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Abstract. Linalool can inhibit the malignant proliferation of 
numerous human malignant solid tumors, including hepato‑
cellular carcinoma, breast cancer, small cell carcinoma and 
malignant melanoma. However, the role of linalool in T cell 
acute lymphoblastic leukaemia (T‑ALL) remains unclear. 
In the present study, human T‑ALL cell lines (Jurkat, H9, 
Molt‑4 and Raji cells) and peripheral blood mononuclear 
cells (PBMCs) from healthy donors were treated with various 
concentrations of linalool (3.75, 7.50, 15.00, 30.00, 60.00 and 
120.00 µM, respectively). A CCK‑8 assay was used to analyse 
cell viability and it demonstrated that linalool inhibited the 
growth of T‑ALL cells in a dose‑dependent manner, but did 
not significantly affect normal PBMCs. Flow cytometry was 
used to detect the cell cycle and apoptosis and demonstrated 
that linalool reduced the percentage of T‑ALL cells at the 
G0/G1 phase, and induced the apoptosis of T‑ALL cells. RNA 
sequencing was conducted on an Illumina HiSeq X Series 
2500 before and after treatment with linalool followed by Gene 
Ontology and Kyoto Encyclopedia of Genes and Genomes 
pathway enrichment analysis. It was demonstrated that the 
mitogen‑activated protein kinase  (MAPK) pathway was 
involved in the effect of linalool on T‑ALL cells. Real‑time 
quantitative PCR and western blotting were performed to 
verify the mRNA and protein levels, respectively of the genes 
in the signaling pathway identified. In addition, it was found 
that linalool significantly inhibited phosphorylated (p)‑ERK1/2 
protein expression and enhanced p‑JNK protein expression of 
T‑ALL cells. In conclusion, the present study revealed that 
linalool inhibits T‑ALL cell survival with involvement of the 
MAPK signaling pathway. JNK activation and ERK inhibition 

may play a functional role in apoptosis induction of T‑ALL 
cells. Linalool may be developed as a novel anti T‑ALL agent.

Introduction

According to the 2017 WHO classification of tumors of hema‑
topoietic and lymphoid tissues, T cell acute lymphoblastic 
leukaemia (T‑ALL) accounts for ~25% of the cases of adult 
ALL and ~15% of childhood ALL cases globally (1). Clinically, 
T‑ALL typically presents with a high leukocyte count and 
frequently with a large mediastinal or gastrointestinal mass (1). 
Lymphadenopathy and hepatosplenomegaly are common (2). 
T‑ALL compared with B cell acute lymphoblastic leukaemia 
often manifests with relative sparing of normal bone marrow 
hematopoiesis and is associated with a higher risk of induc‑
tion failure, early relapse and isolated central nervous system 
relapse (1,2). Although, the use of combination chemotherapy 
regimens, including vincristine, daunorubicin, and predniso‑
lone has gradually improved the clinical outcome of T‑ALL 
over the last few decades, majority of patients with T‑ALL 
eventually relapse (3,4). Allogenetic hematopoietic stem cell 
transplantation may be the only potential curative therapy (5) 
and is also essential to identify novel agents suitable for elderly 
and weak patients with T‑ALL.

Linalool, a natural small molecular compound is isolated 
from various oils, such as camphor leaf oil, galoin oil and 
rosewood oil  (6). Linalool is a colorless liquid that can be 
mixed with ethanol and ether and is insoluble in water and 
glycerol (7). Currently, linalool is mainly used as an antimicro‑
bial and antiviral agent, perfume, deodorant, anticaries agent 
and insecticide (8,9). In recent years, it has been proven that 
linalool can inhibit the malignant proliferation of numerous 
human malignant solid tumors, including hepatocellular 
carcinoma, breast cancer, small cell carcinoma, and malignant 
melanoma (10‑13). Linalool has also been demonstrated to 
have antiproliferative activity against some hematological 
diseases, including chronic myelogenous leukaemia, acute 
promyelocytic leukaemia and Burkitt's lymphoma  (14‑19). 
However, the effect of linalool on T‑ALL remains unclear.

Linalool is inexpensive and may be developed as a novel 
therapeutic agent for tumors (20). In the present study, in 
order to reveal the role of linalool on T‑ALL the effects of 
linalool on T‑ALL cell lines as well as peripheral blood 
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mononuclear cells (PBMCs) from healthy donors were 
investigated.

