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Abstract 
Methamphetamine (METH) is one of the most highly compulsive drugs in the world 

and has become a major public health problem over the last two decades. Exposure to 

METH has been investigated to cause neuronal toxicity but little is known about the effect 

of METH on the activity and toxicity of T lymphocytes. Lupenone has been reported to 

possess anti-diabetic, anti-inflammatory and anti-apoptotic effects but little is known about 

whether lupenone has a protective effect on T cell activation in METH-exposed cells. We 

evaluated the cytotoxicity and cytoprotective effects of lupenone in METH-stimulated Jur-

kat T cells. Results from the inhibitor assay using CD40L blocking antibodies revealed that 

this was due to enhanced CD40L expression on the T cells by pre-treatment with lupe-

none. Pre-treatment with lupenone significantly reduces METH-induced toxicity by restor-

ing the expression of anti-apoptotic proteins in activated T cells. The protective effects 

of lupenone on activated T cells exposed to METH were associated with the prevention 

of MAPK and PI3K/Akt/mTOR pathways. These data suggest lupenone protected T cell 

activity by elevating CD40L expression and cell viability in cells exposed to methamphet-

amine. Our data showed that lupenone treatment recovered the expression of IL-2 and 

CD69 in METH-exposed cells.

Introduction
Methamphetamine (METH) has been one of the most abused drugs worldwide in the last two 
decades. Studies have shown that it is a potent central nervous system (CNS) stimulant [1]. 
Since METH causes the release of biogenic amines from nerve terminals, it is highly addictive 
and dangerous to public health [2]. The risk of METH addiction has been demonstrated in 
neuronal degenerative disorders including Alzheimer’s disease (AD) and Parkinson’s dis-
ease (PD) and neuronal cytotoxicity or apoptosis from METH exposure causes AD and PD 
[3,4]. Several reports have revealed that METH affects both the innate and adaptive immune 
systems, resulting in insufficient phagocytosis by dendritic cells, enhanced HIV infectivity, 
and changes in gene expression in immune cells [5–7]. T lymphocytes are considered central 
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players in increasing immune responses by bridging innate and adaptive immunity. Recent 
studies investigating how METH affected T cell activity and function reported that METH 
exposure regulated the cell cycle entry of T lymphocytes and its progression [8], promoted 
infectivity by retroviruses through immuno-suppression [9], and inhibited the numbers of 
CD4 + T cells in drug-addicted animal models. Thus, METH has several effects on T cell 
activity, but little is known about the deleterious effect of METH exposure on T cell activation 
and cytotoxicity.

The activation of naïve T lymphocytes is initiated in the typical interaction with antigen-
presenting cells (APCs) including dendritic cells, macrophages, and B lymphocytes, in an 
interface called the immunological synapse [10]. It is tightly regulated by several molecules 
expressed on cell surfaces to prevent abnormal responses. CD40 ligand (CD40L), also called 
CD154, is a co-stimulatory surface molecule expressed on naïve T cells but gradually induced 
on activated T cells that plays a critical role in regulating T cell activation by triggering specific 
pathway [11]. In early phase of T cell activation, CD40L is involved in providing a stimulatory 
signal for T cell priming but progressively expressed CD40L on activated T cells leads to pro-
mote B cell differentiation and class switching in late phase of T cell activation [12]. However, 
few studies have reported whether the expression of CD40L was inhibited in METH exposed 
T cells and the effect of METH on the formation of immunological synapses with APCs, even 
though CD40L is a highly pivotal molecule for T cell-mediated immune responses.

Lupenone, one of the triterpenes of lupane, is a natural bioactive molecule found in several 
plants, such as Sorbus lanta Schauer, Anadenanthera colubrina Brenan, Corbus commixta Hedl 
and Sorbus commixta [13, 14]. Among them, it has been explored that lupenone and lupeol 
are major constituents of S. commicta which is traditionally used to treat liver diseases, asthma 
and pulmonary tuberculosis in Korea [15, 16]. On the other hand, lupenone has been shown 
to possess multiple bioactivities including anti-diabetic, anti-inflammatory, and anti-cancer 
activities [17–19]. Recently, our group reported the anti-apoptotic effect of lupenone on 
SH-SY5y cells, showing that lupenone suppressed neuronal cytotoxicity induced by METH 
exposure via the PI3K/Akt/mTOR pathway [20]. Treatment with lupenone has been shown 
to increase the expression of anti-apoptotic proteins and signaling molecules involved in 
anti-apoptotic effects on neuroblastoma SH-SY5y cells in the presence of METH. However, a 
protective effect of lupenone on the activity and viability of T lymphocytes exposed to METH 
has not been shown. In the present study, we explored the effect of lupenone to prevent T 
cell activation via the upregulation of CD40L expression. Moreover, we investigated whether 
pre-treatment with lupenone inhibited the cytotoxicity induced by METH exposure through 
the upregulation of anti-apoptotic protein expression.

