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Abstract

Gambogic acid is a natural bioactive compound from the brownish resin of the Garci-

nia hanburyi trees, which has been shown to induce cell death of cancer cells with a

synergistic effect together with other compounds. In the present study, we aim to

investigate whether the combination of gambogic and chloroquine, one of the inhibi-

tor of autophagy, could increase cell death in human NSCLC cells. As a result, gambo-

gic acid and chloroquine synergistically suppress the growth of NSCLC cells (CI <0.9).

Moreover, the combination of gambogic acid and chloroquine significantly promotes

apoptosis than that either alone does. Mechanistically, the results demonstrate that

gambogic acid increases PINK1 expression at mRNA and protein level, accompanied

with downregulation of Tom20, suggesting the mitophagy process is activated. Both

silencing PINK1 and treatment of chloroquine could inhibit mitophagy, therefore dis-

rupting the clearance of damaged mitochondria. Thus, co-treatment of gambogic acid

and chloroquine results in an elevated level of ROS, which facilitates cell death.

Taken together, our finding highlights that the synergistically inhibitory effect of

gambogic acid and chloroquine on NSCLC cells is associated with the accumulation

of mitochondrial damage.
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1 | INTRODUCTION

Gambogic acid (GA, structure as in Figure 1A) is one of the main com-

ponents derived from the brownish resin of the Garcinia hanburyi

trees which are mainly found in Southeast Asia, and have been widely

used as traditional herb medicines. As the most studied member of

natural product family that is structurally characterized by a xanthone

backbone where the C ring has been converted into a caged tricyclic

structure, GA has been reported to exert anticancer activity in a wide
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spectrum of cancer cells including non-small-cell lung cancer (NSCLC)

and multiple animal models.1 Most importantly, GA has been proven

to be safe and beneficial for cancer patients in phase I and phase IIA

clinical trials in China.2 Nevertheless, the underlying mechanisms

remain to be investigated.

Mitochondria play essential roles in energy production, retention

of redox balance, calcium buffering, and cell death.3 Evolutionally, cells

have adopted multiple quality-control systems in response to mito-

chondrial damage, including biogenesis of healthy mitochondria, mito-

chondrial fusion and fission, as well as the selective removal of

dysfunctional mitochondria by autophagy which is usually referred to

as mitophagy. It has been believed that the mitophagy process is con-

servational in both mammalian and yeast cells, in which PINK1-Parkin-

dependent mitophagy is the most characterized pathway. PINK1 senses

damaged mitochondria, and subsequently recruits cytosolic Parkin to

the outer mitochondrial membrane, which enables recognition of the

marked mitochondria by receptor proteins such as SQSTM1/p62 for

autophagic elimination.4 It has been recognized that mitophagy plays

dual functions for cancer cell survival depending on cell content and

stress condition. Mitophagy activation may reduce mitochondrial oxida-

tive stress injury, and eliminate pro-apoptotic mitochondria, therefore

playing cytoprotective roles in cancer cells.5,6 Indeed, inhibition of

PINK1-Parkin mediated mitophagy increases the apoptotic cell death of

multidrug-resistant cancer cells induced by betulinic acid analog B5G1

in liver cancer.7 Moreover, an E3 ubiquitin ligase ARIH1/HHARI which

stimulates mitophagy protects cancer cells from chemotherapy-induced

toxicity.8 These evidences suggest that mitophagy inhibition in cancer

cells might improve the efficiency of chemotherapy. However, it

remains necessary to explore the potential of targeting mitophagy as a

therapeutic strategy for certain tumors.

Previously reports showed that GA could localize in mitochondria

and then cause its damage.9 In the current study, our data demon-

strate that GA induces the mitophagic process through increasing

PINK1 expression in human NSCLC cells. Moreover, inhibition of

mitophagy with chloroquine (CQ, structure as in Figure 1B) signifi-

cantly enhances the cytotoxicity of GA against NSCLC cells, which

may be attributed to excessive ROS production resulting from the

accumulation of damaged mitochondria. Scavenging of ROS or

silencing of PINK1 dramatically decreases cell death induced by the

combined GA and CQ in NSCLC cells.