Materials and methods

Agents and antibodies. Linalool (with purity ≥95% and molec‑
ular weight=154.25 Da) was purchased from Sigma‑Aldrich; 
Merck KGaA (cat. no. 78‑70‑6) and its formula is provided in 
Fig. 1A. Linalool was dissolved in dimethyl sulfoxide (DMSO) 
and used at the required concentration (30 µM linalool was the 
most frequently used as it approached 50% inhibition at 48 h). 
The final concentration of DMSO was <0.1% in the RPMI‑1640 
culture medium (cat. no. 670089; Invitrogen; Thermo Fisher 
Scientific Inc.). Mouse antibodies against p38 (1:1,000; 
cat. no. sc‑398305), p‑p38 (1:1,000; cat. no. sc‑166182), JNK 
(1:1,000; cat. no. sc‑7345), p‑JNK (1:1,000; cat. no. sc‑6254), 
β‑actin (1:1,000; cat.  no.  sc‑47778), poly (ADP‑ribose) 
polymerase 1PARP‑1 (1:1,000; cat.  no.  sc‑8007), cleaved 
PARP‑1 (1:1,000; cat. no.  sc‑56196), were purchased from 
Santa Cruz Biotechnology Inc. PD98059 (cat.  no.  9900), 
SP600125 (cat. no. 8177), SB203580 (cat. no. 5633) and rabbit 
primary antibodies against ERK1/2 (1:1,000; cat. no. 4376), 
p‑ERK1/2 (1:1,000; cat. no. 4370), Growth Arrest And DNA 
Damage Inducible α (GADD45A) (1:1,000; cat. no. 4632S), 
caspase‑3 (1:1,000; cat. no. 9662), cleaved caspase‑3 (1:1,000; 
cat. no. 9664) and secondary antibodies (1:1,000; cat. nos. 7074 
and 7076) were purchased from Cell Signaling Technology 
Inc.

Cell lines and cell culture. Human T‑ALL cell lines (Jurkat, 
H9, Molt‑4 and Raji) were obtained from Zhejiang University 
(Hangzhou, China). The cells were cultured in RPMI‑1640 
medium (Invitrogen; Thermo Fisher Scientific Inc.) supple‑
mented with 10% fetal calf serum (FCS; Invitrogen; Thermo 
Fisher Scientific Inc.), 2 mmol/l glutamine, 0.1 mg/ml strep‑
tomycin, and 100 U/ml penicillin and incubated at 37˚C in a 
5% CO2 humidified incubator. All experiments using these cell 
lines were performed within 6 months of receipt or thawing 
after ‑80˚C cryopreservation, the cells were passaged every 
2 days with fresh medium. In all experiments, cells were used 
in logarithmic growth phase. As a normal cell line was not 
available, PBMCs were chosen for comparison in the present 
study. PBMCs were collected from healthy donors after 
informed written consent was obtained (n=7, 4 males and 
3 females; age range, 25.5‑34.2 years, with the median age 
of 27.4 years). All were from the Second Affiliated Hospital, 
School of Medicine, Zhejiang University (Hangzhou, China), 
and 2 ml of blood was obtained each donor. PBMCs were 
isolated with Ficoll‑Hypaque gradients by centrifugation 
from fresh blood (19). This study was approved by the Ethics 
Committee of The Second Affiliated Hospital, School of 
Medicine, Zhejiang University (Hangzhou, China) (approval 
number, IR2020001187) according to the guidelines of the 
Declaration of Helsinki.

Cell viability assay. Cell viability was measured using the 
Cell Counting Kit‑8 (CCK‑8) reagent (Donjindo Molecular 
Technologies, Inc.) according to the manufacturer's protocol, 
the OD value was used for measuring absorbance (21). Briefly, 
one experiment was performed to investigate the effect of 

linalool on T‑ALL viability, human T‑ALL cell lines (Jurkat, 
H9, Molt‑4, and Raji cells) and normal PBMCs were cultured 
in 96‑well plates (2x105 cells/ml), and then linalool (3.75, 7.50, 
15.00, 30.00, 60.00 and 120.00 µM, respectively) was added 
to the cells. Another experiment was performed to investigate 
the effect of linalool and ERK1/2‑selective inhibitor PD98059, 
JNK inhibitor SP600125 or P38 inhibitor SB203580 on 
T‑ALL viability, Jurkat cells were cultured in 96‑well plates 
(2x105 cells/ml), and 10 µmol/l ERK1/2‑selective inhibitor 
PD98059, 20 µmol/l JNK inhibitor SP600125 or 10 µmol/l P38 
inhibitor SB203580 was added to the cell suspensions for 1 h. 
Subsequently, 30 µM linalool was added to the cell suspen‑
sions for 9 h. The cells were then harvested and measured by 
the CCK‑8 assay. The control group consisted of cells treated 
with DMSO only.