Materials and methods

Cells
Jurkat T cells and Raji B cells were obtained from the Korean Cell Line Bank (Seoul, Republic 
of Korea). The cells were cultured in RPMI medium (Welgene, Gyeongsan, Republic of Korea) 
supplemented with 10% fetal bovine serum (FBS), penicillin G (100 units/mL), streptomycin 
(100 μg/mL), and L-glutamine (2 mM). The cells were grown at 37°C in a humidified incuba-
tor containing 5% CO2 and 95% air.

Reagents and antibodies
MTT (1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan) powder, METH powder, phor-
bol 12-myristate 13-acetate (PMA), and A23187 were obtained from Sigma Chemical Co. 
(St. Louis, MO, USA). Annexin-V dye for the IncuCyte® cell imaging system was purchased 
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from Essen Bio (Ann Arbor, MI, USA). ECL Western blotting detection reagents, an NE-PER 
Nuclear and Cytoplasmic Extraction Reagent Kit and CMRA and CMFDA cell trackers were 
obtained from Thermo Fisher Scientific (Waltham, MA, USA). The annex-in-V/propidium 
iodide (PI) apoptosis assay kit was purchased from BD Biosciences (San Diego, CA, USA). 
The human IL-2 DuoSet® ELISA kit was obtained from R&D Systems (Minneapolis, MN, 
USA). Staphylococcal enterotoxin E (SEE) was purchased from Toxin Technology (Sarasota, 
FL, USA). Anti-CD40L neutralizing antibodies were purchased from InvivoGen (San Diego, 
CA, USA). Anti-Bcl2, anti-CD40L, and anti-phosphorylated mTOR (S2448) antibodies were 
purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Anti-caspase 3, anti-caspase 9, 
anti-caspase 8, anti-caspase 7, anti-p65, anti-β-actin, anti-phosphorylated IκBα (S32), anti-
IκBα, anti-phosphorylated PI3K (Y458/Y199), anti-PARP, anti-phosphorylated Akt (S473), 
anti-PI3K, anti-mTOR, anti-Akt, anti-phosphorylated ERK (T202/Y204), anti-phosphorylated 
p38 (T180/Y182), anti-ERK, anti-phosphorylated JNK (T183/Y185), anti-p38, and anti-JNK 
antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-CD69 
and anti-CD40L antibodies conjugated with allophycocyanin (APC) were obtained from eBio-
sciences (San Diego, CA, USA).

Isolation of lupenone from S. commixta
Lupenone was isolated from the dried stem barks of S. commixta as previously reported [14]. 
A voucher specimen (accession number: CPE-29) was deposited at natural products labo-
ratory, college of pharmacy, Chungnam National University (Daejeon, Korea). Briefly, the 
dried stems of S. commixta (0.5 kg) were extracted in MeOH (1 L) by reflux at 85°C for 2 h 
and filtered. The MeOH extract (60.5 g) was suspended in H2O (500 mL) and then partitioned 
with EtOAc (0.5 L), n-hexane (0.5 L), and n-butanol (0.5 L). Among them, the EtOAc fraction 
(10.7 g) was open-column chromatographed on silica gel (6.5 ×  60 cm; 70-230 mesh) using a 
gradient of n-hexane −  CH2Cl2 (1:3 v/v) to obtain Fr. 1 – 9. Of these, Fr. 5 (2.3 g) was eluted 
with n-hexane −  acetone (5:1 v/v) in Sephadex LH-20 column chromatography and purified 
by silica gel column elution with n-hexane-MeOH (4:1 v/v) to yield Fr. 5-1. Fraction 5-1 was 
analyzed by 1H and 13C-NMR (JEOL JNM-ECA 500) spectroscopy, and the spectral data were 
identified as lupenone (12 mg) by comparison to the reported literature [14].

Lupenone: 1H-NMR (500 MHz, CDCl3) δ: 4.70 (1H, m, H-29α), 4.55 (1H, m, H-29β), 2.51 
(1H, m), 1.88 (2H, m), 1.65 (3H, s), 1.03 (3H, s), 0.99 (3H, s), 0.94 (3H, s), 0.77 (3H, s). 13C-
NMR (500 MHz, CDCl3) δ: 54.4 (C-5), 49.5 (C-9), 49.2 (C-18), 48.0 (C-19), 47.1 (C-4), 43.1 
(C-14), 43.0 (C-17), 40.7 (C-8), 40.0 (C-22), 39.7 (C-1), 38.3 (C-13), 37.0 (C-10), 34.2 (C-2), 
35.7 (C-16), 33.8 (C-7), 29.9 (C-21), 27.3 (C-15), 27.0 (C-23), 25.1 (C-12), 21.5 (C-11), 21.3 
(C-24), 19.7 (C-6), 19.4 (C-30), 18.4 (C-28), 16.2 (C-25), 16.0 (C-26), 14.8 (C-27).