2 | MATERIALS AND METHODS

2.1 | Reagents

GA and CQ were purchased from MedChem Express (Shanghai,

China) and dissolved in DMSO as a stock solution at 2 and 80 mM,

respectively. MTT and NAC solutions were obtained from Beyotime

(Shanghai, China). Primary antibodies against PINK1, Tom20, and

ACTB were from Santa Cruz Biotechnology (Santa Cruz, CA).

2.2 | Cell culture

Human NSCLC cell lines (A549, H460) were purchased from Cell Bank

of Shanghai Institute of Biochemistry and Cell Biology (Shanghai,

China). Cells were grown in RMPI-1640 medium (Gibco, USA) supple-

mented with 10% heat-inactivated FBS (Gibco). All cells were kept in

a humidified atmosphere of 5% CO2 at 37�C.

2.3 | MTT assay and combination index

Briefly, cells (5 � 103) were seeded into 96-well culture plates for

incubation overnight. After treatment, MTT solution was added into

each well for further 4 h incubation at 37�C. Then MTT solution was

aspirated, followed by the addition of 100 μL DMSO solution into the

wells for 15 min. After that, the absorbance of the sample was mea-

sured at 490 nm using a microplate reader (Bio-Tek, Winoosky, VT).

For combined treatment with two drugs, cells were first exposed to

CQ for 2 h, then treated with GA for another 24 h. The combination

index (CI) was calculated according to the method of Chou and Tala-

lay, using the Calcusyn software (Biosoft, UK). If the CI <0.90, this

indicated synergism; a CI between 0.90 and 1.10 indicated an additive

effect; and a CI >1.10 indicated antagonism.

F IGURE 1 Structure of GA and CQ. (A) Chemical structure of GA; (B) Chemical structure of CQ.
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2.4 | Flow cytometry

Cells were cultured in six well plates overnight. After appropriate

treatment, cells were washed with cold PBS, followed by staining with

Annexin V-FITC/PI (KeyGEN BioTECH, Nanjing, China) and

DCFH-DA (Beyotime) respectively, according to the manufacturer's

instruction. The stained cells were subjected to a FACS Calibur flow

cytometer (BD Biosciences, Bedford, MA) to analyze cell apoptosis

and intracellular ROS production.

2.5 | RNA isolation and real-time PCR analysis

Total RNA was extracted from cells using the RNA-easy isolation

reagent (Vazyme, Nanjing, China). RNA (1 μg) was reverse transcribed

using a HiScript III cDNA synthesis kit (Vazyme) according to the man-

ufacturer's instruction. Real-time PCR was carried out by SYBR Green

Supermix (Roche, Pleasanton, CA) with the following primer sets:

PINK1-sense (50-GGACACGAGACGCTTGCA-30); PINK1-antisense

(50-TTACCAATGGACTGCCCTATCA-30); GAPDH-sense (50-

TCTGGTAAAGTGGATATTGTTG-30); and GAPDH-antisense (50-

GATGGTGATGGGATTTCC-30). Gene expression levels were analyzed

by Applied Biosystems QuantStudio 5 Real-time PCR system (Life

Technologies) using GAPDH as a house-keeping gene. The fold

change in mRNA levels was calculated through the 2�ΔΔCt method.

2.6 | Measurement of cytoplasmic mtDNA

Cells were seeded in six-well plates (3–5 � 105 cells per well) and

treated with GA for 24 h. After that, cytosolic mtDNA was iso-

lated from the same number of untreated or GA-treated cells, and

then quantified by real-time PCR analysis as described

previously.10

2.7 | RNA interference

Cells were seeded on a 6-well plate (3 � 105 cells/well). After 24 h,

siRNA for control and PINK1 (sense: 50-UGGAUUUGUACCAUUCUU-

CUGdTdT-30) were transfected at a final concentration of 30 nM

using siRNA Lipofectamine RNAiMAX Transfection Reagent

(Invitrogen, USA) according to the manufacturer's instruction. The

efficiency of gene silencing was evaluated by real time PCR and west-

ern blot analysis.

2.8 | Western blot analysis

Briefly, cells were lysed using RIPA buffer with protease/

phosphatase inhibitors. After centrifugation with highest speed, the

supernatant protein concentration was determined by BCA protein

assay (Pierce, Rockford, IL). The protein samples were mixed with

loading buffer and then boiled for 5 min. Equal amounts of dena-

tured proteins (30 μg) was subjected to SDS-PAGE gel electrophore-

sis and then transferred onto a nitrocellulose membrane. After

blocking by 5% non-fat milk in PBS, the membrane was incubated

with specific primary antibodies overnight at 4�C. After three wash-

ing with PBS-T solution, the membrane was incubated with HRP-

conjugated secondary antibodies for 1 h at room temperature. The

detection was performed by Amersham Imager 600 (GE Healthcare,

Buckinghamshire, UK).