Cell cycle analysis. Flow cytometry (FCM) was performed to 
determine the effect of linalool on the cell cycle following a 
standard protocol (21,22). Briefly, Jurkat cells (2x105 cells/ml) 
were treated with 30 µM linalool for 6, 12, 24 or 48 h at 37˚C. 
The cells were washed and fixed in 70% ice‑cold ethanol 
overnight at 4˚C. Subsequently, the cells were harvested and 
incubated in PBS with 100 mg/ml propidium iodide (PI), 0.1% 
Triton X‑100 for permeabilization and 100 µg/ml RNase A 
for 30 min at 4˚C (Beyotime Institute of Biotechnology). The 
PI‑stained cells were subjected to cell cycle profiling analysis 
using a flow cytometer (FACSCalibur; BD Biosciences). The 
cell cycle distribution was analysed using ModFit LT software 
version 3.1 (Verity Software House, Inc.).

Apoptosis assay. Apoptosis was investigated using an 
Annexin V‑fluorescein isothiocyanate (FITC) apoptosis kit 
(cat. no. K101; BioVision,  Inc.) according to the manufac‑
turer's instructions (21,22). Briefly, in one experiment, Jurkat 
cells were treated with 30  µM linalool for 6, 12 or 24  h 
at 37˚C, respectively. In another experiment, Jurkat cells were 
pre‑treated with 10 µmol/l PD98059, 20 µmol/l SP600125, 
or 10 µmol/l SB203580 for 1 h and then 30 µM linalool was 
added to the cells suspensions for 9 h at 37˚C. The cells were 
harvested and washed with ice‑cold PBS 3 times and adjusted 
to 1x106 cells/ml with binding buffer. Subsequently, the cells 
were incubated with 5 µl FITC‑labelled Annexin V and 5 µl PI 
at room temperature in the dark for 15 min. Finally, the stained 
cells were analysed using a flow cytometer (FACSCalibur, 
BD Biosciences). The data were analysed using FlowJo soft‑
ware version 10.0.7 (Tree Star, Inc.). The control group was 
DMSO only.

Morphological analysis. Jurkat cells (2x105 cells/ml) were 
cultured with 30 µM linalool for various time periods (0, 6, 12 
or 24 h). Cytospin slides (4‑8 µm) were prepared, cells were 
fixed with 100% methanol at room temperature for 1 min, 
and stained with Wright‑Giemsa staining (Baso Diagnostics 
Inc.) for 10 min at room temperature. Cell morphology was 
observed with a light microscope (Olympus Corporation, 
magnification x1,000).

RNA extraction, cDNA library construction and Illumina 
sequencing. Jurkat cells 2x105 cells/ml) were treated with 
30 µM linalool for 9 h and then total RNA from Jurkat cells 



ONCOLOGY LETTERS  20:  181,  2020 3

before and after treatment with linalool was isolated using 
TRIzol reagent (Invitrogen; Thermo Fisher Scientific Inc.) 
for 5 min at 4˚C according to the manufacturer's instructions. 
RNA integrity was evaluated using an Agilent Bioanalyser 
2100 (Agilent Technologies, Inc.). Paired‑end libraries were 

constructed with the TruSeq RNA Sample Preparation kit 
(Illumina Inc.; cat. no. RS‑122‑2001) following the TruSeq 
RNA Sample Preparation Guide. Briefly, polyadenylated RNA 
was isolated and fragmented into ~200 bp fragments. The 
first‑strand cDNA was synthesized using random hexamer 

Figure 1. Effects of linalool treatment on T‑ALL cells. (A) Molecular formula of linalool. (B) Linalool inhibited the growth of Jurkat, H9, Molt‑4 and Raji cells 
in a dose‑dependent manner, but it had almost no effects on the viability of normal PBMCs. (C and D) Jurkat cells were treated with 30 µM linalool for 6, 12 or 
24 h, respectively. The percentage of apoptotic cells was significantly increased in a time‑dependent manner compared with the control group (treatment with 
DMSO only), **P<0.01. (E) Treatment of Jurkat cells with 30 µM linalool resulted in a significant decrease of G0/G1, G2, and S phase cells with a concomitant 
increase of sub‑G1 phase cells compared with the control group (treatment with DMSO only), **P<0.01. (F) Jurkat cells were killed by 30 µM linalool in a 
time‑dependent manner, apoptotic bodies (black arrows) were present after 6 h treatment and apoptotic cellular debris (red arrows) were increased after 12 h 
treatment, and plenty of apoptotic cellular debris was found for 24 h (Wright‑Giemsa staining; magnification x1000). All experiments were repeated at least 
three times. PI, propidium iodide; T‑ALL, T cell acute lymphoblastic leukaemia; PBMCs, peripheral blood mononuclear cells.
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primers, and the second strand cDNA was synthesized using 
DNA Polymerase I and RNase H, followed by an end repair 
process with the addition of a single ‘A’ base and ligation 
of the adapters. Library quality control was performed with 
2100  Bioanalyzer (Agilent Technologies Inc.). The DNA 
library concentration was diluted to 10 nM with hybridiza‑
tion buffer (Illumina Inc.) for library normalization. DNA 
sequencing was performed on the Illumina HiSeq  2500 
platform. Synthesis sequencing was performed with the HiSeq 
Rapid SBS Kit v2 (cat. no. 402‑4023; Illumina Inc.), gener‑
ating single‑fragment reads (2x150 bp; PE) with two fragment 
end‑to‑end assemblies. The DNA library was loaded into the 
flow cell and placed in a cBot device (Illumina, Inc.). The cycle 
sequencing procedure was performed with the HiSeq Rapid 
SBS Kit v2 according to the manufacturer's instructions. In 
brief, the libraries were bound to immobilized oligos on flow 
cells, DNA was synthesized through polymerase activity from 
the free 3' end and cyclic bridge amplification, denaturation, 
linearization, 3' end blocking, reverse strand denaturation and 
re‑amplification procedures for clustering were performed. 
The FASTQ file obtained from the present study was analyzed 
on the web‑based Galaxy platform (https://usegalaxy.org/).

