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Abstract
Background: The antitumor activity of HCD has been reported in numerous types of cancers. Moreover,
the antitumor of HCD could also be applied in non-small-cell lung cancer (NSCLC) cells and further act on
doxorubicin-resistant (Dox-R) of NSCLC cells. The underlying anti-cancer mechanism of HCD on Dox-R
versus Dox-sensitive (Dox-S) of A549 cells was under this investigation.

Methods: Cytotoxicity of HCD against two cell lines (Dox-S and Dox-R) were determined via MTT assay,
�ow cytometry, and Western blot; and further examination of its anti-cancer e�cacy in A549-bearing
xenograft mice via orthotopic intratrachea (IT) inoculation.

Result: Regardless sensitive and resistant to Dox, HCD could arrest both Dox-S and Dox-R cells at G 2 /M
phase without altering the sub-G 1 cycle along with increasing cleaved-PARP. HCD downregulated the
mTOR/Akt/PI3K-p85 and PI 3 K-ClassIII/Beclin-1 and upregulated p62/LC3-I/II expressions, further
con�rmed the cell autophagy after HCD-induced. Morphological observations of the mouse lung sections
illustrated that fewer cancer cells accumulated around the trachea while there were less neoplastic
activities found in HCD orthotopic treatment mice without liver, kidney and spleen toxicity.

Conclusion: HCD exhibited the chemotherapeutic potential for lung cancer in Dox-resistant cells,
suggesting natural autophagic inducer HCD provides a promising clue of new drug discovery and
development for lung cancer therapy.

Background
Lung cancer is the leading cause of cancer death and new diagnosis cases, which the incident and
mortality rate in both gender are 218.6 (male incidence), 182.6 (female incidence), 122.7 (male mortality),
and 83.1 (female mortality) in 100,000 people, respectively1. Lung cancer globally causes 1.8 million
cancer death in 2018, which is close to 1 in 5 from all cancer deaths of all cancer sites1. In pathological
classi�cation, lung cancer could be mainly categorized into 2 groups: small cell lung cancer (SCLC) and
non-small-cell lung cancer (NSCLC), which NSCLC includes squamous cell cancer (SCC), adenocarcinoma
(AC), large cell cancer, and others2. Comparing to SCLC, NSCLC is much higher incidence worldwide,
especially SCC and AC, which are gender difference in the highest prevalence of lung cancer type (male,
SCC) and (female, AC), respectively3. The population of lung cancer patients mainly is distributed
between 55 and 74 years old in both gender and the incident rate are cumulative with increasing age4. In
addition to age, the most-important single risk of lung cancer is cigarette smoking, including tobacco,
cannabis, and electronic cigarette delivery system4. Moreover, about 10% in males patients in the Western
world and unexpectedly up to nearly 40% female patients in Asia reveal no correlation with cigarette
smoking5. These non-canonical lung cancer cases might be caused by life-styles or environmental toxins
such as PM2.56. Accordingly, treating lung cancer, especially NSCLC, is a critical episode for improving
human being health and survival.
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Clinically, surgery is the �rst choice for the treating patients before stage III of NSCLC7. According to the
abovementioned description, elder patients are major population of lung cancer, which post-surgical
infection is frequently lower prognosis than younger patients8. Therefore, radiotherapy or chemotherapy
usually become adjuvant therapy of surgery to improve prognosis2. Currently, platinum-based
chemotherapeutic drugs (cisplatin, carboplatin), epidermal growth factor receptor inhibitors (EGFRi, e.g.,
ge�tinib), mutated anaplastic lymphoma kinase inhibitors (ALKi, e.g., crizotinib, alectinib), and vascular
endothelial growth factor inhibitors (VEGFi, e.g., bevacizumab) are classi�ed as �rst-line chemotherapy9.
However, the adverse effects such as hair-loss, nephrotoxicity, and xerosis are often decreased patients’
life quality and restricted regimen dose10,11.

Remarkably, the nascent structure or origin of some cancer chemotherapeutic drugs in clinical use are
naturally derived products, which indicates that natural products could be chemotherapeutic agents
without or less adverse effects12. Numerous reports have shown that there are many natural compounds
that possess lung cancer-treating potential such as berberine from Coptis chinensis, which promotes
intrinsic apoptosis pathway13, matrine from Sophora �avescens Ait, gambogic acid from Garcinia
hunburyi, and prodigiosin from Serratia marcescens lead NSCLC cells to the autophagy via generating
ROS and consequently result in cell death14 − 16. Hence, new drug discovery and high e�cacy with fewer
side effects provides an anticipation for curing of lung cancer patients.