2.9 | Statistical analysis

The data represented as means ± SD from at least three independent

experiments. Statistical analysis was performed by GraphPad Prism

8 using one-way ANOVA coupled with a post hoc test. Differences

between the groups was considered as statistical significance at

P < .05*, P < .01**, P < .001***, and P < .0001****.

3 | RESULTS

3.1 | GA and CQ acted synergistically against
NSCLC cells

It has been documented that GA induces apoptosis in human

NSCLC cells.11 As Figure 2A shown, GA indeed suppressed cell

growth in both A549 and H460 cells in does- and time-dependent

way, which was consistent with previous reports. To investigate

whether CQ could promote cell death of NSCLC cells caused by

GA, cell viability assay was performed when GA caused around 50%

growth inhibition and CQ did not induce significant cell death. A549

and H460 cells were, respectively, pretreated with CQ for 2 h as

indicated, followed by the incubation with GA at different concen-

trations for 24 h. As a result, the cytotoxicity of GA was enhanced

in the presence of CQ (Figure 2B). The combination index of the

synergistic effect between CQ and GA was calculated as shown in

Figure 2C, suggesting GA had the synergism with CQ treatment in

human NSCLC cells.

3.2 | CQ promoted apoptosis induced by GA

To further evaluate the synergistic effect of GA with CQ on cell

death of NSCLC cells, A549 and H460 cell were treated with GA or

CQ alone and the combination, and the apoptosis assay was per-

formed. As shown in Figure 3A–D, either GA or CQ alone did not

lead to significant apoptosis in A549 and H460, whereas the combi-

nation of GA and CQ dramatically result in about 50% cell apopto-

sis. Given that CQ is a well-known inhibitor for cellular autophagy,

it is reasonable to speculate that GA caused certain cellular injury

which could be removed by autophagy process, thus promoting cell

survival.
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3.3 | GA promoted mitophagy in NSCLC cells

Since GA could target mitochondria, we next investigate that whether

GA could induce cytoprotective mitophagy in NSCLC cells. Given that

PINK1 plays vital roles in initiation of mitophagy, we examined the

mRNA expression of PINK1 in NSCLC cells using qPCR. As showed in

Figure 4A, compared with control group, GA treatment caused signifi-

cant increase in PINK1 mRNA expression in both A549 and H460

cells. Moreover, GA also upregulated the level of PINK1 protein con-

sistently as measured by immunoblotting, which was accompanied

with decrease in mitochondrial protein Tom20, suggesting mitophagy

was activated (Figure 4B). These results suggested that GA could acti-

vate mitophagy processes in NSCLC cells, protecting cell from

apoptosis.

3.4 | Inhibition of mitophagy increased the
generation of damaged mitochondria by GA

Damaged mitochondria usually loss their membrane integrity which

resulted in the release of its DNA into cytoplasm. To blocking the

mitophagy induced by GA, A549 cell were treated with specific siRNA

F IGURE 2 Effect of GA and CQ on NSCLC cell growth. (A) A549 and H460 cells were treated with GA as indicated for 24 h. Then MTT assay
were performed for evaluating cell viability. (B) A549 and H460 cells were treated with either GA or CQ alone and the combination as indicated
for 24 h. The MTT assay was carried out. (C) The combination index (CI) for GA and CQ was calculated using the Calcusyn software.
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against PINK1 and chloroquine, and the level of cytosolic mitochon-

drial DNA (mtDNA) was determined to evaluate the

mitochondrial damage under the inhibition of mitophagy. PINK1 was

significantly downregulated by siRNA transfection at the mRNA and

protein level with efficiency of about 70% (Figure 5A,B). As expected,

silence of PINK1 promoted the level of cytosolic mtDNA compared

with GA treatment alone which caused slightly alteration (Figure 5C).

Concomitantly, the combination of GA and CQ dramatically induced

mtDNA translocation into the cytosol (Figure 5D) as well. These data

demonstrated that genetic and pharmacological blockage of mito-

phagy increased the accumulation of damaged mitochondria in the

presence of GA.