Real‑time quantitative PCR (RT‑qPCR). Briefly, RNA was 
extracted from Jurkat cells with TRIzol reagent (Thermo 
Fisher Scientific Inc.) according to the manufacturer's protocol. 
cDNA was obtained by a High Capacity cDNA Archive kit 
(Applied Biosystems; Thermo Fisher Scientific Inc.). The 
reverse transcription reactions were as follows: 10  min 
at 25˚C, 120 min at 37˚C and 5 min at 85˚C. The samples 
were then placed on ice. The PCR solution was a master 
mix that included SYBR Green Mastermix (Beijing Solarbio 
Science & Technology Co., Ltd.), forward primer, reverse 
primer and 10 ng template cDNA. The final concentration of 
primers in the PCR solution was 0.45 µmol/l. GADD45A and 
heat shock protein 27 (HSP27) sequences were amplified using 
the following gene‑specific primers. GADD45A, forward, 
5'‑GAG​AGC​AGA​AGA​CCG​AAA​GGA‑3' and reverse, 5'‑CAC​
AAC​ACC​ACG​TTA​TCG​GG‑3'; HSP27, forward, 5'‑ACG​GTC​
AAG​ACC​AAG​GAT​GG‑3' and reverse, 5'‑AGC​GTG​TAT​TTC​
CGC​GTG​A‑3'; GAPDH, forward, 5'‑TGA​CTT​CAA​CAG​CGA​
CAC​CCA‑3' and reverse, 5'‑CAC​CCT​GTT​GCT​GTA​GCC​
AAA‑3') was used as an internal control to normalize the PCR 
results. The reaction was performed on a 7500 Real‑Time 
PCR System (Applied Biosystems; Thermo Fisher Scientific 
Inc.). The amplification conditions for the assay were set as 
follows: Initial denaturation at 95˚C for 10 min, then 40 cycles 
of denaturation at 95˚C for 10 sec and annealing/extension 
at 60˚C for 60 sec. The PCR results were analysed using the 
comparative 2‑ΔΔCq method (23) using the AB Prism software 
(Applied Biosystems; Thermo Fisher Scientific Inc.).

Gene Ontology (GO) analysis and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment analysis. 
Clean reads of each developmental stage sample were mapped 
to transcriptome assembly results by Bowtie with a maximum 
mismatch set to 2 (22) and <2 mismatches were allowed in 
the alignment. The number of mapped clean reads for each 
UniGene was calculated and normalized to fragments per kb 
per million reads, which is a widely used method to calculate 

the levels of gene expression (24). GO analysis (25) and KEGG 
pathway (26) enrichment analysis of mRNA were performed 
with the R language version 3.4.4 cluster Profiler (27), org.Hs.eg.
db genome‑wide annotation (https://bioconductor.org/pack‑
ages/org.Hs.eg.db/), the topGO package (https://bioconductor.
org/packages/topGO/), the pathview R package (https://biocon‑
ductor.org/packages/pathview/) and the enrichplot package 
(https://github.com/GuangchuangYu/enrichplot). The ggplot2 
package (http://ggplot2.tidyverse.org) was used to create the 
graphics (28). Differentially expressed genes were identified 
with an absolute fold‑change ≥2 as the cut off value  (29). 
Heatmap was performed with the R language version 3.4.4.