Polyalthia longifolia belongs to the Annonaceae family and is widely distributed in India, Pakistan, and
Sri Lanka which have been used as medications for thousand years17. Its traditional-medical indication
has assessed in evidence-based approaches for decades and antibacterial, anticancer, and anti-
in�ammatory activities have been con�rmed18. 16-hydroxycleroda-3,13-dien-15,16-olide (HCD) is one type
diterpene isolated from P. longifolia which has reported tumoricidal activity in various cancers such as
glioma, oral squamous cell carcinoma (OSCC), and renal cell carcinoma19,20. In our previous studies have
demonstrated that HCD exerts as an autophagic activator to express antitumor activity in glioma and
OSCC cells21,22. However, the tumoricidal potential of HCD against NSCLC cells particular in chemo-
resistant cancer cells has not been elucidated. Hence, this study aims to evaluate whether HCD
implemented any chemotherapeutic potential for lung cancer in doxorubicin-sensitive (Dox-S) and Dox-
resistant (Dox-R) of A549 cells, and orthotopic A549-bearing mice model. In addition, the underlying
mechanism of HCD-triggered anti-cancer activity would also be investigated.

Methods

Materials
The isolation of HCD was previously described23. Doxorubicin (Dox) and general-used chemicals were
purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Reagents and mediums for cell
culture were obtained from Thermo-Fisher (Waltham, MA, USA).

Cell cultures
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Human lung cancer cell line A549 (Dox-S, RRID: CVCL_0023) was obtained from Bioresource Collection
and Research Center (BCRC, Hsinchu, Taiwan) and cultured under cultural condition (37 °C, 5% CO2,
saturated humidity). Culture medium was high-glucose Dulbecco’s modi�ed Eagle medium (DMEM-HG)
plus 10% FBS and 1% penicillin/streptomycin (PS) which renewed every 2 days. As the cells reached 80%
con�uence, cells were detached by 0.25% trypsin/EDTA for further experiments. All cell tests were
performed within 20 passages to keep uniformity and consistency.

Dox-resistant A549 strain (Dox-R) was derived from parental A549 strain via pulse treatment of Dox. In
the beginning, A549 cells were incubated with 2.5 µM of Dox for 24 h. Then culture medium was replaced
by new cultural medium and continuously cultured for 1 week. The pulse-treating steps were repeated
and Dox concentration was sequentially elevated up to 100 µM. Culture condition of Dox-R was the same
as the parental Dox-S.

Cytotoxicity assay
Cell viability was used for cytotoxicity and determined by an MTT assay15. Brie�y, 7 × 103 cells per well of
two cells were inoculated into 96-well plate. Dox or HCD diluted into appropriate concentration were
replaced into wells and incubated 24 h under culture condition, respectively. Then, MTT solution was
added into well and incubated for additional 4 h. Optical density at 570 nm was measured by Opsys MR™
Microplate Reader (Dynex, Chantilly, VA, USA). Cytotoxicity was denoted by cell viability that calculated
from the percentage between the treated and untreated groups. To con�rm that HCD-induced the
autophagic cell death, 1 and 3 nM of ba�lomycin A1 (BA1, Santa Cruz Biotechnology, Dallas, TX, USA)
was co-treated with 2.5 µM HCD in Dox-S cells and measured changes in cell viability.

Cell cycle measurements
The process of cell cycle analysis was followed from the literature15. Brie�y, 7 × 104 cells were inoculated
into 12-well plate. When cell attached, cells were treated with HCD or Dox for 24 h, respectively. Cells and
supernatant were collected by trypsin/EDTA and �xed by ice-cool 70% EtOH/PBS. Before the test, cells
were stained with 0.1 mg/mL of propidium iodide for 1 h and detected excitation/emission intensity in
each cell at 493/636 nm by Cytomics™ FC500 �ow cytometry (Beckman-Coulter, Brea, CA, USA). 1 × 104

data points were acquired from each individual sample and plotted the histogram for analyzing cell cycle.

