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Purpose: d-limonene is a plant extract with widespread application, and it has been recently
reported to have antiproliferative and proapoptotic effects on cancer cells. However, the mechanisms by which d-limonene achieves these effects, especially in lung cancer, are not entirely
clear. Therefore, the goal of this study was to examine the effects of d-limonene on lung cancer
and explore its mechanisms of action.
Methods: We examined the therapeutic effects of d-limonene on lung cancer cells and in a
xenograft animal model by characterizing its effects on the pathways of apoptosis and autophagy.
Cell proliferation was measured using the Cell Counting Kit-8, and apoptosis was determined
by flow cytometric analysis. Levels of LC3 puncta, an autophagy marker, were analyzed by
laser scanning confocal microscopy. Autophagy and apoptosis-related gene expression were
assessed by real-time quantitative polymerase chain reaction and Western blot.
Results: d-limonene inhibited the growth of lung cancer cells and suppressed the growth of
transplanted tumors in nude mice. Expression of apoptosis and autophagy-related genes were
increased in tumors after treatment with d-limonene. Furthermore, the use of chloroquine, an
autophagy inhibitor, and knockdown of the atg5 gene, suppressed the apoptosis induced by
d-limonene.
Conclusion: d-limonene may have a therapeutic effect on lung cancer as it can induce apoptosis
of lung cancer cells by promoting autophagy.
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Lung cancer is the most common cancer in the world. According to the World Health
Organization, there are approximately 1.8 million new cases and 1.6 million deaths
worldwide from lung cancer each year.1 Surgical resection, postoperative radiation,
and chemotherapy are the standard treatments for lung cancer; however, the efficacies
of these treatments are poor, and only 30%–40% of patients with non–small cell lung
cancer are responsive to chemotherapies, with a limited improvement in survival
time.2–4 Thus, developing more effective drugs or agents for the prevention and treatment of lung cancer is a research priority.
Studies have shown that some plant or vegetable extracts, such as isothiocyanates5
and baicalin,6 may possess chemopreventive or anticancer properties. A natural product
found in essential oils of citrus fruits, d-limonene (1-methyl-4-isopropyl-cyclohexene;
structure shown in Figure S1) has been reported to have chemopreventive and
anticancer activities. Multiple in vitro studies have reported that d-limonene can induce
tumor cell apoptosis and has cytotoxic effects on malignant tumor cells.7–9 In addition,
animal experiments show that d-limonene has therapeutic effects on breast,10 liver,11
kidney,12 and skin cancers.13 Moreover, a Phase I clinical trial reported that d-limonene
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could be well-tolerated by cancer patients.14 Despite the
mounting evidence, mechanisms underpinning the antitumor
property of d-limonene remain unclear. Several possible
actions have been proposed, including cell-cycle arrest,15
induction of apoptosis,16 and suppression of the PI3K/Akt/
mTOR17 and NF-κB pathways.18 However, it is unknown
whether d-limonene has these effects on lung cancer and, if
yes, what mechanisms mediate these effects.
Autophagy is a eukaryotic cellular degradation pathway
in which bulk intracellular components are sequestered
and targeted for lysosomal degradation to maintain cell
homeostasis.19 In recent years, accumulating evidence has
suggested that dysregulated autophagy is linked to cancer.20
Furthermore, extensive studies have suggested that induction
of autophagy suppresses tumorigenesis via various pathways,
including inducing apoptosis of cancer cells.21–23 Because
d-limonene has been reported to induce apoptosis in many
types of tumor cells and increase autophagy in neuroblastoma
cells,15,17,24 it is important to explore the role of d-limonene
in autophagy and apoptosis in lung cancer.
The goal of this study was, therefore, to examine the
effects of d-limonene on lung cancer and explore its mechanisms of action. To accomplish these goals, we established a xenograft model in nude mice that were treated
with d-limonene. Moreover, we investigated the effects
of d-limonene on apoptosis and the autophagy signaling
pathway in animal models and lung cancer cell lines.