Western blotting. Jurkat cells (2x105 cells/ml) were treated 
with 30 µM linalool for 6 h, 12 h or 24 h at 37˚C, and then 
the cells were harvested and washed with ice‑cold PBS 
3 times. Proteins were extracted using lysis buffer (Beyotime 
Institute of Biotechnology) that contained protease inhibitors 
(Sigma‑Aldrich; Merck KGaA) and a phosphatase Inhibitor 
Cocktail Set II (cat. no. 524625; Sigma‑Aldrich; Merck KGaA; 
added each solution at 1:100  (v/v) dilution to cell lysates) 
was used in the lysis buffer for detection of phosphorylated 
proteins. Protein concentration was analysed with a bicin‑
choninic acid (BCA) protein assay kit (Beyotime Institute 
of Biotechnology). Total protein (40 µg/lane) was separated 
using 10‑12% sodium dodecyl sulfate‑polyacrylamide gel 
electrophoresis gels and transferred to a polyvinyl difluoride 
membrane (Bio‑Rad Laboratories Inc.). The membrane was 
subsequently blocked with TBST (0.05% Tween‑20) containing 
5% skimmed milk for 1  h at  4˚C and probed overnight 
with the corresponding primary antibodies (ERK, p‑ERK, 
GADD45A, cleaved PARP, caspase‑3, cleaved caspase‑3, 
JNK, p‑JNK, P38, p‑P38, and β‑actin) at 4˚C. The membrane 
was washed and incubated with secondary antibodies (goat 
anti‑rabbit IgG, conjugated to horse‑radish peroxidase) for 
1 h at room temperature and then reacted with SuperSignal 
West Pico chemiluminescent substrate (Pierce; Thermo Fisher 
Scientific Inc.) for visualization (24). β‑actin was used as the 
loading control. ImageJ software version 1.8.0 was used for 
densitometry analysis (National Institutes of Health).

Statistical analysis. Data are presented as the mean ± SD of at 
least 3 biological replicates. Multiple group comparisons were 
performed using ANOVA followed by the post hoc Tukey's 
test and comparisons between two groups were performed 
using unpaired Student's t‑test. P<0.05 was considered to indi‑
cate a statistically significant difference. Statistical analysis 
was conducted using GraphPad Prism version 5.0 software 
(GraphPad Software, Inc.).

Results

Linalool inhibits the growth of T‑ALL cells. A CCK‑8 assay 
was used to analyse cell viability, it demonstrated that linalool 
inhibited the growth of Jurkat, H9, Molt‑4 and Raji cells in a 
dose‑dependent manner (Fig. 1B). The 50% inhibition (IC50) 
at 48 h was calculated using GraphPad Prism version 5.0 soft‑
ware and it demonstrated that the IC50 at 48 h of Jurkat, H9, 
Molt‑4 and Raji cells was 31.35, 22.16, 25.80 and 25.19 µM, 
respectively (data not shown). In contrast, treatment with 
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30 µM linalool had almost no effects on the viability of normal 
PBMCs, and there was a very slight decrease in the percentage 
of viable cells (86.84±2.04%) after treatment with 120 µM 
linalool (Fig. 1B).

Linalool induces apoptosis of T‑ALL cells. Jurkat cells were 
treated with 30 µM linalool for 6, 12 or 24 h, respectively. The 
percentage of apoptotic Jurkat cells increased in a time‑depen‑
dent manner from 28.92±3.70% at 6 h to 56.92±5.92% at 12 h 
to 90.50±7.38% at 24 h (Fig. 1C and D). Significant differences 
were observed compared to the control group which had a 
percentage of apoptotic Jurkat cells of 7.34±1.89% (all P<0.01; 
Fig. 1C and D). Wright‑Giemsa staining demonstrated that 
Jurkat cells were killed after treatment with 30 µM linalool in 
a time‑dependent manner as apoptotic bodies (black arrows) 
were present after treatment with linalool for 6 h and apoptotic 
cellular debris (red arrows) was increased after treatment with 
linalool for 12 h and plenty of apoptotic cellular debris was 
found for 24 h (Fig. 1F).

Linalool reduces T‑ALL cell accumulation at the G0/G1 phase. 
Following treatment of Jurkat cells with 30 µM linalool, G0/G1, 
S and G2/M phase cells were significantly decreased in a 
time‑dependent manner. After 48 h of treatment with linalool, 
the percentage of G0/G1 phase cells in the control group (DMSO 
treatment only) decreased from 55.02±1.54 to 4.89±0.91%, 
the percentage of S phase cells decreased from 33.68±1.13 to 
2.37±0.12% and the percentage of G2/M phase cells decreased 
from 10.51±0.57 to 2.06±0.03% (all P<0.01;  Fig.  1E). In 

contrast, the percentage of sub‑G1 phase cells in the control 
group increased from 0.73±0.09 to 90.01±3.17% following 
48 h of treatment with linalool (P<0.01; Fig. 1E).