MTT assay
Jurkat T cells (1 ×  104/96-well plate) were seeded and treated with the indicated concentra-
tions of lupenone (0 to 40 μM) and/or 2 mM of METH for 24 h. In some cases, Jurkat T cells 
were treated with anti-CD3/CD28 antibodies for 24 h. The supernatants were re-moved and 
500 μg/ml of MTT was added to the cells for 1 h. The supernatants were dis-carded and 150 
μL of DMSO was added to dissolve the formazan crystals. The absorbance was read at 540 nm 
and cell viability was calculated relative to the absorbance of the control.

Measurement of confluency and intensities of annexin-V by IncuCyte®

Jurkat T cells (1 ×  104/96-well plate) were seeded and treated with the indicated condition 
for imaging. Before incubation, 1 X annexin-V reagent was added. Differential interference 
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contrast (DIC) microscopic images were obtained by the IncuCyte® imaging system and cellu-
lar confluency was calculated by the IncuCyte® software. For annexin-V, microscopic images 
with green fluorescence for annexin-V were acquired by the IncuCyte® imaging system and 
the intensities were analyzed by the IncuCyte® software. All intensities were normalized to the 
intensity of the control and presented in a bar graph.

Apoptosis assay
Jurkat T cells (1 ×  105/24-well plate) were seeded and treated with the indicated concen-
trations of lupenone (0 to 40 μM) for 24 h. After incubation, the cells were stained with 
annexin-V and PI following the manufacturer’s instructions and acquired by flow cytometry 
to determine the cell populations undergoing apoptosis.

Sample pre-treatment process in Jurkat T cells
Jurkat T cells (2 ×  105/sample) were pre-treated with 20 μM lupenone or 40 μM lupenone for 
1 h and then pretreated with METH for an additional 1 h before CD3/CD28 stimulation.

Conjugation assay
Jurkat T cells (2 ×  105/sample) stained with CMFDA green fluorescence were pre-treated 
with 40 μM lupenone for 1 h and exposed to 2 mM METH for 1 h. Raji B cells (2 X 105/sam-
ple) stained with CMRA orange fluorescence were pulsed with 1 μg/ml SEE for 30 min. The 
Jurkat T cells and Raji B cells (1:1) were mixed and incubated for 1 h or 24 h. After incubation, 
the cells were acquired by flow cytometry to determine the conjugated population (double-
positive population) [21].

Analysis of mRNA levels by conventional and quantitative PCR
After incubation in the indicated conditions, total RNA was isolated using TRIZOL reagent 
(JBI, Korea). Reverse transcription of the RNA was performed using RT PreMix to obtain 
cDNA (Enzynomics, Korea). The primers used for each gene were (forward and reverse 
primers, respectively): human IL2, 5’-CAC GTC TTG CAC TTG TCA C-3’ and 5’-CCT TCT 
TGG GCA TGT AAA ACT-3’; human CD40L, 5’-GCC AGT TTG AAG GCT TTG TG-3’ and 
5’-ACT TAT GAC ATG TGC CGC AA-3’, human GAPDH, 5’-CGG AGT CAA CGG ATT 
TGG TCG TAT-3’ and 5’-AGC CTT CTC CAT GGT GGT GAA GAC-3’. The conventional 
PCR conditions were: 30 cycles of denaturation at 94°C for 30 s, annealing at 60°C for 20 s, 
and extension at 72°C for 40 s, followed by denaturation at 72°C for 7 min. For quantitative 
PCR analysis, PCR amplification was performed in a DNA Engine Opticon 1 continuous 
fluorescence detection system (MJ Research, Waltham, MA, USA) using SYBR Premix Ex Taq 
(Takara, Japan). The total reaction volume was 10 μL, containing 1 μL of cDNA/control and 
gene-specific primers. Each PCR reaction was performed using the following conditions: 95°C 
for 30 s and 60°C for 30 s, and then the plate was read (detection of the fluorescent product) 
for 40 cycles followed by 7 min of extension at 72°C. Melting curve analysis was performed 
to characterize the dsDNA product by slowly raising the temperature (0.2°C/s) from 60°C to 
95°C with fluorescence data collected at 0.2°C intervals. The levels of IL-2 and CD40L mRNA 
normalized to GAPDH were expressed as fold-changes relative to those of the untreated 
controls. The fold-change in gene expression was calculated using the following equation: fold 
change =  2 − ΔΔCT, where ΔΔCT =  (CTtarget - CTGAPDH) at time x- (CTtarget - CTGAPDH) at time 0. 
Here, time x represents any time point and time 0 represents the 1 X expression of the target 
gene in the untreated cells normalized to GAPDH. Independent experiments were performed 
at least three times unless otherwise indicated.
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Western blot
Jurkat T cells were incubated in the indicated conditions and lysed by harvesting in RIPA 
buffer with 1 tablet of phosphatase inhibitor for 30 min on ice. The lysates were centrifuged at 
14,000 rpm for 30 min at 4°C and approximately 40 μg of the lysate was separated on 8–12% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE) gels. The proteins 
were transferred to polyvinylidene fluoride (PVDF) membranes (Bio-Rad, Hercules, CA, 
USA). The membranes were blocked in 5% skim milk for 1 h, rinsed, and incubated with the 
indicated primary antibodies in 3% skim milk overnight. Excess primary antibodies were 
removed by washing the membrane three times with Tris-buffered saline-0.1% of Tween 
(TBS-T) and incubated with 0.1 μg/ml peroxidase-labeled secondary antibodies (against 
rabbit or mouse) for 1.5 h. After four washes in TBS-T, the bands were visualized with ECL 
Western blotting detection reagents (Thermo Fisher Scientific, Waltham, MA, USA) using an 
ImageQuant LAS 4000 (GE Healthcare, Chicago, IL, USA).

