df) is equal to 2. Dunn’s post
hoc test was employed for multiple comparisons to control for the false-positive rate due to multiple testing. Dunn's test adjusts the significance levels

to account for multiple comparisons, ensuring the control of type | error rates across the 16 comparisons made.
SOD - superoxide dismutase; CAT — catalase; GPx — glutathione peroxidase; TBARS — thiobarbituric acid reactive substances; TNF-a — tumor necrosis
factor alpha; NF-kB — necrosis factor kappa B; COX-2 — cyclooxygenase; IL-6 — interleukin 6; PI3K — phosphoinositide 3-kinase; Akt — protein kinase B;

VEGF - vascular endothelial growth factor; Bcl-2 - B-cell lymphoma 2.

Table 3. The results of the Dunn'’s post hoc test

Explained ‘ Cus20um | Cus2sym ‘ 20t s
SOD 0.155 p <0.001 0.155
CAT 0.155 p < 0.001 0.155
GSH 0.154 p < 0.001 0.154
TBARS 0.155 p < 0.001 0.155
Caspase-9 0.092 p=0.001 0.390
Caspase-8 0.155 p < 0.001 0.155
Caspase-3 0.092 p =0.001 0.390
TNF-a 0.154 p < 0.001 0.154
NF-«B 0.152 p < 0.001 0.152
COX-2 0.154 p < 0.001 0.154
IL-6 0.154 p < 0.001 0.154
p-PI3K/PI3K 0.153 p <0.001 0.153
p-AKT/AKT 0.153 p <0.001 0.153
p-STAT3/STAT3 0.152 p <0.001 0.152
VEGF 0.153 p < 0.001 0.153
Bcl-2 0.154 p < 0.001 0.154

SOD - superoxide dismutase; CAT — catalase; GPx — glutathione peroxidase;
TBARS - thiobarbituric acid reactive substances; TNF-a — tumor necrosis
factor alpha; NF-kB — necrosis factor kappa B; COX-2 — cyclooxygenase;
IL-6 — interleukin 6; PI3K — phosphoinositide 3-kinase; Akt — protein kinase
B; VEGF — vascular endothelial growth factor; Bcl-2 - B-cell lymphoma 2.

in a concentration-dependent manner. Untreated control
cells did not exhibit altered MOLT-4 cell proliferation and
showed 100% viability. However, NRD at dosages of 10, 20

and 30 pM/mL considerably (p < 0.05) inhibited the vi-
ability of MOLT-4 cells compared to control. Viability
was extremely inhibited by the administration of a high
dosage of NRD (40 and 50 uM/mL). From the MTT test,
the IC5, value was determined to be 30 uM for MOLT-4
cells. To avoid the destruction caused by high dosages
of NRD in ALL cells, we added various dosages of NRD
to the MOLT-4 cells, assessing their sensitivity to NRD
administration. Based on data from the IC;, value of NRD
(20 and 30 pM/mL), we opted for further experiments.
The MOLT-4 human ALL cells’ morphological varia-
tions were detected with a phase-contrast microscope
(Nikon Eclipse TS100; Nikon Corp.) in the bright field.
Administration of 20 pM NRD resulted in a substantial
loss of cell viability and morphological modifications, and
augmented morphological changes were observed with
higher amounts of NRD. The ICs, value of 30 pM NRD
reduced cell proliferation and additional morphological
modifications of MOLT-4 cells (Fig. 1B).

Influence of NRD-induced intracellular
ROS generation in MOLT-4 cells

The formation of ROS in cells is related to different
stimuli and can induce apoptosis and block the cell cycle
(Fig. 2A). To assess ROS accumulation, DCFH-DA-labeled
MOLT-4 cells were examined with a fluorescence micro-
scope (Nikon Eclipse TS100). High-intensity green fluo-
rescence correlated with the level of ROS. Administration
of NRD (20 uM/mL) in MOLT-4 cells resulted in a weak
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Fig. 1. Nerolidol inhibits human ALL cell proliferation. A. MOLT-4 human ALL cells were added with various quantities (5-50 uM/mL) of NRD for 24 h. An MTT
experiment measured cell viability. Results are presented as median (min—-max) for triplicate assays. The significance is reflected as *p < 0.05 against control;
B. Effect of NRD on MOLT-4 cell morphological variations analyzed using phase-contrast microscopy