F IGURE 3 Effect of GA and CQ
on apoptosis in NSCLC cells. (A–D)
A549 and H460 cells were treated
with GA (0.8 μM) or CQ (40 μM)
alone and the combination for 24 h.
Cells were harvested and stained
using Annexin V-FITC and PI, and
flow cytometry was conducted for
apoptosis analysis. The

representative data were shown on
the left panel, and the quantitative
data were present on the right
panel, respectively.

F IGURE 4 GA promoted
mitophagy in NSCLC cells. (A) A549
and H460 cell were treated with GA
as indicated for 24 h. The cells were
harvested and total RNA was isolated.
After synthesis of cDNA, it is
subjected to qPCR analysis for PINK1
mRNA expression. (B) Cells were
treated as (A), and the lysates were
subjected to western blot analysis
through specific antibodies using
ATCB as loading control.
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3.5 | GA and CQ induced cell death dependent
on ROS

The dysfunction of mitochondria would produce excessive ROS which

eventually lead to cell death. To further demonstrate whether the

combination of GA and CQ could induce the accumulation of ROS in

NSCLC cells, we detected the intracellular ROS level using flow cyto-

metry analysis. As shown in Figure 6A–C, the level of ROS was ele-

vated significantly due to treatment with GA and CQ combination in

both A549 and H460 cells, whereas only slight change of ROS was

observed for GA or CQ alone treatment, compared with control

group. Furthermore, the addition of NAC, a ROS scavenger, almost

restore the cell viability decreased by the combination of GA and CQ

(Figure 6D,E). These results suggested that inhibition of mitophagy

could impar the clearance of damaged mitochondria, therefore con-

tributing to generation of excessive ROS, and eventually increasing

cell death.

4 | DISCUSSION

Globally, lung cancer is still the leading cause of cancer-associated

death.12 Based on the clinical data, �80%–85% lung cancer patients

are classified as NSCLC.13,14 Despite recent progression made in

NSCLC treatment, the outcomes remain poor due to drug resistance

or toxicity.15 Furthermore, consistent clinical benefits of immune

checkpoint inhibitor treatment (e.g., PD-L1/PD-1 inhibitor) are limited

to a subset of patients. Therefore, additional therapeutic approaches

with good efficiency must be developed to reduce the burden of lung

cancer in clinic. For decades, substantial efforts have been focused on

identifying compounds from natural organisms that could be able to

suppress tumor growth with little or no side effects, or function syner-

gistically with chemotherapeutic drugs for reducing side effects and

overcoming drug resistance.16

As a well-documented natural compound of xanthones family in

terms of pharmaceutical study, GA has a high efficacy anticancer

F IGURE 5 Effect of GA on mitochondria under the inhibition of mitophagy. (A–C) A549 cells were transiently transfected with Scramble or
siRNA against PINK1 overnight, and then treated with GA (0.8 μM) for 24 h. Total RNA was collected to synthesize cDNA, which was used for
qPCR analysis. The relative mRNA expression of PINK1 was shown using GAPDH gene as internal reference (A). The lysates were subjected to
western blot for detecting PINK1 expression (B). Cytoplasmic DNA was isolated and mtDNA was determined using specific primers by qPCR as
described in Section 2. (D) A549 cells were treated with GA (0.8 μM) or CQ (40 μM) alone and the combination for 24 h. The mtDNA was
measured as described above.
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effect in a large spectrum of cell lines or animal models.1,17 However,

this compound may cause adverse effects on gastroenterology and

blood system at high concentration in animal studies.18–20 Combining

with other compounds or drugs could be better options to reduce

adverse reactions and enhance its anticancer activity. Indeed, several

studies showed that GA exhibited synergistic antitumor effect with

other compounds.21–25 In present study, we showed that the combi-

nation of GA with CQ could be potentially therapeutic strategy

against NSCLC. CQ enhances cell death induced by GA in NSCLC

cells, which might result from inhibition of mitophagy process, thereby

increasing mitochondrial damage as well as intracellular ROS. How-

ever, the mitochondrial dysfunction has been associated with innate

immune response and inflammation, which is also closely related with

tumor progression.26,27 It is worthwhile to further investigate the

effect of GA and CQ on NSCLC development in vivo in order to

deeply understand the relationship of cancer cells and antitumor

immune response.