Measurement of surface molecule expression by flow cytometry
The expression of CD69 and CD40L on the T cell surface was analysed by flow cytometry. Jur-
kat T cells incubated in the indicated conditions were collected and stained with anti-CD69 or 
anti-CD40L antibodies conjugated to APC. The cells were acquired by flow cytometry and the 
expressions are presented in a histogram graph. The mean fluorescence intensities are shown 
in a bar graph.

IL-2 measurement by ELISA
The amount of IL-2 produced by the cells was determined by ELISA. Cells incubated in the 
indicated conditions were discarded and the supernatants were collected for ELISA by the 
DuoSet® ELISA kit following the manufacturer’s instructions.

Statistics
The mean values ±  SEM were calculated from the data obtained from three independent 
experiments performed on separate days and presented in the graphs. One-way ANOVA was 
used to determine significance (P-value). *  indicates significant differences between the indi-
cated groups at P <  0.05.

Results

Lupenone is not cytotoxic to Jurkat T cells
Even though lupenone (Fig 1A) has previously been shown to be a non-toxic compound, lit-
tle is known about whether lupenone is toxic to Jurkat T cells. According to a recent report, 
it showed no cytotoxicity in beta cells (β-cells) and native mouse islet cells at concentrations 
of 10 µ M and 20 µ M, respectively, and no cytotoxicity in RAW264.7 cells at concentrations 
of 20 µ M [22, 23]. However, in order to determine the experimental concentration in this 
study, the cytotoxicity of lupenone was evaluated in Jurkat T, which is not yet known. The 
MTT assay results supported the findings that cell viability was not affected by treatment 
with lupenone at any concentration tested (Fig 1B). The DIC images of Jurkat T cells treated 
with the indicated concentrations of lupenone (0 to 40 μM) for 24 h also revealed that lupe-
none did not alter the cellular morphology or confluency of the Jurkat T cells (Fig 1C). To 
confirm whether lupenone induced the apoptotic pathway in Jurkat T cells, an annexin-V/PI 
assay was performed on Jurkat T cells treated with the indicated concentrations of lupenone 
for 24 h. The results showed that lupenone treatment did not lead to apoptosis even at 40 μM 
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(Fig 1D). These data indicate that lupenone did not induce cell death, including apoptosis, in 
Jurkat T cells.