ALL - acute lymphoblastic leukemia; NRD — nerolidol; MTT - 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

Fig. 2. Nerolidol increases the accumulation of reactive oxygen species (ROS) and depolarization of mitochmodrial membrane potential (MMP) in MOLT-4
cells. Human acute lymphoblastic leukemia (ALL) cells were administered nerolidol (NRD) (20 and 30 uM/mL) for 24 h. A. The accumulation of 2'- 7'
dichlorodihydrofluorescein diacetate (DCFH-DA) fluorescence is depicted using an inverted fluorescence microscope; B. Apoptotic action of NRD was
assessed as MMP deviation using fluorescent microscopy employing a 485-530 nm blue filter

fluorescent background, whereas NRD (30 pM/mL) in the MOLT-4 human ALL cells was very low, while
treatment resulted in bright green fluorescence, which the level of ROS increased in the NRD-supplemented
signified an elevated ROS level. The formation of ROS (20 and 30 uM/mL) groups in a concentration-dependent
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manner. Treatment with 30 uM NRD significantly (p < 0.05)
enhanced ROS generation in MOLT-4 cells compared to
control and 20 pM NRD.

Nerolidol stimulated the loss of MMP
in human ALL cells

The MMP depolarization was assessed measur-
ing the cell’s ability to take up Rh-123 dye (Fig. 2B).
MOLT-4 human acute lymphoblastic leukemia control
cells presented high Rh-123 intensity, depicted as green
fluorescence and almost 99% MMP. Rh-123 fluorescence
accumulation was reduced to a weak green fluorescence
signal in NRD-treated (20 and 30 pM/mL) MOLT-4 cells
in a dosage-related manner. Nerolidol (30 uM) supple-
mented with MOLT-4 cells resulted in an extensive in-
crease (p < 0.05) in MMP loss due to strengthened mito-
chondprial depolarization.

Nerolidol-triggered apoptosis
in human ALL cells as demonstrated
with AO/EB staining

Apoptotic cells were revealed due to the unique mor-
phological changes identified using AO/EB dual staining
(Fig. 3). Human MOLT-4 cells were visible as homoge-
neously dyed green live cells. Nerolidol (20 and 30 pM/mL)
supplementation increased cell apoptosis dose-depend-
ently. When intercalated into dsDNA, AO is collected
by both viable and non-viable cells and exhibits green
fluorescence, whereas EB only accumulates in non-via-
ble cells, where it intercalates into DNA to produce red
fluorescence. Therefore, early apoptotic cells have green-
fluorescent nucleus with dense green spots where chro-
matin is condensing, in contrast with the shorter or frag-
mented orange chromatin. Early apoptotic cells showed
abridged chromatin and membrane blebbing with 20 pM
NRD administration, which appeared as pale greenish-
yellow marks. Late apoptotic cells exhibited an orange
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color, indicating a decrease in their membrane integrity
owing to the ethidium bromide co-stain in 30 pM NRD-
administered MOLT-4 cells.

Nerolidol enhances antioxidant status
and reduces lipid peroxidation

To observe the influence of NRD on oxidative stress,
we analyzed the antioxidant status and lipid peroxidation
levels in MOLT-4 cells. Human MOLT-4 cells showed
elevated levels of TBARS with decreased SOD, CAT and
GSH compared to NRD-treated cells. However, the an-
tioxidant status and lipid peroxidation levels were re-
versed by the administration of NRD. Treatment with
NRD (20 and 30 uM/mL) significantly reduced (p < 0.05)
the intensity of TBARS, whereas SOD, CAT and GSH in-
creased compared to control dose-dependently (Table 2,3
and Fig. 4).

Measurement of caspase -3, -8
and -9 activities with ELISA

MOLT-4 cells administered NRD showed elevated ac-
tivity of caspase-3, -8 and -9 when compared to untreated
control cells (Table 2,3 and Fig. 5). Nerolidol (30 uM) sig-
nificantly (p < 0.05) enhanced the caspase protein levels
compared to 20 uM NRD-treated MOLT-4 cells. These re-
sults reveal that NRD stimulated the pro-apoptotic mark-
ers, such as caspase proteins, in MOLT-4 cells.