Aberrant function of mitochondria largely contributes to tumor ini-

tiation and progression, such as aerobic glycolysis, imbalance of cellular

redox status, excessive ROS production, and generation of apoptotic or

proinflammatory signals in response to the tumor microenvironment.28

As a classic mechanism for mitochondrial quality control, mitophagy as

an evolutionarily conserved cellular process to remove damaged mito-

chondria could be involved in either promoting or limiting tumorigene-

sis. The potential of targeting mitophagy for tumor therapy remains

under exploration. It has been documented that the failure of mito-

phagy is beneficial to the oncogenic stresses and tumorigenesis.29

Moreover, several proteins responsible for mitophagy, including

FUNDC1, Parkin, BNIP3, BNIP3L/NIX, and p62/SQSTM1, are deregu-

lated in cancers.30 Nevertheless, it has been documented that the inhi-

bition of mitophagy is able to sensitize the esophageal squamous cell

carcinoma (ESCC) patients for chemotherapy, suggesting the role of

mitophagy in promoting chemoresistance and survival of the cancer

cells and.31 Consistently, our data also showed that GA could activated

mitophagy pathway through enhancing PINK1 expression in NSCLC

cells, which then partially attenuated its anticancer effect. Interestingly,

a very recent report showed garciesculenxanthone B (GeB), another

natural xanthone compound, can stabilize PINK1 and induce mitophagy

as well, suggesting that there could be some common mechanisms

involved for compounds with similar structure.32

Mitochondria are well-known central integrators for intrinsic and

extrinsic apoptotic pathways, and the structure and/or function alter-

ations has been long linked to apoptosis. In fact, most chemothera-

peutic agents lead to mitochondrial damage directly or indirectly,

therefore causing mitochondrial apoptosis in cancer cells. However, it

is known mitochondria can function as a multifaceted regulator of cell

death including apoptosis, necrosis, pyroptosis, and ferroptosis.33

Whether certain type of cell death is dominant during treatment of

GA and CQ combination remains unclear. On the other hand, as a

highly conserved cellular process, autophagy is responsible for clear-

ance of various damaged organelles, such as mitochondria, endoplas-

mic reticulum, lysosome, and so on. Suppression of autophagy by CQ

cannot only block mitophagy, but it also reduces the removal of other

intracellular organelle, which may collectively elevate cellular ROS

production. Given the ambiguous roles of autophagy in tumorigenesis,

it is still necessary to carefully evaluate the effect of GA combined

with CQ on NSCLC.

F IGURE 6 Effect of GA and CQ on ROS production in NSCLC

cells. (A–C) A549 and H460 cells were treated with GA (0.8 μM) or
CQ (40 μM) alone and the combination with or without NAC (5 mM)
for 24 h. Cells were harvested and subjected to flow cytometry
analysis. ROS level was represented as fold change compared with
control group. The representative photos were shown at the upper
panel and the quantitative data were plotted out at the middle panel.
(D and E) A549 and H460 cells were treated with the combination of
GA and CQ in the absence or presence of NAC for 24 h. MTT assay
was performed for cell viability analysis.
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In summary, we observed that GA caused mitochondrial damage

which was accompanied with activated mitophagy through upregulat-

ing PINK1 expression. Inhibition of mitophagy by CQ leads to the cel-

lular accumulation of damaged mitochondria and boosts ROS

production, therefore promoting cell death. These finding demon-

strated that GA-induced mitophagy is cytoprotective and CQ exhib-

ited synergistical anticancer effect with GA together in NSCLC cells

in vitro.

AUTHOR CONTRIBUTIONS

Xiaoliu Wu and Jun Yu designed the study; Shiye Jiang and Zhiling

Dai performed experiments. Shiye Jiang, Zhiling Dai, Yuanying Zhang,

Xiaoliu Wu and Ming Zhu analyzed the data; Xiaoliu Wu and Jun Yu

drafted the article; All authors interpreted the data, revised the article.

CONFLICT OF INTEREST STATEMENT

The authors declared no potential conflicts of interest with respect to

the research, authorship, and publication of this article.

PEER REVIEW STATEMENT

The authors have nothing to report.

