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Abstract. Macamides are a class of bioactive natural products 
obtained from Lepidium meyenii (maca), which have been 
reported to exert inhibitory activity in cancer. However, their 
role in lung cancer is currently unknown. In the present study, 
macamide B was shown to inhibit the proliferation and inva‑
sion of lung cancer cells, as determined by Cell Counting Kit‑8 
and Transwell assays, respectively. By contrast, macamide B 
induced cell apoptosis, as determined by Annexin V‑FITC 
assay. Moreover, combined treatment with macamide B 
and olaparib, an inhibitor of poly (ADP‑ribose) polymerase, 
further suppressed the proliferation of lung cancer cells. At 
the molecular level, the expression of ataxia‑telangiectasia 
mutated (ATM), RAD51, p53 and cleaved caspase‑3 were 
significantly increased by macamide B, as determined by 
western blotting, whereas the expression levels of Bcl‑2 were 
decreased. By contrast, when ATM expression was knocked 
down by small interfering RNA technology in A549 cells 
treated with macamide B, the expression levels of ATM, 
RAD51, p53 and cleaved caspase‑3 were reduced, whereas 
those of Bcl‑2 were increased. Consistently, cell prolif‑
eration and invasive ability were partially rescued by ATM 
knockdown. In conclusion, macamide B inhibits lung cancer 
progression by inhibiting cell proliferation and invasion, and 
inducing apoptosis. Furthermore, macamide B may participate 
in regulating the ATM signaling pathway. The present study 
provides a potential new natural drug for treating patients with 
lung cancer.

Introduction

Macamides are a distinct class of bioactive amide alkaloids 
isolated from the plant Lepidium meyenii, also known as 
maca, which has been extensively used as food or as a folk 
medicine in Peru  (1). In addition to being safe for human 
consumption, macamides have been shown to possess multiple 
biological activities in previous years  (1,2). For example, 
macamides have been shown to relieve exercise‑induced 
fatigue and regulate lipid metabolism by inhibiting the activity 
of fatty acid amide hydrolase (3‑5). Macamides also display 
anti‑inflammatory effects by reducing the expression of proin‑
flammatory factors and alleviating inflammatory‑induced 
pain, such as in colitis (6,7). In addition, macamides can exert 
neuroprotective activity and attenuate hypoxic‑ischemic brain 
damage through the regulation of apoptosis or autophagy (8,9). 
Fu et al (10) demonstrated that macamides possess antitumor 
activity in multiple cancer cell lines, such as A549, SW480 
and SMMC‑7721. However, to the best of our knowledge, there 
have been no systematic experiments that reveal the role of 
macamide B in specific types of cancer, especially in lung 
cancer, which has a large number of patients worldwide.

Lung cancer is a serious malignancy with a very high inci‑
dence and death rate worldwide (11). According to the latest 
statistical report by the American Cancer Society, the esti‑
mated number of newly diagnosed patients with lung cancer in 
the USA in 2021 will be 119,100,whereas the number of deaths 
will be 131,880 (11). The situation is more serious in China. 
Nearly 733,000 individuals suffer from lung cancer each year 
and ~610,000 patients die from it (12,13). However, the main 
therapies for lung cancer still consist of surgical removal of 
tumor tissues followed by chemo/radiotherapy  (13,14). In 
addition to great pain and low quality of life, these therapies 
provide little benefit for patients with metastases and those 
with recurrence. As a result, prognosis for this disease remains 
poor. The 5‑year survival rate for patients with lung cancer 
with distant metastasis is only 6% and >55% of patients are 
diagnosed at a late stage (11). Therefore, the development of 
new strategies to treat this disease is urgent.

In the present study, the activities of macamide B on the 
proliferation, invasion and apoptosis of lung cancer cells were 
evaluated. The mechanism of macamide B was also explored. 
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In addition, the combined effect of macamide B with olaparib, 
a poly (ADP‑ribose) polymerase (PARP) inhibitor, was deter‑
mined. To the best of our knowledge, for the first time, the 
present study provides new evidence regarding the use of 
macamides in lung cancer therapy.