Influence of NRD on the mRNA expression
of anti-apoptotic inflammatory cytokines

Figure 6 depicts the influence of NRD on the mRNA level
of anti-apoptotic pro-inflammatory mediators in human
ALL cells (Table 2,3). MOLT-4 cells exhibited upregu-
lated tumor necrosis factor alpha (TNF-a), nuclear factor
kappa B (NF-kB), interleukin 6 (IL-6), and cyclooxygen-
ase-2 (COX-2) mRNA levels. Nerolidol (20 and 30 pM/mL)

Fig. 3. Nerolidol triggered apoptosis in MOLT-4 cells demonstrated using AO/EB staining. MOLT-4 cells are shown treated under control and with NRD
conditions at different concentrations (20-30 uM/mL) at 24 h, stained with AO/EB. The white arrow indicates green fluorescence, the orange arrow indicates
apoptotic bodies, the blue arrow indicates apoptotic cells, and the yellow arrow indicates necrotic cells. Nerolidol induced apoptosis by generating ROS

and disrupting MMP

AO/EB - acridine orange/ethidium bromide; NRD - nerolidol; MMP — mitochnodrial membrane potential; ROS — reactive oxygen species.
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treated-MOLT-4 cells significantly (p < 0.05) attenuated
the levels of these cytokines dose-dependently. These re-
sults suggest that NF-«B inhibition is involved in NRD-
triggered MOLT-4 cell growth inhibition.

Effect of NRD on the PI3K/AKT pathway

Administration of NRD (20 and 30 uM/mL) resulted
in dose-dependent downregulation of phosphorylated
PI3K and AKT protein expression compared to untreated
controls (Table 2,3 and Fig. 7). MOLT-4 human ALL cells
treated with NRD showed reduced p-PI3K, PI3K, p-AKT,
and AKT protein expression; thus, NRD induced apop-
tosis in MOLT-4 cells through inhibition of PI3K/AKT
signaling.
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Influence of NRD on STAT-3/VEGF/Bcl-2
protein levels

Administration of NRD (20 and 30 uM/mL) resulted
in dose-dependent downregulation of phosphorylated
STAT-3 as well as VEGF and Bcl-2 protein expression lev-
els compared to untreated controls (Table 2,3 and Fig. 8).
MOLT-4 human ALL cells treated with NRD attenuated
p-STAT-3, VEGF and Bcl-2 protein expression, showing
that NRD induced apoptosis and inhibited proliferation
and angiogenesis in MOLT-4 cells through the suppression
of STAT-3/VEGF/Bcl-2 signaling.

Fig. 7. The influence of NRD on PI3K/AKT pathway. MOLT-4 human ALL cells were administered NRD (20 and 30 uM/mL) for 24 h. p-PI3K; PI3K, p-AKT, and
AKT protein expression levels were examined using western blot. The data are presented as median (min—-max) for triplicate tests. The significance is shown

as *p < 0.05 vs control

NRD - nerolidol; PI3K — phosphoinositide 3 kinase; Akt — protein kinase B.

Fig. 8. The influence of NRD on the STAT3/VEGF/Bcl-2 pathway. MOLT-
4 human ALL cells were administered NRD (20 and 30 uM/mL) for 24 h.
The protein expression levels of STAT3, VEGF and Bcl-2 were examined
using western blot. The data are presented as median (min-max) for
triplicate tests. The significance is shown as *p < 0.05 vs control

STAT-3 - signal transducer and activator of transcription 3; VEGF — vascular
endothelial growth factor; Bcl-2 - B-cell lymphoma.
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Discussion