Linalool inhibits T‑ALL cell survival with involvement of the 
MAPK signaling pathway. RNA sequencing demonstrated that 
3,512 genes were significantly differentially expressed before 
and after treatment with 30 µM linalool for 9 h. Enrichment 
of mRNAs in the regulatory network was assessed by analysis 
of KEGG pathways and it was found that the MAPK signaling 
pathway (the ‑log10 value was 10.62) was significantly involved 
in the effect of linalool treatment on Jurkat cells (Fig. 2). 
Subsequently, a GO analysis was conducted to determine the 
functional roles of these differentially expressed genes. The 
differently expressed genes enriched in GO terms were associ‑
ated with ‘protein binding’, ‘regulation of biological process’ 
and ‘response to stimulus’ (the ‑log10 value were 36.2, 38.6, and 
38.5, respectively) (Fig. S1). A distinct set of upregulated genes 
associated with the MAPK signaling pathway was identified 
using heatmap (Fig. 3).

To verify the RNA sequencing results, the mRNA levels of 
GADD45A and HSPB1 (HSP27) which are components of the 
MAPK signaling pathway (30) were assessed by RT‑qPCR in 
Jurkat cells. Consistent with the sequencing results, GADD45A 
mRNA levels (1.02±0.02; 1.56±0.28; 2.63±0.41 and 4.87±0.70) 
and HSP27 mRNA levels (1.00±0.01, 2.04±0.51, 3.65±0.74, and 
4.48±0.82) were significantly upregulated in a time‑dependent 
manner (0, 6, 12 or 24 h) following treatment with 30 µM 
linalool (P<0.05; Fig. 4A and B).

Figure 2. Linalool inhibited T‑ALL cell survival with the involvement of the MAPK signaling pathway. Enrichment of mRNAs in the regulatory network was 
assessed via analysis of the Kyoto Encyclopedia of Genes and Genomes pathways and it was demonstrated that the MAPK signaling pathway is involved in the 
effect of linalool treatment of Jurkat cells. T‑ALL, T cell acute lymphoblastic leukaemia. The experiment was repeated at least three times.
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Linalool inhibits T‑ALL cell survival with the involvement of 
p‑ERK suppression and p‑JNK activation. Jurkat cells were 
treated with 30 µM linalool at 0, 6, 12 or 24 h. Western blot 
analysis demonstrated that p‑JNK and GADD45A protein 
expression were upregulated in a time‑dependent manner, 
while p‑ERK protein expression was downregulated in a 
time‑dependent manner (Fig. 4C and D). ERK, p38, p‑p38 
and JNK protein expression showed no obvious differ‑
ences following treatment with linalool  (Fig.  4C  and  D). 
The relative ratio of cleaved caspase‑3/total caspase‑3 and 
cleaved PARP/total PARP was significantly upregulated in a 
time‑dependent manner after treatment with 30 µM linalool 
(Fig. 4E and F). In addition, the ratio of p‑JNK protein/total 
JNK protein (0.69±0.02, 0.70±0.02, 0.73±0.01 and 0.85±0.02) 
demonstrated an upward trend in a time‑dependent manner 
following treatment with 30 µM linalool with 24 h treatment 
demonstrating significant difference compared to the other 
time points tested (P<0.05; Fig. 4G). Conversely, the ratio 
of p‑ERK protein/total ERK protein (0.97±0.02, 0.84±0.01, 
0.82±0.01 and 0.79±0.01) demonstrated a downward trend in 
a time‑dependent manner where the ratio at 0 h was signifi‑
cantly higher compared with 6, 12 and 24 h (P<0.05; Fig. 4H) 
indicating a suppression of p‑ERK protein. For the ratio of 
p‑p38 protein/total p38 protein, no significant difference was 
found after treatment with 30 µM linalool at 0 h (0.97±0.02), 
6 h (0.97±0.01), 12 h (0.95±0.01) or 24 h (0.94±0.01) (Fig. 5A).

To further determine the role of ERK, JNK and p38 in 
linalool‑induced Jurkat cell inhibition and apoptosis, specific 
inhibitors were used for 1 h before treatment with 30 µM 
linalool for 9 h. With the addition of 10 µmol/l ERK inhibitor 
PD98059, cell viability was significantly reduced compared 