Lupenone treatment improves T cell activation in METH-exposed cells
METH has been reported to show an immunosuppressive effect on T cell function and activity 
[9,24]. To elucidate whether lupenone protected T cells from the inhibitory effect of METH 
exposure on TCR-mediated activation, the mRNA level of IL-2 was measured by quantitative 
PCR. In addition, IL-2 of T cells was inhibited in Jurkat T cells stimulated with anti-CD3/
CD28 antibodies before MeTH stimulation., CD40L, and CD69, and the effects of lupenone 
on T cell activation markers were confirmed, and it was confirmed that lupenone inhibits T 
cell activity (S1 Fig). Also, the mRNA analysis results of these factors also showed a significant 
activation effect compared to the positive control group (S2 Fig). T cells exposed to METH 
showed reduced IL-2 expression but pre-treatment with lupenone dose-dependently pro-
tected IL-2 mRNA levels in the activated condition (Fig 2A). Downregulated IL-2 production 
was confirmed by ELISA. Pre-treatment with lupenone prevented T cell activation impaired 

Fig 1.  Lupenone is not cytotoxic to Jurkat T cells. (A) The structure of lupenone. (B), (C) Jurkat T cells (5 ×  104/96-well plate) were 
seeded and treated with the indicated concentrations of lupenone for 24 h. After incubation, microscopic images of the incubated cells 
were obtained by the IncuCyte® cell imaging system. (B) Cell viability was determined by the MTT assay. (C) Confluent cells were 
marked in yellow color by the IncuCyte® software and calculated as a percentage (right panel). (D) Jurkat T cells were incubated for 
Annexin-V/PI apoptosis assay. Annexin-V-positive cells were acquired by flow cytometry and presented as a bar graph in the right 
panel. The mean value of three experiments ±  SEM is presented.

https://doi.org/10.1371/journal.pone.0314054.g001

https://doi.org/10.1371/journal.pone.0314054.g001
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by METH exposure (Fig 2B). To investigate whether pre-treatment with lupenone affected 
the expression of surface molecules on activated T cells, CD69 expression was determined 
by flow cytometry. CD69 expression on T cells stimulated with anti-CD3/CD28 antibodies 
was also protected by lupenone pre-treatment of METH-exposed cells (Fig 2C). These results 
suggest that T cell activation inhibited by METH exposure was significantly prevented by the 
pre-treatment of activated T cells with lupenone.

Pre-treatment with lupenone promotes termination of conjugation with B 
cells in late phase of immune synapse
The model of T cell activation using anti-CD3/CD28 antibodies in vitro has been considered 
to mimic T cell activation through the immunological synapse where T cells receive stim-
ulating signals from APCs, including B cells. Besides, conjugation has been investigated to 
be formed in the early phase of T cell activation but it is maintained to be discontinued in 
late phase of T cell activation. To elucidate whether METH exposure affected the interaction 
between T and B cells in vitro, a conjugation assay was performed with METH-exposed T 
cells. Fig 3A shows that early conjugation (within 1 h) between T and B cells was not affected 

Fig 2.  Pre-treatment with lupenone improves T cell activation in METH-exposed cells. (A–C) Jurkat T cells were pre-treated with 
0, 20, or 40 μM of lupenone for 1 h and then pre-exposed to 0 or 2 mM METH for 1 h. The cells were then stimulated with anti-CD3/
CD28 antibodies for 6 h (A), 24 h (B), and 16 h (C). (A) The IL-2 mRNA level was assessed by quantitative and conventional PCR 
and normalized to the level of gapdh mRNA. (B) The supernatants were removed for the measurement of IL-2 production by ELISA. 
(C) The cells were stained with anti-CD69 antibodies to analyze the expression of CD69 on activated T cells. The mean fluorescence 
intensity was obtained and presented in a bar graph. The mean value of three experiments ±  SEM is presented. * P <  0.05 versus cells 
pre-exposed to METH and then stimulated with anti-CD3/CD28 antibodies.

https://doi.org/10.1371/journal.pone.0314054.g002

https://doi.org/10.1371/journal.pone.0314054.g002
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by METH exposure but the termination of immunological formation was prolonged by 
METH exposure in the later conjugation (24 h). However, pre-treatment with lupenone 
partially led to termination of the engagement between T and B cells in the late phase of T 
cell activation (Fig 3B). We assessed the IL-2 production from Jurkat T cells to determine 
whether the promoting effect of lupenone in termination of conjugation formation influenced 
T cell activity. As shown in Fig. 3C, the exposure of T cells to METH inhibited the production 
of IL-2 but pre-treatment with lupenone preserved this function in T cells conjugated with 
SEE-loaded B cells, consistent with previous data showing that pre-treatment with lupenone 
enhanced T-B cell interaction (Fig 3A and B). These data suggest that termination of conjuga-
tion formation was abnormally regulated in T cells exposed to METH but it could be pre-
vented by pre-treatment with lupenone, leading to T cell activation by B cells.