While there are several remedies available for ALL, there
is a need for more effective and less toxic treatments due
to harmful effects and drug resistance. This objective has
resulted in an increased focus on investigating and improv-
ing natural agents used for chemoprevention or in cases
of tumor relapses. Recently, NRD has sparked interest due
to its immense array of pharmacological actions, including
anti-tumor and apoptotic activities.!® The anticancer ef-
ficacy of NRD has been widely examined in various types
of cancer cells, including oral cancer,?®3° ovarian cancer,?!
osteosarcomas,?® breast cancer,' and hepatocellular car-
cinomas,* among others. There are no previous reports
on the induction of apoptosis in MOLT-4 cells by NRD.
The current study demonstrates that NRD exhibited
an antiproliferative and apoptotic effect on human ALL
cell lines MOLT-4. Our results revealed that NRD (20 and
30 uM/mL) efficiently inhibited MOLT-4 cellular prolif-
eration, elevated intracellular ROS accumulation, reduced
MMP, and induced apoptosis dose-dependently. In this
study, we have shown for the first time that NRD dose-de-
pendently induces significant cytotoxicity in MOLT-4 hu-
man ALL cells. Nerolidol reduced cell viability chiefly
due to the induction of apoptosis. Numerous anti-tumor
medications have been shown to cause death of susceptible
cells by stimulating apoptosis. This type of cell death is re-
garded as a significant reaction to the best chemothera-
peutic drugs for leukemia.???* According to the data, this
current research is the first description of the antiprolif-
erative and apoptotic actions of NRD on MOLT-4 human
ALL cells.

Apoptosis is a highly controlled kind of cell death,
through which cells with substantial damage are eradi-
cated.?? Apoptotic cell death can be induced by either
an intrinsic mitochondria-facilitated or an extrinsic
death receptor-facilitated pathway.? Hence, medicines
are needed that selectively prompt apoptosis in tumor cells
by inducing tumor-specific upstream activity. Tumors
have recurrently utilized these pathways, and it may be
promising to selectively stimulate apoptosis in malignant
cells or sensitize them to well-known cytotoxic agents.??
Our experiments prove that NRD stimulated apoptosis
in ALL cells through the mitochondria-mediated intrin-
sic pathway and suggest it may translate as a potential
drug candidate for a leukemia remedy. We noticed that
NRD effectively induced ROS generation and subsequently
reduced MMP, along with high levels of caspase-3, -8
and -9 in ALL cells in a quantity-reliant mode. Reactive
oxygen species are intermediaries of several intracellu-
lar signaling cascades; however, upon hyperproduction,
they may promote MMP collapse, which activates a series
of mitochondria-related events comprising apoptosis.2>2
Related findings were previously reported that NRD ex-
erts antiproliferative and apoptotic activities in osteo-
sarcoma®® and hepatoprotective activities.!® Our study
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demonstrated that NRD supplementation enhanced ROS
generation and MMP loss, correlating with high caspase
activity in mitochondrial-mediated ALL cell apoptosis.
Thus, NRD triggered ROS-mediated mitochondrial apop-
tosis in MOLT-4 cells.

Apart from inducing apoptotic features, ROS can also
prompt anti-apoptotic elements. The influence of ROS
on tumor cells depends on the balance between ROS-pro-
moted pro- and anti-apoptotic factors. Human ALL cells
constitutively express enhanced levels of a vital anti-apop-
totic factor, nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB).2° However, Nakano et al. es-
tablished that NF-kB-controlled genes exhibit a crucial
action in the accumulation of ROS in the cells.? It has been
shown that ROS have diverse stimulatory or inhibitory
actions in the NF-kB pathway.?82° Qur results point out
that NRD significantly suppressed the mRNA expression
of COX-2, TNF-a, NF-xB, and IL-6 in a concentration-
dependent manner. Therefore, NRD can inhibit NF-xB
activation and may stimulate apoptosis in ALL cells. Prior
research has established that NRD constrains the intensi-
ties of TNF-a and IL-1f in rats with LPS-prompted acute
kidney injury and peritoneal macrophages.*> Another
study revealed that NRD inhibited rotenone-promoted
IL-6, COX-2, IL-1B, and TNF-a expression in rat brain.*?
Prior research reported that NRD sequestered from Lin-
dera erythrocarpa essential oil alleviated IkB kinase (IkB)
disintegration and NF-kB phosphorylation by MAPK phos-
phorylation in LPS-triggered macrophages.*? These studies
showed that the protective actions of NRD were involved
in the attenuation of pro-inflammatory mediators. Our
current research found that NRD was able to suppress
tumor growth and anti-proliferation by the induction
of apoptosis through the inhibition of inflammatory me-
diators in MOLT-4 cells.