Western blotting
The protocol of Western blotting was followed the step-in previous study15. Brie�y, 3.5 × 105 cells were
seeded into the 6-well and incubated overnight. Using appropriate concentrations of HCD were treated for
24 h, respectively. After treatments, cells were washed with pre-warm PBS and the whole cellular proteins
were extracted by RIPA buffer, the debris and supernatant were collected into 1.5 mL eppendorf, and
centrifuged at 13000 rpm under 4oC for 30 min. The soluble proteins were separated by sodium dodecyl
sulfate (SDS) polyacrylamide gel electrophoresis (PAGE), the gel was transferred to PVDF membrane (GE
Healthcare, Chicago, IL, USA), and was blocked by skimmed milk at room temperature (RT) for 1 h. The
blocked membranes were cut according to molecular weight, incubated with appropriate 1st antibody at
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4oC overnight, and stained with HRP-conjugated 2nd antibody at RT for additional 1 h. The membrane
was soaked into enhanced chemiluminescence reagent (EMD Millipore, Burlington, MA, USA) and
snapshotted by LAS-3000 image system (Fuji�lm, Tokyo, Japan). The stained signals in each membrane
were normalized with signal of internal control (GAPDH) and convert to ratio to control.

In situ xenograft animal model and HCD treatment
Six to eight-week old female C57BL/6 mice, obtained from the National Laboratory Animal Center (Taipei,
Taiwan) were used in this test. The feeding regimen of animals was followed by the condition as
previously described15. The animal experiment protocol was approved by National Dong-Hwa University
Animal Ethics and followed the regulation from Guide for the Care and Use of Laboratory Animals”.

C57BL/6 mice were allotted into 8 groups (group 1: untreated; group 2: 10% EtOH; group 3: Dox-S; group
4: Dox-R; group 5: Dox-S plus 0.32 (100 µM) mg/kg B.wt. of HCD; group 6: Dox-R plus 0.32 (400 µM)
mg/kg B.wt. of HCD; group 7: Dox-S plus 1.27 mg/kg B.wt. of HCD; and group 8: Dox-R plus 1.27 mg/kg
B.wt. of HCD. Each of all treated groups was n = 6). Dox-S and Dox-R cells were collected using
trypsin/EDTA followed by centrifuging with 1500 rpm at RT. Before injection, cells were re-suspended in
PBS. At day 0, mice in groups 3 to 8 were weighed and anesthetized using 5 mg/mL of pentobarbital and
intratrachea (IT) inoculated 1 × 107 cells per mouse of two cell lines once per 7 d, respectively. At day 28,
0.32 or 1.27 mg/kg B.wt. of HCD and 10% EtOH were IT injected into the lungs and weighed once per 5
days and ended at day 53. Mice were sacri�ced by CO2 asphyxiation at day 28, 35, and 53, respectively.
Liver, kidney, spleen, and human tumors in mice lungs were collected for slicing. Cytotoxicity of HCD and
the migrations of tumor were observed by H&E staining.

Statistical analysis
The quanti�ed results were presented as mean ± SD for the three independent experiments and analyzed
by a one-way ANOVA with Tukey’s test for post-Hoc test. All statistical procedures were performed with
GraphPad Prism Ver 7.04 (GraphPad Software Inc., La Jolla, CA, USA). Signi�cant differences (p < 0.05)
between the control and treated group were marked in “*”.