Elevated CD40L expression on T cells by pre-treatment with lupenone 
regulates conjugation of late phase between T and B cells in METH-exposed 
cells
To determine the underlying mechanism how immunological synapse are controlled in the 
late phase of T cell activation, we investigated whether CD40L, one of the critical surface 

Fig 3.  Pre-treatment with lupenone promotes termination of conjugation with B cells in late phase of immune 
synapse. CMFDA (1 μM)-stained Jurkat T cells were pre-treated with 40 μM of lupenone for 1 h and then pre-exposed 
to METH for 1 h. (A) CMRA (3 μM)-stained Raji B cells were pulsed with 5 μg/ml of SEE for 30 min and added to 
the Jurkat T cells for 1 h or 24 h. After incubation, conjugation was analyzed by flow cytometry. The double-positive 
population indicates conjugated cells and is presented in a bar graph in the right panel. (B) The cell population forming 
immunological synapse at 1 h and 24 h. (C) The supernatants were collected from 24 h samples to detect IL-2 produc-
tion by ELISA. The mean value of three experiments ±  SEM is presented. * P <  0.05 between the two groups indicated.

https://doi.org/10.1371/journal.pone.0314054.g003

https://doi.org/10.1371/journal.pone.0314054.g003
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molecules in immunological synapses, was involved in this process. The mRNA level of 
CD40L in activated T cells pre-exposed to METH was significantly reduced but a dose-

dependent preserved by pre-treatment with lupenone was seen (Fig 4A). The protein level of 
CD40L was also confirmed by Western blots and flow cytometry. CD40L was prevented by 
pre-treatment with lupenone in METH-exposed cells (Fig 4B and C). To explore whether the 
protected expression of CD40L by pre-treatment with lupenone affected the conjugation of T 
cells with B cells and the activity of the T cells, we assessed the engagement between T and B 
cells and IL-2 production using anti-CD40L neutralizing anti-bodies. T cells conjugated with 
B cells was suppressed in the presence of lupenone in METH-exposed cells but blockade of 
CD40L by anti-CD40L neutralizing antibodies elevated conjugation (Fig 4D). Furthermore, 
IL-2 production was partially enhanced in T cells conjugated with B cells pre-treated with 

Fig 4.  Elevated CD40L expression on T cells by pre-treatment with lupenone enhances conjugation between T and B cells in METH-exposed cells. (A–C) Jurkat 
T cells were pre-treated with 0, 20, or 40 μM of lupenone for 1 h and then pre-exposed to 0 or 2 mM METH for 1 h. The cells were then stimulated with anti-CD3/
CD28 antibodies for 12 h (A) and 24 h (B, C). (A) The mRNA level of CD40L was assessed by quantitative and conventional PCR. (B) CD40L expression was 
determined by Western blots. The band intensity was normalized to β-actin and presented in a bar graph. (C) The cells were stained with anti-CD40L anti-bodies to 
measure the expression of CD40L on activated T cells by flow cytometry. (D, E) The mean fluorescence intensity was obtained and presented in a bar graph. CMFDA 
(1 μM)-stained Jurkat T cells were pre-treated with 40 μM of lupenone for 1 h and then pre-exposed to METH for 1 h. (D) To neutralize CD40L, antibodies against 
CD40L were added. CMRA (3 μM)-stained Raji B cells were pulsed with 5 μg/ml of SEE for 30 min and added to Jurkat T cells for 24 h. The double-positive popula-
tion indicates conjugated cells and is presented in a bar graph in the right panel. (E) The supernatants were removed and IL-2 production was assessed by ELISA. The 
mean value of three experiments ±  SEM is presented. * P <  0.05 between the two groups indicated.

https://doi.org/10.1371/journal.pone.0314054.g004

https://doi.org/10.1371/journal.pone.0314054.g004
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lupenone in METH exposure condition but anti-CD40L neutralizing antibodies blocked the 
protective effect of lupenone (Fig 4E). These results suggest that the expression of CD40L was 
preserved by pre-treatment with lupenone and its role was critical for the regulation of inter-
action of T-B cells and T cell activity under METH exposure conditions.

Lupenone treatment protects T cells from apoptosis induced by METH 
exposure
METH exposure is known to cause cytotoxicity and initiate apoptosis through the PI3K/
Akt/mTOR survival pathway [3,4]. Since several reports have revealed that apoptosis had a 
regulatory effect on T cell activity, we explored whether the cytotoxicity induced by METH 
was involved in T cell activation and the protective role of pre-treatment with lupenone in this 
condition. Reduced cell viability was seen in TCR-stimulated T cells exposed to METH but 
the decrease in viability was protected by pre-treatment with lupenone in a dose-dependent 
manner (Fig 5A). To confirm whether pre-treatment with lupenone suppressed apoptotic 
pathways induced by METH in activated T cells, the expression of annexin-V was detected 
by the IncuCyte® cell imaging system. Fig 5B shows the elevated expression of annexin-V 
in T cells exposed to METH and stimulated with anti-CD3/CD28 antibodies but partially 
reduced expression in T cells pre-treated with lupenone. These results demonstrated that pre-
treatment with lupenone suppresses cytotoxicity of METH on activated T cells.