ETHICS STATEMENT

The authors are accountable for all aspects of the work in ensuring

that questions related to the accuracy or integrity of any part of the

work are appropriately investigated and resolved. This study was

exempt by Institutional Review Board (IRB) approval because the orig-

inal data were from a public database.

ORCID

Xiaoliu Wu https://orcid.org/0009-0001-7287-4431

REFERENCES

1. Liu YL, Chen YC, Lin LF, Li H. Gambogic acid as a candidate for cancer

therapy: a review. Int J Nanomed. 2020;15:10385-10399.

2. Chi YHBL, Zhan XK, Yu H, et al. An open-labeled, randomized, multi-

center phase IIa study of gambogic acid injection for advanced malig-

nant tumors. Chin Med J. 2013;126:1642-1646.

3. Nunnari J, Suomalainen A. Mitochondria: in sickness and in health.

Cell. 2012;148:1145-1159.

4. Ashrafi G, Schwarz TL. The pathways of mitophagy for quality

control and clearance of mitochondria. Cell Death Differ. 2013;20:

31-42.

5. Panigrahi DP, Praharaj PP, Bhol CS, et al. The emerging, multifaceted

role of mitophagy in cancer and cancer therapeutics. Semin Cancer

Biol. 2020;66:45-58.

6. Bernardini JP, Lazarou M, Dewson G. Parkin and mitophagy in cancer.

Oncogene. 2017;36:1315-1327.

7. Yao N, Wang CR, Hu N, et al. Inhibition of PINK1/Parkin-dependent

mitophagy sensitizes multidrug-resistant cancer cells to B5G1, a new

betulinic acid analog. Cell Death Dis. 2019;10(3):232.

8. Villa E, Proics E, Rubio-Patino C, et al. Parkin-independent mitophagy

controls chemotherapeutic response in cancer cells. Cell Rep. 2017;

20:2846-2859.

9. Guizzunti G, Batova A, Chantarasriwong O, Dakanali M,

Theodorakis EA. Subcellular localization and activity of gambogic acid.

Chembiochem. 2012;13:1191-1198.

10. Bronner DN, O'Riordan MX. Measurement of mitochondrial DNA

release in response to ER stress. Bio Protoc. 2016;6(12):e1839.

11. Zhu X, Zhang H, Lin Y, et al. Mechanisms of gambogic acid-induced

apoptosis in non-small cell lung cancer cells in relation to transferrin

receptors. J Chemother. 2009;21:666-672.

12. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global

cancer statistics 2018: GLOBOCAN estimates of incidence and mor-

tality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.

2018;68:394-424.

13. Chen Z, Fillmore CM, Hammerman PS, Kim CF, Wong KK. Non-small-

cell lung cancers: a heterogeneous set of diseases. Nat Rev Cancer.

2014;14:535-546.

14. Herbst RS, Morgensztern D, Boshoff C. The biology and management

of non-small cell lung cancer. Nature. 2018;553:446-454.

15. Kris MG, Gaspar LE, Chaft JE, et al. EAdjuvant systemic therapy and

adjuvant radiation therapy for stage I to IIIA completely resected

non-small-cell lung cancers: American Society of Clinical

Oncology/Cancer Care Ontario clinical practice guideline update.

J Clin Oncol. 2017;35:2960.

16. Al-Yozbaki M, Wilkin PJ, Gupta GK, Wilson CM. Therapeutic poten-

tial of natural compounds in lung cancer. Curr Med Chem. 2021;28:

7988-8002.

17. Hatami E, Jaggi M, Chauhan SC, Yallapu MM. Gambogic acid: a shin-

ing natural compound to nanomedicine for cancer therapeutics. Bio-

chim Biophys Acta Rev Cancer. 2020;1874(1):188381.

18. Liu YT, Hao K, Liu XQ, Wang GJ. Metabolism and metabolic inhibition

of gambogic acid in rat liver microsomes. Acta Pharmacol Sin. 2006;

27:1253-1258.

19. Hao K, Liu XQ, Wang GJ, Zhao XP. Pharmacokinetics, tissue distribu-

tion and excretion of gambogic acid in rats. Eur J Drug Metab Pharma-

cokinet. 2007;32:63-68.

20. Cai LL, Qiu N, Xiang ML, et al. Improving aqueous solubility and anti-

tumor effects by nanosized gambogic acid-mPEG(2000) micelles. Int J

Nanomed. 2014;9:243-255.