Materials and methods

Cell culture and reagents. Human lung cancer cell lines,H460, 
H1299 and A549, were purchased from Beyotime Institute 
of Biotechnology and were cultured in DMEM (Gibco; 
Thermo Fisher Scientific, Inc.) containing 10% fetal bovine 
serum (Gibco; Thermo Fisher Scientific, Inc.) and 1% peni‑
cillin‑streptomycin solution (Shanghai Yeasen Biotechnology 
Co., Ltd.) under an atmosphere of 5% CO2 at 37˚C. H460 and 
A549 cell lines contain the p53 gene, whereas the H1299 cell 
line lacks the p53 gene. The two types of cell lines therefore 
may better reflect the role of macamide B in lung cancer. 
Macamide B (Chemical Abstracts Service no., 74058‑71‑2) was 
obtained from Shanghai Yuanye Biotechnology Co., Ltd. and 
dissolved in DMSO (Gibco; Thermo Fisher Scientific, Inc.). 
Small interfering RNA (siRNA) oligonucleotides targeting 
the ataxia‑telangiectasia mutated (ATM) gene (siATM) were 
designed and chemically synthesized by General Biosystems 
(Anhui) Co., Ltd. The siATM sequence was as follows: 
5'‑AGG​TGC​TTA​TGA​ATC​AAC​AAA​AT‑3'. The siRNA nega‑
tive control (siNC) sequence was as follows: 5'‑AAC​ACC​GAA​
CGA​GAC​ACG​ATT‑3'.

Transfection of siRNA. siATM and siNC were transfected into 
lung cancer cells. Briefly, 50 pmol siATM or siNC was mixed 
with 1 µl liposomal transfection reagent (Shanghai Yeasen 
Biotechnology Co., Ltd.) for 20 min at room temperature. 
The mixture was added to lung cancer cells (A549, H1299 
and H460) that had been cultured for 12 h in 24‑well plates 
at 50,000 cells/well, and the cells were then cultured for 6 h 
at 37˚C. Subsequently, fresh medium was added to each well 
and the cells were cultured for another 48 h before subsequent 
experiments were performed.

Cell proliferation and viability assays. Cancer cells, including 
A549, H1299 and H460 cells, were cultured in 96‑well 
plates at 4x103 cells/well and were treated with macamide B 
at concentrations of 1, 2, 4, 8, 16 and 32 µmol/l for 48 h at 
37˚C, or with macamide B at 3 µmol/l (H1299 and H460 cells) 
and 4 µmol/l (A549 cells) for 24, 48 or 72 h at 37˚C. In the 
control group, PBS (Gibco; Thermo Fisher Scientific, Inc.) 
was added. Subsequently, MTT reagent (5 mg/ml; Shanghai 
Yeasen Biotechnology Co., Ltd.) was added to each well at 
10% volume of the culture medium and cultured for another 
4 h. After incubation, the supernatants were gently removed, 
and formazan was dissolved with 150 µl DMSO, followed by 
detection at 490 nm. The cell inhibition rate was calculated 
compared with the PBS group, as follows: (OD value of 
macamide B group‑e OD value of PBS group)/OD value of 
PBS group.

To detect the IC50 value of olaparib (Beyotime Institute 
of Biotechnology) in lung cancer cells, 5x103 cells/well were 
seeded in 96‑well plates and were treated with olaparib (5, 
10, 20, 40, 80 and 160 nmol/l) for 48 h. Subsequently, MTT 

reagent was added and OD490 was detected as aforemen‑
tioned. In addition, to assess the effects of a combination of 
olaparib and macamide B on lung cancer cells, 20 nmol/l 
olaparib was used alone or combined with macamide B to treat 
cancer cells for 24, 48 and 72 h at 37˚C. OD490 was detected 
as aforementioned.