Lupenone increases the expression of anti-apoptotic proteins in activated T 
cells exposed to METH
Apoptosis is tightly regulated by the balance of pro-apoptotic and anti-apoptotic proteins 
[23]. Since molecular changes in anti-apoptotic proteins are induced by METH exposure [20], 
the expression of anti-apoptotic proteins was determined by Western blot analysis. Suppressed 
expression of Bcl-2, caspase 8, and caspase 9 was detected in METH-exposed T cells but the 
decreases were significantly protected by pre-treatment with lupenone. Also, it was confirmed 
that the expression of caspase 3 and caspase 7 was also protected by lupenone treatment in 
T cells exposed to METH (Fig 6A). Therefore, these data suggest that pre-treatment with 
lupenone confered protection from cytotoxicity and apoptosis induced by METH exposure by 
restoring the expression of anti-apoptotic proteins.

Protective effects of lupenone on activated T cells exposed to METH are 
associated with the recovery of MAPK and PI3K/Akt/mTOR signaling 
pathways
Since the MAPK signaling pathway is mainly involved in T cell activation stimulated by 
anti-CD3/CD28 antibodies, we investigated whether pre-treatment with lupenone accelerated 
MAPK signaling under METH exposure conditions. The phosphorylation levels of ERK, p38, 
and JNK were preserved in activated T cells pre-treated with lupenone in METH-exposed 
cells (Fig 7A). Additionally, treatment with lufenone showed an effect on the phosphorylation 
processes of PI3K, Akt, and mTOR during T cell activation stimulated by anti-CD3/CD28 
antibodies (Fig 7B).

Discussion
The present study revealed that lupenone isolated from S. commixta had a protective effect 
on the T cell activation and viability of stimulated T cells under METH exposure conditions. 
Lupenone, non-toxic to Jurkat T cells, protected IL-2 production and CD69 expression in 
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activated T cells, which were suppressed by exposure to METH. Pre-treatment with lupenone 
partially prevented the inhibitory effect of METH on the termination of conjugation between 
T and B cells by preserving CD40L expression on activated T cells. However, several cyto-
toxicity assays showed that pre-treatment with lupenone increased the viability of METH-
exposed T cells in a dose-dependent manner. Western blot analysis showing that the reduced 
expression of anti-apoptotic proteins and PI3/Akt/mTOR signaling pathways by METH 
exposure were prevented by pre-treatment with lupenone supported these processes in vitro.

Because T cells play a pivotal role in immunity as well as immunopathology, the activation 
of T cells is strictly controlled by several molecules involved in apoptosis and the cell death 
pathway [25]. The contribution of apoptosis to the regulation of T cell function has been 
investigated. Dysregulation of the cell death pathway leads to several immunological diseases, 
including autoimmunity or immunodeficiency [26]. It has been reported that patients who 
abuse METH have lowered resistance to viral and microbial infections [9,27] and T cells 
treated with METH showed decreased proliferative capacity compared to untreated T cells 
[8]. In the present study, we elucidated the protective effect of lupenone against the METH-
induced cytotoxicity of activated T cells, which led to the protection of IL-2 production and 
CD69 expression. These results suggest that the prevented T cell activation by pre-treatment 
with lupenone resulted from the enhanced expression of CD40L as well as the reduced 
cytotoxicity of METH-exposed T cells. Further studies should include in vivo experiments 

Fig 5.  Pre-treatment with lupenone protects T cells from apoptosis induced by METH exposure. (A, B) The staining reagent for 
annexin-V (green fluorescence) was added to the Jurkat T cells. Cells were pre-treated with 0, 20, or 40 μM of lupenone for 1 h and 
then pre-exposed to 0 or 2 mM of METH for 1 h. Then, the cells were stimulated with anti-CD3/CD28 antibodies for 24 h. (A) Cell 
viability was determined by the MTT assay. (B) Microscopic images with fluorescence indicating annexin-V (green) were obtained 
by the IncuCyte® cell imaging system. The fluorescence intensities were integrated by the IncuCyte® software and are presented in a 
bar graph (right panel). The mean value of three experiments ±  SEM is presented. * P <  0.05 versus cells pre-exposed to METH and 
stimulated with anti-CD3/CD28 antibodies.

https://doi.org/10.1371/journal.pone.0314054.g005

https://doi.org/10.1371/journal.pone.0314054.g005
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showing whether the oral administration of lupenone attenuates immunodeficiency in the 
METH addiction mouse model.