Materials and methods
Materials
d-limonene

was purchased from Sigma-Aldrich (St Louis,
MO, USA). Antibody against β-actin (A1978) was purchased from Sigma-Aldrich, and antibodies against BAX
(32503), cleaved PARP (32064), LC3B (ab48394), and
Atg5 (ab108327) were purchased from Abcam (Cambridge,
UK). Small-interfering RNA (siRNA) against atg5 and the
mRFP-GFP-LC3 plasmid were obtained from GenePharma
(Shanghai, China). The BD FITC Annexin V Apoptosis
Detection Kit I was obtained from BD Biosciences (San
Jose, CA, USA). The Cell Counting Kit-8 was purchased
from Dojindo Laboratories (Kumamoto, Japan). Matrigel®
was purchased from Corning (Coring, NY, USA). BALB/c
mice were obtained from Shanghai SLAC Laboratory Animal
Co. (Shanghai, China). Rhodamine 123 was purchased from
Beyotime (Shanghai, China).

Cell lines and cell culture
The A549 and H1299 cell lines were obtained from the
American Type Culture Collection (Manassas, VA). All
1834
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cell lines were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM; Thermo Fisher, Waltham, MA, USA)
supplemented with 10% fetal bovine serum (FBS; SigmaAldrich), 25 U/mL penicillin, and 25 μg/mL streptomycin
at 37°C in a 5% CO2 atmosphere.

d-limonene

treatment

d-limonene

was diluted with dimethyl sulfoxide at a ratio
of 1:19 and then dissolved in the cell culture medium. Final
concentrations of 0.5 and 0.75 mM d-limonene were used
for cell treatment. The solution was freshly prepared before
each experiment.

In vitro cell growth assays
Cells were plated in 96-well plates at a density of 2,000 cells
per well. After overnight growth, the medium was removed
and 100 μL fresh medium with different doses of d-limonene
were added. After incubation, the medium was removed and
new fresh medium with the Cell Counting Kit-8 reagent was
added to the wells. After 2 hours of incubation, fluorescence
was measured using a spectrophotometer (Thermo Fisher,
Waltham, MA, USA).

Colony-formation assay
Five hundred cells were seeded in 10-cm dishes. After overnight growth, the culture medium was removed and fresh
media with different treatment agents were added. After
10 days, the culture media were removed, and 2 mL of 4%
paraformaldehyde was added to each dish to fix the cells.
After washing twice with PBS, Crystal Violet was added
and the cells were incubated for 20 minutes; thereafter, the
cells were washed with water and photographed.

Cell apoptosis assay

Cells (1 × 105) were seeded into 24-well plates, followed
by overnight incubation and 24-hour treatment. Cells were
then digested with 0.25% trypsin and collected. The BD
FITC Annexin V Apoptosis Detection Kit I was used to
determine cell apoptosis, according to the manufacturer’s
instructions.

Detection of mitochondrial membrane
potential

Cells (1 × 105) were seeded into 24-well plates, followed by
overnight incubation and 24-hour treatment. Cells were then
digested with 0.25% trypsin and collected. After washing twice
with PBS, the cells were incubated with 2 μM Rhodamine
123 for 15 minutes and subjected to flow cytometry.
OncoTargets and Therapy 2018:11
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Experiments on xenograft animals
Female BALB/c mice (5 weeks old) were kept in a specificpathogen-free grade environment. All animal experiments were
approved by the Animal Care and Use Committee of Shanghai
Jiaotong University School of Medicine (Shanghai, China).
All applicable guidelines of the Animal Care and Use Committee of Shanghai Jiaotong University School of Medicine
for the care and use of animals were followed. A549 cells
were collected and resuspended in PBS at a concentration of
1 × 108 cells/mL and mixed with Matrigel® at the ratio of 1:1.
The mixture (0.1 mL) was subcutaneously injected into the
hind flank regions of the mice. After 2 weeks, the mice were
randomly divided into three groups, with eight mice in each
group. Mice in different groups were treated with d-limonene
diluted in milk (Mengniu, China) by gavage at a concentration
of 400 or 600 mg/kg once a day. The control group was treated
with milk only. Tumor size was measured once every 4 days
using a Vernier caliper across its two perpendicular diameters,
and tumor volume was calculated using the following formula:
V = 1/2*a*b2; where V is the tumor volume, a is the largest
diameter, and b is the smallest diameter. After 4 weeks of treatment, all mice were sacrificed and their tumors were collected
and weighed. Histological evaluation of the tumor samples was
undertaken. RNA and protein were extracted from tumors.