Cell invasion assay. Transwell inserts (pore size, 8 µm) were 
pretreated with Matrigel (Corning, Inc.) at 37˚C for 30 min 
before being placed into 24‑well plates. Cancer cells were 
then added into the insert at 1x104  cells/well with 200 µl 
serum‑free DMEM and were treated with macamide B at 3 or 
4 µmol/l, according to its IC50 value for that cell line. DMEM 
containing 10% FBS was added into the lower chamber. After 
culturing for 48 h, the cells on the inner surface of the inserts 
were removed gently and cells on the outer surface were fixed 
with 4% paraformaldehyde at room temperature for 15 min 
followed by staining with 0.1% crystal violet for 10 min at 
room temperature. Images of the positively stained cells were 
captured and counted using a light microscope (Olympus 
Corporation).

Cell apoptosis detection. Cancer cells were cultured in 6‑well 
plates at 4x104 cells/well and treated with macamide B at 3 or 
4 µmol/l for 48 h at 37˚C. Cancer cells were then collected, 
washed with PBS, stained with a dye solution containing 5 µl 
Annexin V/FITC‑A (Beyotime Institute of Biotechnology) for 
15 min in the dark at room temperature and analyzed with 
a FACSCelesta™ flow cytometer (BD Biosciences, USA). 
The data were analyzed with FlowJo software (FlowJo V10; 
FlowJo LLC).

Reverse transcription quantitative PCR (RT‑qPCR). Total RNA 
was extracted from cells using the RNAeasy Kit (Beyotime 
Institute of Biotechnology) according to the manufacturer's 
instructions and was quantified on a OneDrop1000 UV spec‑
trophotometer (Nanjing Zihanmu Scientific Instrument Co., 
Ltd.). The first strand of cDNA was synthesized according to 
the BeyoRT II cDNA kit (Beyotime Institute of Biotechnology) 
with 0.5‑1.0 ng total RNA as the template. Subsequently, 
1 µl cDNA underwent qPCR to detect target genes using the 
BeyoFast SYBR Green qPCR Mix (Beyotime Institute of 
Biotechnology) on the LineGene9600 (Hangzhou Bioer Co., 
Ltd.). The protocol for qPCR was as follows: 95˚C for 5 min, 
followed by 95˚C for 15 sec and 60˚C for 20 sec for 40 cycles. 
GAPDH was used as the internal control. The relative expres‑
sion of target genes was calculated by the 2‑ΔΔCq method (15). 
The primers used were as follows: ATM, forward5'‑TGG​AAG​
CTG​CTT​GGG​AGA​AG‑3', reverse 5'‑AGG​CCA​GCA​TTG​
GAT​CTG​TT‑3'; GAPDH, forward5'‑GCA​CCG​TCA​AGG​CTG​
AGA​A‑3', reverse 5'‑TAA​GCA​GTT​GGT​GGT​GCA​GG‑3'.

Western blotting. Cancer cells were collected after treatment 
with macamide B, PBS or siATM and total proteins were 
extracted using the Protein Easy Extracting Kit (Beyotime 
Institute of Biotechnology) followed by quantification using a 
OneDrop spectrophotometer (OneDrop). A total of 10 µg protein 
was separated by SDS‑PAGE on a 12% gel, transferred onto 
PVDF membranes (MilliporeSigma), blocked with 5% nonfat 
milk at room temperature for 1 h, and incubated with antibodies 
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against each target protein for 12 h at 4˚C. Subsequently, the 
membranes were washed with TBS‑Tween 20 (0.5%) (Tansoole) 
before being incubated with HRP‑conjugated secondary anti‑
bodies for 1 h at room temperature. The membranes were then 
washed with TBS‑Tween 20 buffer three times and analyzed 
using an Enhanced ECL Chemiluminescent Substrate Kit 
(Shanghai Yeasen Biotechnology Co., Ltd.) and Tanon 4600 
Multi detection equipment (Tanon Science and Technology 
Co., Ltd., Shanghai, China). GAPDH was used as the internal 
control. The densitometry of each protein band was analyzed 
by ImageJ software (Ver1.51j8; National Institutes of Health). 
The following antibodies were used: ATM (cat. no. AF1399; 
dilution 1:5,000), RAD51 (cat. no. AF7860; dilution 1:500), 
Bcl‑2 (cat. no. AF0060; dilution 1:1,000), p53 (cat. no. AF1162; 
dilution 1:5,000), cleaved caspase‑3 (cat. no. AC033; dilu‑
tion 1:1,000) and HRP‑conjugated goat anti‑rabbit IgG (cat. 
no. A0208; dilution 1:1,000) (all purchased from Beyotime 
Institute of Biotechnology). Anti‑GAPDH (cat. no. ab181602; 
dilution 1:5,000) was purchased from Abcam.