with the use of 30 µM linalool alone (5.57±2.12 vs. 38.70±3.24; 
P<0.001; Fig. 5B) and the number of apoptotic cells was signif‑
icantly increased compared with the use of 30 µM linalool 
alone (83.0±4.03 vs. 46.72±3.15; P<0.001; Fig. 5C). In addition, 
the addition of 20 µmol/l JNK inhibitor SP600125 compared 
with the use of 30 µM linalool alone, significantly reversed the 
linalool‑mediated inhibition of Jurkat cell viability (55.33±3.35 
vs. 38.70±3.24; P<0.01; Fig. 5B) and apoptosis (24.9±3.47 
vs. 46.72±3.15; P<0.01; Fig. 5C). However, the addition of 
10 µmol/l p38 inhibitor SB203580 demonstrated no significant 
effect on cell viability and apoptosis compared to the use of 
30 µM linalool alone (P>0.05; Fig. 5B and C). The aforemen‑
tioned results demonstrated that the JNK inhibitor SP600125 
significantly reversed the linalool‑mediated growth inhibi‑
tion and apoptosis, the ERK1/2‑selective inhibitor PD98059 
enhanced the linalool‑induced growth inhibition and apoptosis 
and the inhibition of p38 activity with SB203580 resulted in a 
very modest increase in growth inhibition and apoptosis.

Discussion

Although, the effects of treatments for T‑ALL have dramati‑
cally improved over the years, the prognosis of T‑ALL is still 
poor (1,2). There is a pressing need for the development of 
more effective and safer treatments (2‑4). Linalool can inhibit 
the growth of a variety of tumor cells, including hepatocellular 
carcinoma, breast cancer, small cell carcinoma and malignant 
melanoma (9‑15). In the present study, linalool inhibited the 
viability of 4 human T‑ALL cell lines in a dose‑dependent 
manner. The IC50 at 48 h of Jurkat cells was higher compared 
with that of H9, Molt‑4 or Raji cells, hence Jurkat cells were 

Figure 3. Heatmap of gene expression of the MAPK signaling pathway. Jurkat cells were treated with 30 µM linalool for 3, 6 and 9 h. RNA sequencing 
was performed on the Illumina HiSeq 2500 platform, and heatmap was generated using R language version 3.4.4. Heatmap demonstrating a distinct set of 
upregulated genes associated with the MAPK signaling pathway. Red and blue colors depict high and low gene expression levels, respectively. Levels were 
scaled based on expression values that have been mean‑centered to 0. The experiments were repeated three times.
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chosen in the present study for the subsequent analysis. In 
addition, as a normal cell line was not available PBMCs were 
chosen for comparison in the present study. The viability of 
PBMCs from normal individuals was unaffected when the cells 
were treated with 30 µM linalool. Annexin V‑FITC/PI analysis 

conducted in the present study revealed that linalool inhibits the 
viability of Jurkat cells by inducing the apoptosis of leukemia 
cells, which was also verified by morphological analysis.

Cell cycle control is a major event in cellular division and 
the disruption of the normal cell cycle serves an important role 

Figure 4. Linalool inhibited T‑ALL cells survival by p‑ERK suppression and p‑JNK activation. (A and B) RT‑qPCR results demonstrating that GADD45A and 
HSP27 mRNA levels were significantly upregulated in a time‑dependent manner after treatment with 30 µM linalool, *P<0.05, **P<0.01 compared with control 
group. (C and D) Western blotting results following 30 µM linalool treatments of Jurkat cells. p‑JNK, GADD45A, cleaved caspase‑3 and cleaved PARP protein 
expression were upregulated in a time‑dependent manner, while p‑ERK protein expression was downregulated. In addition, ERK, p38, p‑P38 and JNK protein 
expression showed no obvious differences compared to the 0 h group. (E and F) The relative ratios of cleaved PARP/total PARP and cleaved caspase‑3/total 
caspase‑3 were significantly upregulated in a time‑dependent manner after treatment with 30 µM linalool compared with 0 h group (*P<0.05). (G) The ratio of 
p‑JNK protein/total JNK protein demonstrated an upward trend in a time‑dependent manner and the corresponding ratio at 24 h was obviously higher than that 
at 0, 6 and 12 h. (H) The ratio of p‑ERK protein/total ERK protein demonstrated a downward trend in a time‑dependent manner, the corresponding ratio at 0 h 
was significantly higher compared with that at 6, 12, and 24 h (P<0.05). The experiments were repeated at least three times. T‑ALL, T cell acute lymphoblastic 
leukaemia; GADD45A, Growth Arrest And DNA Damage Inducible α; PARP, Poly (ADP‑ribose) polymerase; p, phosphorylated; RT‑q, reverse‑transcription 
quantitative; HSP 27, heat shock protein 27.

https://www.spandidos-publications.com/10.3892/ol.2020.12042
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in the development of tumors (31). A large number of antitumor 
natural compounds, such as baicalin and homoharringtonine, 
have demonstrated to induce cell death and apoptosis in close 
association with cell cycle arrest at the G1 phase (31,32). Notably, 
the present study demonstrated that Jurkat cells treated with 
linalool had reduced cell accumulation at the G0/G1 phase, which 
contains numerous non‑proliferating leukaemia cells (33). The 
findings of the present study indicate that linalool may affect 
proliferating and non‑proliferating T‑ALL cells. The latter are 
highly related to traditional chemotherapeutic drug resistance 
and tumor recurrence (3,4). The effect of linalool on non‑prolif‑
erating T‑ALL cells should be investigated in future studies.