Histopathological analyses
Tumor tissues from animals were fixed in 4% paraformaldehyde (BOSTER, Wuhan, China) for 48 hours at room
temperature. The fixed tissues were then dehydrated in a
graded series of alcohol, cleaned in xylene, and embedded
in paraffin. A rotary microtome was used to section paraffin
blocks into 4-μm thicknesses. The sections were deparaffinized and stained with hematoxylin and eosin (H&E).
A light microscope (Olympus, Tokyo, Japan) was used to
examine the stained sections.

Plasmid and siRNA transfections

Cells (3 × 105) were seeded into six-well plates. The cells
were transfected with plasmid and siRNA after overnight
incubation at 37°C. Plasmid and siRNA transfections were
undertaken according to the manufacturer’s protocol for the
Lipofectamine® 2000 transfection reagent (Thermo Fisher
Scientific, Waltham, MA, USA). The sequences of siRNA
are listed in Table S1.

LC3 puncta analyses
Cells were transfected with an monomeric Red Fluorescent Protein-Green Fluorescent Protein-LC3 (mRFP-GFP-LC3) plasmid, and the images were captured by a fluorescence confocal
OncoTargets and Therapy 2018:11
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microscope (Carl Zeiss, Dresden, Germany), using 63× oil
objectives. GFP+/RFP+ LC3 puncta were yellow, and GFP−/
RFP+ LC3 puncta were red. The average numbers of LC3
puncta per cell were determined on the basis of the data collected
from .10 cells. The experiments were repeated three times.

RNA extraction and quantitative
polymerase chain reaction
Total RNA was extracted from cells and tissues using the
TRIzol® reagent (Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. RNA
(2 μg) was reverse-transcribed to cDNA using a High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA). Apoptosis- and autophagy-related
gene expressions were measured by qPCR using the Roche
LightCycler® 480 Software and Power SYBR® Green PCR
Master Mix (Applied Biosystems) under the following
conditions: denaturation at 95°C for 10 minutes, 40 cycles
of denaturation at 95°C for 15 seconds, and annealing and
extension at 60°C for 1 minute. Gene expression levels were
normalized to β-actin and calculated according the formula
2−ΔΔCT. The primer sequences are listed in Table S2.

Western blotting analysis
Cells were harvested after experiments. To collect cell lysates,
a cell lysis buffer with a protease inhibitor was added to dissociate the cells; thereafter, the supernatant was collected after
centrifugation at 12,000× g for 10 minutes at 4°C. The protein
samples were added to loading buffer and boiled at 100°C
for 5 minutes. Depending on the size of the protein, different
percentages of polyacrylamide gels were used for electrophoresis, followed by transferring the resolving proteins in
the gel onto the polyvinylidene difluoride membranes. The
transferred membrane was incubated in low-fat milk (5%)
in PBS at room temperature for 1 hour to block nonspecific
protein binding. The membranes were incubated overnight
with primary antibodies at 4°C, and then were washed with
PBS containing 0.1% Tween (PBST) three times (10 minutes
per wash cycle). After that, a secondary antibody was added,
and the mixture was incubated for 1 hour at room temperature.
The membranes were washed again three times with PBST.
ImageJ sofware (National Institutes of Health, Bethesda, MD,
USA) was used to analyze the images obtained.

Immunohistochemical assay
Xenograft tumor tissue was fixed with 4% paraformaldehyde
and cut into 4 µm slices. The slides were dried for 30 minutes
at 65°C and soaked in xylene for 15 minutes, followed by
treatment in sequence with anhydrous ethanol, 95% ethanol,
submit your manuscript | www.dovepress.com
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85% ethanol, and 75% ethanol for 5 minutes. After washing
three times for 3 minutes with PBS (0.02 mol/L; pH = 7.4),
the slides were incubated with 3% hydrogen peroxide for
10 minutes. Then, the slides were incubated with the antibody
against cleaved PARP overnight at 4°C. After washing, the
slides were incubated with goat anti-rabbit antibody in PBS
for 30 minutes at room temperature, and stained with 3,3diaminobenzidine tetrahydrochloride (DAB). Three views
(200× magnification) were randomly chosen of each group.
The positively stained area was used to analyze protein
expression.