Statistical analysis. The data in the present study were 
obtained from at least three replicates, are displayed as the 
mean ± standard deviation, and were analyzed using SPSS11.0 
software (SPSS, Inc.). Unpaired Student's t‑test was employed 
to evaluate the difference between two groups and one‑way 

ANOVA followed by Tukey's post hoc test was used for 
three groups or more. P<0.05 was considered to indicate a 
statistically significant difference among groups.

Results

Macamide B inhibits the proliferation of lung cancer cells. As 
shown in Fig. 1A, macamide B exhibited potent dose‑dependent 
inhibitory effects on the proliferation of lung cancer cell lines. 
The IC50 value of macamide B was ~2.5, 3.7 and 2.8 µmol/l 
respectively in H1299, A549 and H460 cells. The inhibitory 
effect of macamide B was also time dependent. As shown in 
Fig. 1B‑D, after 72 h of macamide B treatment, the difference 
in the proliferation of H1299, A549 and H460 cells was much 
lower than at 48 h compared with the PBS control. These find‑
ings indicated that macamide B inhibited the proliferation of 
lung cancer cell lines in a dose‑ and time‑dependent manner.

Macamide B inhibits the invasive ability of lung cancer cells. 
As shown in Fig. 2A and B, cell invasive abilities were markedly 
suppressed by macamide B compared with the PBS control in 
H1299, A549 and H460 cells. The relative cell invasion rates 
of H1299, A549 and H460 cells were 24.1, 33.7 and 67.7% of 
that in the PBS group, respectively (Fig. 2B). The differences 
between the macamide B and PBS groups were significant.

Figure 1. Macamide B inhibits cell proliferation. (A) Inhibitory effects of macamide B on lung cancer cell lines were dose‑dependent. Inhibitory effects of 
macamide B on (B) H1299, (C) A549 and (D) H460 cells were time‑dependent. #P<0.05 vs. macamide B.
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Macamide B induces the apoptosis of lung cancer cells. 
As shown in Fig. 3A and B, macamide B exerted a potent 
apoptosis‑promoting role in lung cancer cell lines. The rela‑
tive apoptotic rates in H1299, A549 and H460 cells were 31.7, 
20.2 and 23.1% in the macamide B group, respectively. The 
differences between the macamide B and PBS groups were 
significant.

Effects of a PARP inhibitor on lung cancer cells are enhanced 
by macamide B. Fig. 4A shows that olaparib, an inhibitor 
targeting PARP, displayed a proliferation‑suppressing role in 
lung cancer cells. The IC50 values of olaparib in H1299, A549 
and H460 cells were 18.5, 15.6 and 19.1 nmol/l, respectively. It 
was also found that the inhibitory effects of olaparib increased 
when combined with macamide B. As shown in Fig. 4B‑D, 
combined treatment with macamide B and olaparib exerted a 
much greater inhibitory effect at both 48 and 72 h on H1299, 
A549 and H460 cells than olaparib alone. In H460 cells, the 
combined group also showed a significant inhibitory effect 
at 24 h compared with olaparib alone. This suggested that 
macamide B may increase the sensitivity of cancer cells 
to olaparib.