Result

Cytotoxicity of HCD in Dox-S and Dox-R cells
To determine the cytotoxicity of HCD, Dox-S and Dox-R cells were treated with various concentrations of
HCD (1.0–20 µM) to measure the cell viability in two cells. Cell viability in both cells were dose-
dependently decreased with increased concentrations of HCD, which IC50 was 20 µM in both Dox-S and
Dox-R, respectively (Fig. 1A). The IC50 of Dox against two cell lines was 10 µM, which indicated that the
cytotoxicity of HCD was less than that of Dox (Fig. 1B). The subsequent experiments were performed to
study the primary causes of HCD-induced cell death.
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Analyzing apoptosis and autophagy markers after HCD
treatments
Next, apoptotic and autophagic markers were applied in two cells to determine the type of cell death. In
cell cycle analysis, sub-G1 phase was not signi�cantly increased in both cell lines under HCD treatment
(Fig. 2). When the determination of cell cycle distribution in Dox-R to Dox-S cells under Dox-treatment,
Sub-G1 was signi�cantly increased from 1.3 ± 0.3% (Dox-R) and 1.6 ± 0.2% (Dox-S) at untreated control to
6.5 ± 0.6% (Dox-R) and 9.9 ± 0.8% (Dox-S) at 20 µM of Dox (P < 0.05). This result revealed that cell death
characteristics between HCD and Dox were speculated with the different fashion and it seems that Dox
was associated with apoptosis whereas HCD was not. Interestingly, the apoptotic cell marker, cleaved-
PARP (C-PARP) level in Dox-R cells were signi�cantly increased after 2.5 and 25 µM of HCD treatment
(Fig. 3A). In Dox-S cells, similar pattern of C-PARP levels could be observed, whereas C-PARP level at
25 µM of HCD treatment was not signi�cantly higher than that of the control (Fig. 3B). On the other hand,
the protein levels of autophagic markers LC3-II and p62 were signi�cantly increased, which expression
pattern of LC3-II was opposite with C-PARP (Figs. 3A&B). Combining the protein levels of apoptotic and
autophagic markers, both apoptosis and autophagy were involved in HCD-induced cell death, and
autophagic cell death might be more dominant than apoptosis. To further con�rm that HCD could cause
autophagic cell death, 1 & 3 nM of ba�lomycin A1 (BA1) was co-treated with 2.5 µM HCD and then
measured the change of cell viability. HCD-induced cell death could be reversed by BA1 (Fig. 3C). These
results directly indicated that autophagy was the main character of HCD-induced cell death. Next, the
underlying mechanism of HCD-induced autophagic cell death was evaluated.

Underlying mechanism of HCD-induced cell death in two
cell lines
To investigate in more detail HCD-induced autophagic cell death, the upstream and downstream proteins
in autophagic regulation pathways were evaluated. In autophagic activator Beclin-1 and PI3K-ClassIII, the
change patterns of the two cell lines were different. In Dox-R, PI3K-ClassIII was down-regulated at 2.5 µM
HCD and decreased with the increased HCD concentrations, while Beclin-I expression was inversely
correlated with HCD concentrations (Fig. 4A). In contrast to Dox-S cells, expression pattern of PI3K-
ClassIII in Dox-R was up-regulated at 2.5 µM HCD and down-regulated at 25 µM of HCD. The expression
patterns of Beclin-1 were down-regulated with the elevation of HCD concentrations (Fig. 4B). The reduce
of Beclin-1 expression was only observed at 25 µM of HCD treatment in Dox-S cells (Fig. 4B). Different
autophagic activator pattern with similar consequence indicated that autophagic cell death in both cells
might be through Beclin-1/PI3K-ClassIII-independent pathway.

To unveil the change of upstream regulators, the expression levels of mTOR, Akt, and p38 were next
determined. In Dox-R cells, mTOR expression was up-regulated at 2.5 µM HCD and decreased in increase
of HCD concentrations, especially at 25 µM HCD treatment, the expression level of mTOR was almost
abolished (Fig. 4C). Similar pattern could be found in Dox-S cells, which all three proteins were down-
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regulated after HCD treatment (Fig. 4D). Taken above results into considerations, HCD might induce the
autophagy through down-regulation of Akt/PI3K-p38/mTOR signaling pathway and subsequently
resulting in stimulation of Beclin-1/PI3K-ClassIII-independent autophagy pathway. Finally, orthotopic
A549-bearing mice model was employed to measure antitumor activity of HCD in vivo.

Effect of HCD on cancer-inoculating animal model
To further determine the anticancer activity of lung cancer in vivo, two cancer cells were �rstly
intratracheal (IT) inoculated into mice lungs. When compared to normal mice lungs and 10% EtOH
injection (solvent control), cancer cell-bearing mice lungs showed more cell accumulation around the
trachea, which indicated that cancer cells were successfully inoculated (Figs. 6A-D). After IT injection with
0.32 & 1.27 mg/kg B. wt of HCD, cell invasion around the blood vessels and accumulated around the
trachea was prominent abrogation, which revealed that HCD could inhibit lung cancer progression in vivo
(Figs. 6E-H). Also, the body weights of IT-HCD mice were not signi�cantly different during treatments,
which revealed that IT injection of HCD would not cause signi�cant acute toxicity during regimen (Fig. 5).
No signi�cant difference was observed in the histo-section of liver, kidney, and spleen among treatments
when compared to the untreated control (data not shown). In vivo results clearly exhibited treating
potential of HCD in applying to NSCLC cancer treatment.