Statistical analysis
All data were analyzed using SPSS, version 19.0 (SPSS,
Chicago, IL, USA), and the results are expressed as mean ±
standard error. Two-tailed Student’s t-test and one-way
analysis of variance were used for data analysis. P , 0.05
was considered indicative of statistical significance.
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After 4 weeks of d-limonene treatment, tumor sizes decreased
in two treatment groups (both, P , 0.05) when compared to
the control group (Figure 2A). A dose–response relationship
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Cell growth in A549 and H1299 cells was inhibited in a doseand time-dependent manner after treatment with d-limonene
when compared to the control cells (Figure 1A). Figure 1B
shows that 0.5 and 0.75 mM d-limonene suppressed the colony
formation of A549 and H1299 cells in a dose-dependent manner. Moreover, d-limonene inhibits the proliferation and clone
formation of the other three lung cancer cell lines H1975, H520,
and PC9 (Figure S2). Taken together, these data indicate that
d-limonene inhibits the proliferation of lung cancer cells.
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Figure 1 d-limonene (DL) inhibits the proliferation of lung cancer cells.
Notes: Lung cancer cells lines, A549 and H1299, were treated with 0.5 and 0.75 mM DL for 24, 48, and 72 hours. The Cell Counting Kit-8 assay was used to detect cell
viability (A). Five hundred cells were treated with d-limonene for 10 days; the resulting cell colonies were stained by Crystal Violet, and quantitative data of colonies was
compared among the three groups (B). Data were collected from three independent experiments. Data at each time point were analyzed by one-way analysis of variance
followed by the least significant difference method. Data are expressed as mean ± standard error. ***P , 0.001.
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was observed on comparing tumor size among the three
groups: 1,251.99, 867.44, and 577.08 mm3 in the control,
low-dose, and high-dose groups, respectively (Figure 2A).
Pictures of the removed tumors verified these measurements
(Figure 2B). Furthermore, tumor weight was significantly
different among the three groups: 0.77, 0.48, and 0.31 g
in the control, low-dose, and high-dose groups, respectively (Figure 2C). The extent of tumor growth inhibition
in the treatment groups was calculated according to the
tumor weight. The rate of inhibition in the low-dose group

7XPRUVL]H
PP

$



Promotion of apoptosis by d-limonene in
lung cancer
The cell apoptosis assay showed that d-limonene induced
cell apoptosis in A549 and H1299 cells (Figure 3A). The
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was 37.08% and reached as high as 60.03% in the high-dose
group (Figure 2D). H&E staining showed that tumors in the
treatment groups possessed less moderately differentiated
cancer cells (Figure 2E). Together, these results indicate that
d-limonene inhibits the growth of lung cancer in vivo.
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Figure 2 d-limonene inhibits tumor growth in a xenograft animal model.
Notes: d-limonene (0, 400, or 600 mg/kg) was administered to xenograft nude mice for 4 weeks. Tumor size was measured every 4 days (A). Photographs of the removed
tumors (B). Weight (C), inhibition (D), and hematoxylin and eosin staining (E) of the tumors. Data were analyzed using one-way analysis of variance, followed by the least
significant difference method. Data are expressed as mean ± standard error. *P , 0.05, **P , 0.01, and ***P , 0.001.
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Figure 3 d-limonene (DL) promotes apoptosis in lung cancer.
Notes: DL (0.5 and 0.75 mM) was used to treat A549 and H1299 cells for 24 hours. Apoptotic cells were stained with propidium iodide (PI) and Annexin V, and detected
by flow cytometry (left); the difference in the amount of apoptotic cells among the three groups was analyzed (right) (A). Cells were treated with 0.5 and 0.75 mM of DL for
24 hours, stained with Rhodamine 123, and analyzed by flow cytometry. The reduction of transmembrane potential is represented as a shift of the fluorescence peak to lower
levels (left), and the percentage of cells in the lower fluorescence category was plotted in the graphs (right) (B). Apoptosis-related genes and proteins were examined by qRTPCR (C) and Western blotting, respectively (D) in cells treated with 0.5 mM d-limonene. Apoptosis-related genes and proteins in the xenograft tumors were analyzed using
qRT-PCR (E) and Western blotting (F), respectively. PARP cleaved in the xenograft tumors was detected with immunohistochemistry and viewed at 200× magnification (G).
Data of cell experiments were collected from three independent experiments. Data were analyzed by one-way analysis of variance followed by the least significant difference
method. All data are expressed as mean ± standard error. *P , 0.05, **P , 0.01, and ***P , 0.001.
Abbreviation: Con, control.