ATM signaling pathway is affected by macamide B. Generally, 
the molecular signaling pathway is explored in one cell line. 
In the present study, the A549 cell line was used for this aim. 
As shown in Fig. 5A and B, using western blotting, it was 
revealed that the ATM signaling pathway was activated by 
macamide B. The expression levels of ATM were increased 
by ~2.5‑fold compared with that in the PBS control group. 
Consistently, the expression levels of downstream proteins, 
including RAD51, p53 and cleaved caspase‑3, were also 

significantly increased by macamide B. However, Bcl‑2 
expression was reduced by macamide B. Furthermore, when 
ATM expression was knocked down by siRNA targeting 
ATM (Fig.  5C), the expression patterns were reversed 
(Fig. 5A and B). At the cell level, the viability and invasive‑
ness of H1299 and A549 cells was affected when ATM was 
knocked down. H1299 cells lacks the p53 gene, whereas both 
A549 and H460 cells harbor the wildtype p53 gene; therefore, 
H1299 and A549 cells were used for further study. As shown 
in Fig. 6A, cell viability was suppressed by macamide B but 
ATM knockdown relieved this inhibitory effect. As shown in 
Fig. 6B and C, ATM knockdown also significantly recovered 
the invasive ability of lung cancer cells when macamide B 
was administered. Therefore, ATM may be a critical mediator 
of macamide B in lung cancer.

Discussion

Lung cancer is a great threat to human life and causes 
thousands of deaths yearly (11). However, due to the limited 
information regarding this malignant disease, the main treat‑
ment of surgery assisted by chemo/radiotherapy does not 
provide many benefits to patient survival rate (11‑14). New 
therapeutics, such as targeted drugs and immunotherapy, may 
slightly improve clinical outcomes (13‑16). Therefore, it is 
necessary to improve knowledge of this disease in order to 
develop new drugs or therapies for treatment.

Traditional medicine is a large resource consisting of 
thousands of active natural products. These products possess 
multiple activities, such as anti‑fatigue, anti‑inflammation 
and antitumor activities. Macamides are a class of active 
ingredients that have been extracted from maca in recent 

Figure 2. Macamide B inhibits cell invasion. (A) Invasion of H1299, A549 and H460 cells was suppressed by macamide B, as determined by Transwell assays. 
Magnification, x40. (B) Statistical analysis of data shown in (A). #P<0.05 vs. PBS.
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Figure 3. Macamide B induces cell apoptosis. (A) Apoptosis of H1299, A549 and H460 cells was induced by macamide B. (B) Statistical analysis of data shown 
in (A). #P<0.05 vs. PBS.

Figure 4. Macamide B increases the inhibitory role of olaparib in lung cancer. (A) Olaparib inhibited the proliferation ofH1299, A549 and H460 cells. 
A combination of macamide B and olaparib further inhibited in the proliferation of (B) H1299, (C) A549 and (D) H460 cells. #P<0.05 vs. PBS.
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Figure 6. ATM knockdown rescues the inhibitory role of macamide B. (A) Cell viability and (B) invasion were partially rescued by siATM. Magnification, x40. 
(C) Statistical analysis of data shown in (B). #P<0.05 vs. PBS. ATM, ataxia‑telangiectasia mutated; si, small interfering.

Figure 5. ATM signaling is regulated by macamide B. (A) Western blotting detected the expression levels of proteins after administration of macamide B, 
macamide B/siATM or PBS in A549 cells. (B) Statistical analysis of data shown in (A). (C) ATM was successfully knocked down by siRNA. #P<0.05 vs. PBS. 
ATM, ataxia‑telangiectasia mutated; NC, negative control; si, small interfering.
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years (1). Macamides were originally shown to have neuro‑
protective effects on the nervous system and have anti‑fatigue 
activity (8,9). Multiple reports also indicated that macamides 
exhibited anti‑inflammatory effects (6,7). A large number of 
experiments have demonstrated that inflammatory responses 
often precede cancer transformation  (17); therefore, it is 
reasonable to consider that macamides may have antitumor 
activity. Notably, macamides were recently reported to inhibit 
cell proliferation in more than one cancer cell type, includ‑
ingtheA549 lung cancer cell line (10). Consistently, the present 
study also revealed that macamide B inhibited the proliferation 
of H1299, A549 and H460 lung cancer cells. This inhibition 
was dose and time‑dependent. Furthermore, macamide B 
was also shown in the present study to suppress the invasive 
ability of lung cancer cell lines. Uncontrolled expansion and 
aggressive invasion are typical hallmarks in nearly all types 
of cancer  (18). Therefore, macamide B may be considered 
a potential candidate for lung cancer therapy. In addition, it 
was suggested that this inhibition was independent of p53, as 
macamide B also exerted inhibitory effects on H1299 cells 
lacking p53.