21. Hatami E, Nagesh PKB, Jaggi M, Chauhan SC, Yallapu MM. Gambogic

acid potentiates gemcitabine induced anticancer activity in non-small

cell lung cancer. Eur J Pharmacol. 2020;888:173486.

22. Zhang WD, Zhou HC, Yu Y, et al. Combination of gambogic acid with

cisplatin enhances the antitumor effects on cisplatin-resistant lung

cancer cells by downregulating MRP2 and LRP expression. Onco Tar-

gets Ther. 2016;9:3359-3368.

23. Wang JX, Yuan ZX. Gambogic acid sensitizes ovarian cancer cells to

doxorubicin through ROS-mediated apoptosis. Cell Biochem Biophys.

2013;67:199-206.

24. Wang YH, Sui YN, Tao YG. Gambogic acid increases the sensitivity to

paclitaxel in drug-resistant triple-negative breast cancer via the SHH

signaling pathway. Mol Med Rep. 2019;20:4515-4522.

25. Wei JC, Yang P, Li WL, et al. Gambogic acid potentiates the chemo-

sensitivity of colorectal cancer cells to 5-fluorouracil by inhibiting pro-

liferation and inducing apoptosis. Exp Ther Med. 2017;13:662-668.

26. West AP. Mitochondrial dysfunction as a trigger of innate immune

responses and inflammation. Toxicology. 2017;391:54-63.

27. Khandia R, Munjal A. Interplay between inflammation and cancer. Adv

Protein Chem Struct Biol. 2020;119:199-245.

28. Burke PJ. Mitochondria, bioenergetics and apoptosis in cancer. Trends

Cancer. 2017;3:857-870.

29. Chang JY, Yi HS, Kim HW, Shong M. Dysregulation of mitophagy in

carcinogenesis and tumor progression. Biochim Biophys Acta Bioenerg.

2017;1858:633-640.

30. Drake LE, Springer MZ, Poole LP, Kim CJ, Macleod KF. Expanding

perspectives on the significance of mitophagy in cancer. Semin Cancer

Biol. 2017;47:110-124.

31. Yamashita K, Miyata H, Makino T, et al. High expression of the

mitophagy-related protein Pink1 is associated with a poor response

to chemotherapy and a poor prognosis for patients treated with

SUN ET AL. 179

https://orcid.org/0009-0001-7287-4431
https://orcid.org/0009-0001-7287-4431


neoadjuvant chemotherapy for esophageal squamous cell carcinoma.

Ann Surg Oncol. 2017;24:4025-4032.

32. Wu M, Lu G, Lao YZ, et al. Garciesculenxanthone B induces

PINK1-Parkin-mediated mitophagy and prevents ischemia-

reperfusion brain injury in mice. Acta Pharmacol Sin. 2021;42:

199-208.

33. Bock FJ, Tait SWG. Mitochondria as multifaceted regulators of cell

death. Nat Rev Mol Cell Biol. 2020;21:85-100.

How to cite this article: Sun Y, Wu X, Zhu M, et al. Gambogic

acid and chloroquine synergistically induce cell death via

increasing mitochondria damage in human NSCLC cells.

Precision Medical Sciences. 2024;13(3):172‐180. doi:10.1002/

prm2.12133

180 SUN ET AL.

info:doi/10.1002/prm2.12133
info:doi/10.1002/prm2.12133

	Gambogic acid and chloroquine synergistically induce cell death via increasing mitochondria damage in human NSCLC cells
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Reagents
	2.2  Cell culture
	2.3  MTT assay and combination index
	2.4  Flow cytometry
	2.5  RNA isolation and real-time PCR analysis
	2.6  Measurement of cytoplasmic mtDNA
	2.7  RNA interference
	2.8  Western blot analysis
	2.9  Statistical analysis

	3  RESULTS
	3.1  GA and CQ acted synergistically against NSCLC cells
	3.2  CQ promoted apoptosis induced by GA
	3.3  GA promoted mitophagy in NSCLC cells
	3.4  Inhibition of mitophagy increased the generation of damaged mitochondria by GA
	3.5  GA and CQ induced cell death dependent on ROS

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST STATEMENT
	PEER REVIEW STATEMENT
	ETHICS STATEMENT
	ORCID
	REFERENCES