mitochondrial membrane potential declined in lung cancer
cells treated with d-limonene (Figure 3B). Figure 3C and D
show that the expression of Bax mRNA and protein were
elevated in d-limonene–treated A549 and H1299 cells,
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and there was increased protein expression of cleaved
PARP. However, the expressions of Bcl2 mRNA and
protein decreased after d-limonene treatment. To verify
the results of cell experiments, we analyzed the levels of
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apoptosis-related genes in xenograft tumors and found
that the changes were consistent with the in vitro results
(Figure 3E–G). These results show that d-limonene affects
the processes of apoptosis.

puncta in d-limonene–treated cells increased and tended to be
GFP−/RFP+ (red). Furthermore, we quantified the expression
of autophagy-associated genes. Figure 4B shows that lc3b,
beclin1, atg3, atg5, atg7, atg12, and atg14 expression were
all increased after treatment with d-limonene. Moreover, the
expression of the autophagy-related proteins – LC3-II and
Atg5 – were affected by d-limonene (Figure 4C). The same
trend of changes was detected in xenograft tumors (Figure 4D
and E). Together, these results show that d-limonene affects
the processes of autophagy.

Promotion of autophagy by d-limonene
in lung cancer
Redressing the autophagic activity is an emerging concept
in apoptosis; we investigated the status of autophagy in
non–small cell lung cancer cells. Figure 4A shows that the
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Figure 4 d-limonene (DL) promotes autophagy in lung cancer.
Notes: Cells transfected by the mRFP-GFP-LC3 plasmid were treated with d-limonene, and images were obtained using a fluorescence confocal microscope (left); LC3
puncta were counted and compared among the three study groups (right) (A). Autophagy-related genes and proteins were analyzed with qRT-PCR (B) and Western blotting,
respectively, (C) in cells treated with 0.5 mM d-limonene. Autophagy-related genes and proteins in xenograft tumors were analyzed with qRT-PCR (D) and Western blotting,
respectively (E). Data of cell experiments were collected from three independent experiments. Data were analyzed using the Student’s t-test. All data are expressed as
mean ± standard error. *P , 0.05 and **P , 0.01.

Role of autophagy in mediating the
effects of d-limonene on cell growth and
apoptosis
Chloroquine and si-atg5 alone had no significant effect on
cell proliferation; however, the growth-inhibitory effect of
d-limonene was significantly reduced after chloroquine or
si-atg5 treatment of cells (Figures 5A and 6A), suggesting
that autophagy may play an important role in d-limonene–
induced inhibition of cancer cell growth. Compared to the
controls, cells treated with chloroquine or si-atg5 showed no
change in the percentage of apoptosis. However, apoptosis
after d-limonene treatment combined with chloroquine or
si-atg5 was significantly lower than that of cells treated
with d-limonene alone (Figures 5B and 6B), indicating that
autophagy played a role in d-limonene–induced apoptosis.
Western blotting analyses were then conducted to show the
expression of cleaved PARP and LC3-II. Because chloroquine
blocked the binding of autophagosomes and lysosomes,
LC3-II expression was increased as autophagy was inhibited.
Whereas Atg5 participates in the formation of autophagosomes, treatment with si-atg5 resulted in a reduced level of
LC3-II. However, in both of the autophagy-inhibited treatments, cleaved PARP levels decreased when cells were treated
with d-limonene combined with chloroquine or si-atg5, as
compared to those treated with d-limonene alone (Figures 5C
and 6C). Taken together, these results indicate that autophagy
positively regulates d-limonene–induced apoptosis.
OncoTargets and Therapy 2018:11