Programmed cell death is a strict process that maintains 
homeostasis and occurs throughout the entire lifespan of 
cells (19). In the present study, macamide B was shown to 
induce the apoptosis of H1299, A549 and H460 cells. To 
the best of our knowledge, this is the first report exploring 
the role of macamides in cell apoptosis in cancer and the 
first demonstration of the pro‑apoptotic role of macamides. 
At the molecular level, the data further support this 
suggestion. The expression levels of Bcl‑2 were greatly 
reduced by macamide B in lung cancer cell lines. Bcl‑2 is 
a typical anti‑apoptotic protein that negatively regulates 
apoptosis (19). p53 is a well‑known tumor suppressor and 
p53 mutations can inhibit cell apoptosis signaling, which is 
frequently detected in the tumor genome (20). In the present 
study, macamide B increased p53 expression in lung cancer 
cell lines, which further confirmed the apoptosis‑promoting 
role of macamide B. Consistently, an increase in caspase‑3 
expression by macamide B was observed. Caspase‑3 is a 
critical effector in the caspase cascade response and is 
cleaved when apoptosis is activated (19). In addition, in the 
present study, it was found that ATM and RAD51 levels 
were significantly increased by macamide B. ATM and 
RAD51 are important members of the ATM/ATR signaling 
pathway, which is responsible for DNA damage repair (21). 
Macamide B may therefore participate in DNA damage 
repair in lung cancer.

Olaparib is a specific inhibitor against PARP, which 
has been applied in the clinic to treat ovarian and prostate 
cancer  (22). In lung cancer, olaparib has been reported to 
increase the efficacy of temozolomide in relapsed lung 
cancer cases (23). Temozolomide is a DNA‑target drug that 
causes cell apoptosis after DNA damage (23). In the present 
study, it was revealed that a combination of macamide B and 
olaparib further inhibited cell proliferation, suggesting that 
the sensitivity of lung cancer cells to olaparib was increased 
by macamide B. In addition, olaparib has shown a potent 
inhibitory role in cancer bearing BRCA1/2 mutations (24). 
BRCA1/2 play important roles in the DNA damage repair 
system (25). Cancer cases with BRCA1/2 mutations are more 

sensitive to PARP inhibitors, which is due to disruption of the 
ATM‑mediated DNA damage repair system (25). Based on 
the increased expression levels of ATM and RAD51 observed 
in the present study, macamide B may also participate in the 
DNA damage repair process in lung cancer. When ATM was 
knocked down by siRNA oligonucleotides, the expression 
patterns of RAD51, Bcl‑2, p53 and cleaved caspase‑3 after 
macamide B treatment were reversed. Cell proliferation and 
cell invasion abilities were also partially recovered by siATM. 
These data suggested that macamide B may cause DNA 
damage in lung cancer and that the ATM signaling pathway 
might be involved in this process. However, additional experi‑
ments are warranted to support this conclusion. For example, 
the role of macamide B in an in vivo model will be a focus 
of future studies. In addition, DNA damage assays, such as 
the comet assay, may further confirm the conclusions of the 
present study. Our future aims are to assess the mechanism in 
more cell lines.

In summary, in the present study, macamide B was shown 
to inhibit the proliferation and invasion, and induce the apop‑
tosis of lung cancer cells. Macamide B also participated in 
regulating the ATM signaling pathway. In addition, macamide 
B increased the inhibitory effect of olaparib on lung cancer 
cells. The present study therefore provides novel information 
regarding the treatment of patients with lung cancer.
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