The role of CD40L in cellular responses has been investigated for a long time. Specifically, 
how the signaling pathway generated by CD40L affects apoptotic signaling has been well-
explored. The therapeutic potential of CD40L as a target of anticancer drugs was demon-
strated by the promotion of apoptosis by CD40L-CD40 interaction in carcinoma cells [28]. 
However, conflicting reports have shown that CD40L-CD40 interaction effectively suppressed 
apoptotic signaling induced by TNFα in osteoblasts [29]. These conflicting findings may 
suggest the complexity of CD40L-CD40 signaling and how this interaction plays different 
roles in cell responses in situation-dependent fashions. T cells are considered to have the most 
well-defined roles of CD40L-CD40 interaction. It was investigated that CD40L on T cells 
provides survival signals in the immune synapse with B cells and protects Fas-mediated apop-
tosis by induction of anti-apoptotic proteins expression [30]. In the present study, our results 
revealed that the pre-treatment of activated T cells with lupenone promoted CD40L expres-
sion and termination of conjugation with B cells. The expression of anti-apoptotic proteins, 
including Bcl-2 and the caspase family, was protected by upregulation of CD40L expression 
by pre-treatment with lupenone in METH-exposed cells. These results suggest that lupenone 
treatment may promote CD40L expression to protect T cells from apoptotic signals by simul-
taneously increasing the expression of anti-apoptotic proteins in METH-exposed cells.

For the initiation and generation of the immune response, antigen-dependent or an-antigen-
independent interactions between ligands and receptors are involved in T cell priming. T cells 
are primed by dendritic cells to induce CD40L expression on their surface and assist B lympho-
cyte differentiation into plasma cells, generating antibodies through CD40L-CD40 conjugation 
[31]. Specifically in the late phase of T cell activation, stimulated T cells are separated from the 
immunological synapse to proliferate and differentiate into memory T cells [32]. Knockout mice 
studies have reported the importance of CD40L in the antiviral immune response [33] or in 

Fig 6.  Lupenone prevents the expression of anti-apoptotic proteins in activated T cells exposed to METH. Jurkat T cells were pre-treated with 40 μM of 
lupenone for 1 h and then pre-exposed to 2 mM of METH for 1 h. (A) The cells were then stimulated with anti-CD3/CD28 antibodies for 24 h and harvested 
for Western blot analysis. The expressions of the indicated proteins were detected, normalized to β-actin, and presented in a bar graph. The mean value of 
three experiments ±  SEM is presented. * P <  0.05 versus cells pre-exposed to METH and stimulated with anti-CD3/CD28 antibodies.

https://doi.org/10.1371/journal.pone.0314054.g006

https://doi.org/10.1371/journal.pone.0314054.g006


PLOS ONE | https://doi.org/10.1371/journal.pone.0314054  March 20, 2025 13 / 16

PLOS ONE T-cell regulatory effect of lupenone on cytotoxicity caused by methamphetamine exposure

generating humoral immunity from plasma cells [34]. CD40L deficiency and mutations in the 
CD40L gene have been shown to cause severe immunodeficiency called X-linked hyper-IgM 
syndrome and patients with CD40L-deficiency are susceptible to severe infections [35, 36].

In the current study, we showed that CD40L expression was significantly reduced by METH 
exposure but partially protected in the presence of lupenone. The results showing IL-2 produc-
tion indicated that this prevention by lupenone led to enhanced T cell activation in METH-
exposed cells. Elucidation of the underlying molecular mechanism between METH exposure 
and the expression of CD40L on activated T cells would provide us with a potential strategy for 
developing therapeutics and implicate lupenone as an inducer of CD40L expression.

Supporting information
S1 Fig.  Effect of lufenone on anti-CD3 CD28 antibody stimulation. 
(DOCX)

S2 Fig.  Comparison of the effects of lufenone and positive control on anti-CD3 CD28 
antibody stimulation. 
(DOCX)

S1 File.  Original image. 
(PDF)

Fig 7.  Protective effects of lupenone on activated T cells exposed to METH are associated with the protection of MAPK and 
PI3K/Akt/mTOR signaling pathways. (A, B) Starved Jurkat T cells in plain media were pre-treated with 40 μM of lupenone for 
1 h and then pre-exposed to 2 mM of METH for 1 h. The cells were then stimulated with anti-CD3/CD28 antibodies for 30 min and 
harvested for Western blot analysis. The phosphorylation levels of the indicated proteins were detected and normalized to the amount 
of the total form of the indicated proteins and presented in a bar graph. The mean value of three experiments ±  SEM is presented. * P 
<  0.05 versus cells pre-exposed to METH and stimulated with anti-CD3/CD28 antibodies.
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