Discussion
In this study, HCD-treating potential of NSCLC was assessed from in vitro assay to in vivo test. The
results clearly indicated that HCD could simultaneously induce apoptosis and autophagy in both Dox-S
and Dox-R cells via down-regulating PI3K/Akt/mTOR signaling pathway and led to non-canonical
autophagic activation. Interestingly, both apoptosis and autophagy were activated in single NSCLC
population, whereas the autophagy was predominant. Finally, HCD could reduce orthotopic xenograft
NSCLC cells growth and without visible acute toxicity during regimen.

During exploring anticancer mechanism of HCD, duality of apoptosis/autophagy could be observed in
single NSCLC population at one treatment. This interesting phenomenon hinders physiological
polymorphism of commercial cell lines in cellular levels. Previously, similar phenomenon could be found
in prodigiosin (PG)/Dox synergistic study in OSCC cells, and PG against NSCLC cells15,24. However, the
discussion of this phenomenon was rare. The detail mechanism and its effect on oncology or
translational medicine research needs to be extensive reports for making conclusion

Earlier heterotopic xenograft reports have demonstrated that BALB/c-nude mice are broadly used to build
lung cancer model via back or trunk subcutaneous injection with lung cancer cells25; or are implanted into
the footpad of C57/BL6 via imitation of patients with lung cancer26 for evaluating the e�cacy of
treatments. Nevertheless, heterotopic xenograft is easily monitoring tumor growth, the microenvironment
of tumor growth has still far distance than orthotopic xenograft, especially in preclinical drug test27.
Nowadays, orthotopic xenograft model for various cancer types including osteosarcoma, prostate cancer,
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retinoblastoma, lung cancer, and melanoma have been constructed, and the results from orthotopic
xenograft gain an insight into importance of tumorigenesis or anti-tumor28 − 30. However, most orthotopic
xenograft model is not easy to monitor the pathological progress than heterotopic xenograft because of
hard to monitor interior or deep body site. One reliable approach to overcome this disadvantage is
�uorescent labeling on tumor cells and monitoring �uorescent distribution by in vivo imaging system
(IVIS) or confocal microscope31. In the future, orthotopic xenograft with fashionable monitor system
including nano-particle would take into more importance in cancer biology study than heterotopic
xenograft.

HCD is �rstly identi�ed at 2000 by Chen et al.23. After almost two decades’ study, antitumor activity of
HCD has only partially investigated. In chronic myeloid leukemia cells, HCD causes the apoptosis by two
phases: reducing growth-factor-related signaling such as PI3K and aurora B, and reactivating polycomb-
repressive protein 2 (PRC2) which modulates histone methylation level and silent/activates
pro/anti/apoptotic proteins32,33. In renal carcinoma cells, HCD could not only down-regulate the growth-
factor-mediated signaling, which leads to intrinsic apoptosis, but also inactivate focal adhesion assembly
related signaling and induces anoikis19. Using molecular docking, Thiyagarajan et al.34 have found that
HCD could affect focal adhesion kinase (FAK) activity via block the autophosphorylation site of FAK. In
OSCC and glioma cells studies, HCD triggers autophagic cell death via non-canonical autophagy
pathway, which is associated with this study. In exploring detail mechanism, HCD-induced autophagy is
triggered by up-regulation of AMPK and down-regulation of Akt-associated signaling in OSCC22. In glioma
cells, HCD promotes ROS generation which leads to ER stress and results in activation of autophagy21.
For breast cancer, HCD potentiates tamoxifen-induced cell death in both ER-positive and -negative breast
cells via enhancing extracellular apoptotic signaling35. In the present study is the �rst report about
treating e�cacy of HCD in Dox-S and Dox-R of NSCLC cells. It could explore new trend study for
discovering new antitumor function of HCD to curing other types of cancer.