Discussion
Our experiments showed that d-limonene could inhibit
lung cancer growth, both in vivo and in vitro. In addition,
we explored the possible mechanism involved by showing
that d-limonene could induce apoptosis through promotion
of autophagy.
Previous reports from in vivo and in vitro studies
stated that d-limonene was involved in the induction of
apoptosis.15,17,25,26 Ji et al found increased expression of
Bax in human leukemia cells after limonene treatment.16
Moreover, our study showed an increase in Bax and cleaved
PARP during the treatment, suggesting that the mitochondriamediated intrinsic death pathway may play an important role
in d-limonene–induced death of lung cancer cells, which is
consistent with its role in the treatment of other cancers.
In cancer cells, autophagy results in both cell survival
and cell death, and the role of autophagy in cancer therapy
has drawn increasing attention.27 Many commonly used
anticancer agents such as arsenic trioxide,28 tamoxifen,29
and imatinib30 have been reported to modulate autophagy
in tumor cells. Currently, a promising strategy in the search
for anticancer drugs is to target the autophagic pathway.
For example, rapamycin, one of the best-studied autophagy
inducers, has been used for the clinical treatment of multiple
cancers, including lung cancer.31 Better anticancer effects
were found when classic anticancer drugs such as cisplatin
were combined with rapamycin.32–35 d-limonene has been
submit your manuscript | www.dovepress.com
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Figure 5 d-limonene (DL)–induced cell apoptosis is inhibited by chloroquine (CQ).
Notes: Cells were treated with 0.5 mM d-limonene or 20 μM chloroquine for 24 hours. Cell viability was determined by the Cell Counting Kit-8 assay (A). Apoptosis was
determined by propidium iodide (PI) and Annexin V staining, followed by flow cytometry (left), the amount of apoptotic cells was measured, and the difference was analyzed
among the four groups (right) (B). Apoptosis- and autophagy-related proteins were analyzed with Western blotting (C). Data were collected from three independent
experiments. Data were analyzed using one-way analysis of variance followed by the least significant difference method. Data are expressed as mean ± standard error.
*P , 0.05, **P , 0.01, and ***P , 0.001.
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Figure 6 d-limonene (DL)–induced cell apoptosis is inhibited by si-atg5.
Notes: Cells were treated with 0.5 mM d-limonene after transfection with si-atg5 for 24 hours. Cell viability was determined using the Cell Counting Kit-8 assay (A). Apoptosis
was determined using propidium iodide (PI) and Annexin V staining, followed by flow cytometry (B). Apoptosis- and autophagy-related proteins were analyzed with Western
blotting (C). Data were collected from three independent experiments. Data were analyzed using one-way analysis of variance followed by the least significant difference
method. Data are expressed as mean ± standard error. *P , 0.05, **P , 0.01, and ***P , 0.001.
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reported to induce autophagy in neuroblastoma cells,24 which
is consistent with our findings in lung cancer cells. In addition, we treated cells with a combination of d-limonene and
cisplatin and found that lung cancer cells showed a slower
level of proliferation than when treated with d-limonene and
cisplatin alone (Figure S3). We, therefore, speculate that
d-limonene may have the potential to be used in combination
with classic anticancer drugs in treating lung cancer.
The interplay of autophagy and apoptosis in cancer
cells is complicated. Autophagy may have different effects
on apoptosis, depending on the surrounding microenvironment, cancer stage, and therapeutic intervention. 36
Autophagy may be conducive to maintaining cell homeostasis, so that cancer cells do not undergo apoptosis.37 For
example, autophagy induced by the ruthenium (II) imidazole complex may inhibit apoptosis in lung cancer cells.38
However, many studies have reported that autophagy can
promote apoptosis. In the breast cancer cell line MCF-7,
autophagy preceded apoptosis when the cells were treated
with oridonin.39 Liu et al reported that autophagy-mediated
apoptosis was induced by parthenolide.40 Our study showed
that chloroquine – an autophagy inhibitor – inhibited the
fusion of autophagosomes and lysosomes, and decreased
cell apoptosis. The same trend was also observed with the
blockage of autophagy by si-atg5. Atg5 is involved in the
formation of autophagosomes. Overall, our results strongly
support the possibility that d -limonene may increase
autophagy, which further promotes apoptosis. In our
experiments, we found significant increases in Atg5 after
d-limonene treatment. Because the N-terminal cleavage
product of Atg5 binds to Bcl-X1, leading to apoptosis,41,42
we speculated that the upregulation of Atg5 may be partially involved in d-limonene–induced apoptosis. However,
the precise mechanisms underlying the role of autophagy
in d-limonene–induced apoptosis need to be more fully
investigated in future studies.