The development of next‑generation sequencing tech‑
nology has provided new tools for exploring the differential 
gene expression of tumors before and after treatment (34). In 
the present study, the HiSeq X Series sequencing platform 
was used to perform RNA sequencing analysis on Jurkat 
cells before and after treatment with linalool. The present 
study identified 3,512 genes were statistically differentially 
expressed before and after treatment with 30 µM linalool for 
9 h. In the present study, KEGG pathway analysis and Gene 
Ontology enrichment analysis were conducted. The KEGG 
pathways analysis demonstrated that the MAPK signaling 
pathway is significantly involved in the effect of linalool 
treatment on Jurkat cells and the GO enrichment analysis 
demonstrated that the differently expressed genes enriched in 
GO terms were associated with ‘protein binding’, ‘regulation 
of biological process’ and ‘response to stimulus’.

The MAPK signaling pathways are known to function 
as crucial components of cell proliferation and apoptosis in 
tumor cells and have been identified as chemotherapeutic 
targets for sensitizing tumor cells to apoptosis (35). In the 
present study, RT‑qPCR was performed to confirm the RNA 
sequencing results in Jurkat cells and the effect of linalool 
treatment on the mRNA levels of GADD45A and HSP27 from 
the MAPK signaling pathway was assessed. Consistent with 
the RNA sequencing results, exposure to linalool resulted in 
a significant increase in the mRNA levels of GADD45A and 
HSP27. The findings of the present study revealed that linalool 
inhibits T‑ALL cells survival through the involvement of the 
MAPK signaling pathway.

MAPKs in mammals include JNK, p38  MAPK, and 
ERK (36). Western blotting conducted in the present study 
demonstrated that the p‑JNK protein expression level signifi‑
cantly increased following linalool treatment and inhibition 
of JNK activity by the JNK inhibitor SP600125 significantly 
reversed the linalool‑mediated growth inhibition and apop‑
tosis in Jurkat cells. In addition, linalool treatment exerted a 
significant inhibitory effect on p‑ERK1/2 protein expression 
and the ERK1/2‑selective inhibitor PD98059 enhanced the 
linalool‑induced growth inhibition and apoptosis in Jurkat 
cells. However, p‑p38 protein expression and p38 mRNA levels 
were not obviously different following linalool treatment and 
the inhibition of p38 activity with SB203580 resulted in a very 
modest increase in growth inhibition and apoptosis. Taken 
together, the findings of the present study indicated that the 

Figure 5. ERK inhibitor PD98059 enhanced the inhibition of T‑ALL cells survival, while JNK inhibitor SP600125 reversed linalool‑mediated growth inhi‑
bition and apoptosis. (A) For the ratio of p‑p38 protein/total p38 protein, no significant difference was found after treatment with 30 µM linalool at 0 h 
(0.97±0.02), 6 h (0.97±0.01), 12 h (0.95±0.01) or 24 h (0.94±0.01). (B) Addition of 10 µmol/l ERK inhibitor PD98059 significantly reduced cell viability while 
the addition of 20 µmol/l JNK inhibitor SP600125 significantly reversed linalool‑mediated growth inhibition and the addition of 10 µmol/l p38 inhibitor 
SB203580 had no obvious effect on the cell viability compared with 30 µM linalool treatment alone. (C) The addition of 10 µmol/l ERK inhibitor PD98059 
significantly increased the cell apoptosis, the addition of 20 µmol/l JNK inhibitor SP600125 significantly reversed linalool‑mediated apoptosis and the addition 
of 10 µmol/l p38 inhibitor SB203580 had no obvious changes on the cell apoptosis compared with 30 µM Linalool treatment alone. All the experiments were 
repeated at least three times. **P<0.01 compared with 30 µM linalool treatment group.
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JNK and ERK pathways, but not the p38 pathway are involved 
in linalool‑induced apoptosis of Jurkat cells.

In conclusion, the present study revealed that linalool can 
preferentially inhibit the viability of T‑ALL cells without any 
significant toxicity in PBMCs from normal individuals. In 
addition, it was demonstrated that linalool inhibits T‑ALL cell 
survival with involvement of MAPK signaling pathways, JNK 
activation and ERK inhibition, which serve functional roles in 
apoptosis induction. Linalool may be developed as a novel anti 
T‑ALL leukaemia agent. Future animal experiments should 
be conducted for the comparison of the effect and safety of 
linalool with other traditional chemotherapy drugs.
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