Interestingly, Western blotting results showed that PI3K-ClassIII and Beclin-1 were down-regulated after
HCD treatment. Of note, Beclin-1 and PI3K-ClassIII are essential for autophagosome formation. Beclin-1 is
the member of autophagosome membrane protein, and PI3K-ClassIII can produce phosphatidylinositol-3-
phosphate (PI3P) that forms autophagosome membrane36. However, cumulative studies might also
demonstrate the existence of alternative autophagy pathways in natural compound treatment for various
cancer cells i.e. carnosol in triple-negative breast cancer cells, resveratrol in breast cancer cells, and
obatoclax in colorectal cancer cells37 − 40. These natural compounds have activated autophagy and
induced apoptosis because Beclin-1 plays a critical role in autophagy/apoptosis crosstalk41. Although
DNA fragmentation failed to be observed in HCD-treated lung cancer cells, cleaved-PARP was
signi�cantly increased in HCD-treated cells and hints at minor apoptosis in lung cancer cells (Fig. 3).
Unexpectedly, the up-regulation of cleaved-PARP and LC3-II could be simultaneously observed. It
indicated the presence of dual autophagic/apoptotic activation and polymorphism in cell population.

Conclusion
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According all the results, HCD could induce autophagy of both Dox-S and Dox-R cells; and autophagic cell
death of HCD-triggered might be through PI3K-ClassIII/Beclin-1-independent signaling pathway. Hence,
HCD compound provides a novel approach for the treatment of human tumors. After HCD treatment,
there are less neoplastic activities in mice with lung cancer inoculation. Overall, our �ndings shed light on
the autophagic effect of HCD on Dox-S and Dox-R of lung cancer cells through in vitro and in vivo
experiments. These results demonstrated that HCD has a favorable medicine value as a potential
candidate against cancer disease particular in lung cancer.
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Figure 1

The cell viability of Dox-R and Dox-S of A549 cells after HCD and doxorubicin (Dox) treatments. Dox-R
and Dox-S cells were treated with various concentrations (μM) of (A) HCD and (B) Dox for 24 h,
respectively. All the data present as the mean ± SD with triplicate determinations in three independent
experiments. * P < 0.05 as compared with the untreated control (0 μM).
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Figure 2

Change of cell cycle in Dox-R and Dox-S of A549 cells after HCD treatments. (A) Dox-R and (B) Dox-S
cells were treated with HCD for 24 h and detected DNA content within cells. * P < 0.05, NS not signi�cant
compared with the untreated control (0 μM).
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Figure 3

Protein level change of autophagic and apoptotic markers in Dox-S and Dox-R of A549 cells. (A) Dox-R
and (B) Dox-S cells were treated with HCD and the protein levels were measured by Western blotting. * P<
0.05 as compared with untreated control. (C) Alteration of cell viability in HCD combined ba�lomycin A1.
HCD was mixed with 1 or 3 nM of ba�lomycin A1 (BA1) to treat Dox-S cells for 24 h. * P< 0.05 as
compared with HCD alone.
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Figure 4

Protein level of autophagic regulators in Dox-S and Dox-R of A549 cells. Beclin-1/PI3K-III levels in (A) Dox-
R and (B) Dox-S, and mTOR/Akt/p38 levels in (C) Dox-R and (D) Dox-S were measured through Western
blotting and quanti�ed. * P< 0.05 as compared with untreated control.
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Figure 5

The altered body weight of cancer cell-inoculated mice during HCD treatment. Body weight of mice
inoculated with Dox-S (A549) and Dox-R (Dox-R) followed by treating with (A) vehicle, (B) 10% EtOH, (C)
0.32 (100 μM), and (D) 1.27 (400 μM) mg/kg B. wt. of HCD, respectively, were measured at every 7 days.
The scale of the X-axis was meant as the IT injection time of HCD.
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Figure 6

The histological changes of Dox-S and Dox-R-inoculated lung treated with HCD. Histological change of
mice lung is of (A) untreated, (B) 10% EtOH, (C) Dox-S, and (D) Dox-R-inoculated before HCD treatments,
and mice lung is after 0.32 mg/kg B. wt. of HCD (E, F), and 1.27 mg/kg B. wt. of HCD (G, H), respectively,
were sectioned and stained with hematoxylin and eosin. (E) and (G) were sectioned slide of Dox-S-
bearing mice, and (F) and (H) were Dox-R-bearing mice. Black arrow was the position of xenograft tumor.
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