Conclusion
In summary, we evaluated the anticancer effect of d-limonene
on lung cancer in vitro and in vivo. Our experiments showed
that d-limonene could suppress lung cancer growth and
induce apoptosis via a mechanism involving autophagy.
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Figure S1 The structure of d-limonene.

Table S1 Sequences of siRNA
siRNA

Sense/anti-sense

atg5

5′-GACGUUGGUAACUGACAAATT-3′/
5′-UUUGUCAGUUACCAACGUCTT-3′
5′-GUCCAUCUAAGGAUGCAAUTT-3′/
5′-AUUGCAUCCUUAGAUGGACTT-3′
5′-GACCUUUCAUUCAGAAGCUTT-3′/
5′-AGCUUCUGAAUGAAAGGUCTT-3′
5′-UUCUCCGAACGUGUCACGUTT-3′/
5′-ACGUGACACGUUCGGAGAATT-3′

siRNA-1
siRNA-2
siRNA-3

Negative
control

siRNA-NC

Table S2 Sequences of primers
Gene

Forward primer 5′-3′

Reverse primer 5′-3′

beclin1
lc3
atg3
atg5
atg7
atg12
atg14
β-actin
bax
bcl2

GGTGTCTCTCGCAGATTCATC
AACATGAGCGAGTTGGTCAAG
ACATGGCAATGGGCTACAGG
AAAGATGTGCTTCGAGATGTGT
ATGATCCCTGTAACTTAGCCCA
CTGCTGGCGACACCAAGAAA
GCAAATCTTCGACGATCCCAT
CATGTACGTTGCTATCCAGGC
CCCGAGAGGTCTTTTTCCGAG
GGTGGGGTCATGTGTGTGG

TCAGTCTTCGGCTGAGGTTCT
GCTCGTAGATGTCCGCGAT
CTGTTTGCACCGCTTATAGCA
CACTTTGTCAGTTACCAACGTCA
CACGGAAGCAAACAACTTCAAC
CGTGTTCGCTCTACTGCCC
CACACCCGTCTTTACTTCCTC
CTCCTTAATGTCACGCACGAT
CCAGCCCATGATGGTTCTGAT
CGGTTCAGGTACTCAGTCATCC
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Figure S2 d-limonene (DL) inhibits the proliferation of lung cancer cells.
Notes: Lung cancer cells lines – H1975, H520, and PC9 – were treated with 0.5 and 0.75 mM d-limonene for 24, 48, and 72 hours. The Cell Counting Kit-8 assay was used
to detect cell viability (A). Five hundred cells were treated with DL for 10 days, the resulting cell colonies were stained by Crystal Violet, and the quantitative data of colonies
were compared among the three study groups (B). Data were collected from three independent experiments. Data at each time point were analyzed by one-way analysis of
variance, followed by the least significant difference method. Data are expressed as mean ± standard error. **P , 0.01, and ***P , 0.001.
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Figure S3 d-limonene (DL) could promote the anticancer effect of cisplatin (DDP).
Notes: A549 and H1299 were treated with 0.5 mM DL or 8 μg/mL cisplatin or 0.5 mM DL plus 8 μg/mL cisplatin for 24 hours, after which, culture medium was removed
and cells were cultured in fresh complete medium for another 24 hours, and cell viability was detected by the Cell Counting Kit-8 assay. Data were collected from three
independent experiments. Data were analyzed using one-way analysis of variance, followed by the least significant difference method. Data are expressed as mean ±
standard error. **P , 0.01, and ***P , 0.001.
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