NF-«B, PI3K/AKT and STAT3/VEGEF/Bcl-2 signaling
pathways are involved in cell proliferation, differentiation,
angiogenesis, metastasis, and apoptosis signal transduc-
tion, along with their regulatory role in human ALL.2832:33
Aberrant PI3K/AKT and STAT 3 protein expression leads
to various aspects of malignant cell growth, differentia-
tion, survival, transformation, metabolism, and cell cycle
regulation.?233 In this study, NRD (20 and 30 uM/mL) was
able to alter PI3K/AKT and STAT3/VEGEF/Bcl-2 protein
expression dose-dependently. Previously, similar results
were reported that NRD induced apoptosis and cell cycle
arrest in MG-63 osteosarcoma cells via PI3K/AKT/JNK
regulation.*® Several molecular pathways are involved
in malignant metastasis, including the VEGF signaling
pathway.3* VEGF signaling regulates trans-endothelial
leukemia cell migration, contributes to extramedullary
infiltration of ALL cells, and is implicated in vascular
angiogenesis regulation.3* More importantly, increasing
evidence has established that aberrant regulation of VEGF
signaling triggering the stimulation through the PI3K/Akt
pathway is connected to a poor prognosis in ALL.?* Based
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on the physiological communication between the STAT-3,
BCL-2 and PI3K/Akt signaling networks, which are signifi-
cant to acute leukemias, these pathways comprise strong
targets for collective inhibition.3>3® Our current find-
ings showed that NRD inhibited PI3K/AKT/NF-kB and
STAT-3/VEGEF/Bcl-2 signaling and induced apoptotic, anti-
inflammatory, anti-oxidative, anti-angiogenic, and antip-
roliferative actions in MOLT-4 cells. This may be the first
report that NRD inhibits the PI3K/AKT/NF-kB and
STAT3/VEGE/Bcl-2 signaling pathways in MOLT-4 hu-
man ALL cells and provides additional proof of the under-
lying anticancer mechanisms of NRD. Important to this
study, the development of microscopic techniques has
revolutionized the morphological sciences, progressively
providing new levels of magnification and resolution for
exploring biological and non-biological samples. Micros-
copy, in fact, provides an understanding of the structure
and ultrastructure and of the organization of the main
cellular components.**

Limitations

In vivo method could not be conducted in this study;
however, it will be utilized in future research. PI3K, AKT,
STATS3, VEGF, Bcl-2, caspase-3, caspase-9, and caspase-8
were analyzed in protein levels, but need to be analyzed
also in RNA levels in future research. Moreover, detailed
mechanisms of action still need to be clarified.

Conclusions

Nerolidol was shown to effectively suppress the viability
and inflammation and dose-dependently induce apoptosis
in MOLT-4 human ALL cells. By increasing the antioxi-
dant status, NRD demonstrated its lethal effects by form-
ing intracellular ROS, which may be caused by MMP
collapse, caspase activation or the reduction of NF-«kB-
associated inflammatory mediators. By blocking the PI3K/
AKT/NEF-«B pathways, NRD caused ROS-mediated mito-
chondrial death. Moreover, by blocking STAT-3/VEGEF/
Bcl-2 signaling, NRD decreased the viability of MOLT-4
cells and angiogenesis. These results suggest that NRD
may be developed as a potential preventative therapeutic
for ALL in humans. Additional investigations should con-
firm the anticancer activity using in vivo animal models.

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.13268443. The package includes
the following files:

Supplementary Fig. 1. Results of Kruskal-Wallis test
as presented in Fig. 1.

Supplementary Fig. 2. Results of Kruskal-Wallis test
as presented in Fig. 4.
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Supplementary Fig. 3. Results of Kruskal-Wallis test
as presented in Fig. 5.

Supplementary Fig. 4. Results of Kruskal-Wallis test
as presented in Fig. 6.

Supplementary Fig. 5. Results of Kruskal-Wallis test
as presented in Fig. 7.

Supplementary Fig. 6. Results of Kruskal-Wallis test
as presented in Fig. 8.
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