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Abstract
Background: α-hederin an effective component of Pulsatilla chinensis (Bunge) Regel, Studies showed
that α-hederin exert many pharmacological activities, However, the effect of α-hederin on metabolism is
still unclear. This study aimed to illuminate the role of α-hederin in glucose metabolism in lung cancer
cells and investigate the molecular mechanism of α-hederin.

Methods: CCK8 and colony formation assays were employed to assess the anti-proliferative effects
induced by α-hederin. Glucose uptake, ATP generation, and reduced lactate production were measured
using kits, and an A549 tumor xenograft mouse model of lung cancer was used to assess the in vivo
antitumor effect of α-hederin (5, 10 mg/kg). Glycolytic-related key enzymes hexokinase 2 (HK2), glucose
transporters 1 (GLUT1), pyruvate kinase M2 (PKM2), lactate dehydrogenase A (LDHA), monocarboxylate
transporter (MCT4), c-Myc, Hypoxia inducible factor-1α (HIF-1α) and Sirtuin 6 (SIRT6) protein expression
were detected by western blotting and immunohistochemical staining and SIRT6 inhibitors was verified in
A549 cells. Results: Our results showed that cell proliferation was significantly inhibited by α-hederin in a
dose-dependent manner and that α-hederin inhibited glucose uptake and ATP generation and reduced
lactate production. Furthermore, α-hederin remarkably inhibited HK2, GLUT1, PKM2, LDHA, MCT4, c-Myc,
HIF-1α and activated SIRT6 protein expression. Using inhibitors, we proved that α-hederin inhibits
glycolysis by activating SIRT6. Moreover, a tumor xenograft mouse model of lung cancer further
confirmed that α-hederin inhibits lung cancer growth via inhibiting glycolysis in vivo. Conclusions: α-
hederin inhibits the growth of non-small cell lung cancer A549 cells by inhibiting glycolysis. The
mechanism of glycolysis inhibition includes α-hederin activating the expression of the glycolytic related
protein SIRT6.

Background
In recent years, the incidence of lung cancer has been increasing. More than one million people die of
lung cancer every year worldwide, representing an important factor tumor associated death [1, 2]. Lung
cancer primarily includes two types, small cell lung cancer and non-small cell lung cancer (NSCLC).
NSCLC accounts for 85% of all lung cancer patients. Since early symptoms are not obvious,
approximately 70% of patients with NSCLC are diagnosed with advanced lung cancer, and the 5-year
survival rate is a mere 16%. Despite early lung cancer patients having a choice to receive combined
chemotherapy and surgery at the same time, which is the current recommended standard treatment,
chemotherapy often causes many adverse reactions, and recently, progress in treatment modalities have
improved, including surgery, chemotherapy and radiation therapy [3–5]. However, despite these advances,
NSCLC prognosis has not improved. Therefore, additional therapeutic strategies are needed.

Energy metabolism refers to the state in which energy is generated, released, stored and consumed by
organisms or living cells during the process of metabolism. Energy metabolism is primarily divided into
glucose metabolism, protein metabolism and fat metabolism. Under normal conditions, cells primarily
generate energy through aerobic respiration. Only when oxygen content is insufficient do cells adopt the



Page 3/19

method of glycolysis to generate energy. This process is called anaerobic respiration. Unlike normal cells,
however, tumor cells generate energy primarily by glycolysis, even in aerobic conditions, a phenomenon
known as the Warburg effect. Glycolytic capacity is characterized by rapid productivity but low efficiency.
Tumor cells rapidly proliferate, which requires swift energy consumption. Meanwhile, lactic acid
generated by glycolysis creates an acidic environment for tumor cells, which is conducive to their growth,
leading to rapid proliferation of tumor cells [6. 7].

Pulsatilla chinensis (Bunge) Regel, which is used for its clearing heat as a detoxifying agent, has been
reported to exert many pharmacological activities such as anti-malaria, anti-bacterial infection [8] and
anti-cancer [9]. α-hederin (Fig. 1a) belong to the monosaccharide chain pentacyclic triterpenoid saponins
and is one of the effective components of the Chinese traditional medicine Pulsatilla chinensis (Bunge)
Regel, studies have found that α-hederin has many pharmacological effects, such as anti-tumor, anti-
fungal, insecticidal, anti-spasmodic, analgesic, anti-fungal and hepatic protection [10–14].

This experiment, using in vitro and in vivo studies of α-Hederin, addressed NSCLC inhibition,
determination of glucose in glycolytic tumor metabolism, lactate and ATP content, key enzyme in the
process of glycolytic metabolism and relevant transporters. Moreover, we assessed related regulatory
factors in glycolysis to clarify α-hederin’s effect on the inhibitory mechanism of non-small cell lung
cancer.

Materials And Methods

Chemicals and reagents
α-hederin was provided by Cheng du PUSH BIO-TECHNOLOGY (purity 99%), cell count kit 8 (CCK8) was
purchased from DOJINDO Laboratories, RPMI1640 and DMEM were purchased from Hyclone, fetal
bovine serum (FBS) was obtained from Biological Industries, and SIRT6 inhibitor, OSS_128167, was
purchased from MCE, c-Myc and HIF-1α antibody were purchased from Abcam.

Cell culture
Human non-small cell lung cancer A549 cells, human lung cancer cell NCI-H460, and human lung cancer
cell NCI-H292 (lymph node metastasis) cells were provided by Stem Cell Bank, Chinese Academy of
Sciences. NCI-H460 and NCI-H292 were cultured in RPMI1640 containing 10% FBS, and A549 were
cultured in DMEM containing 10% FBS in a 5% CO2 incubator at 37° C.

Cell viability assay
The effect of α-hederin on proliferation of A549, NCI-H292 and NCI-H460 cells was assessed by CCK8
assay. Cell suspensions were seeded into 96-well plates, 5000 cells per well. After incubation for 24 h,
cells were treated with α-hederin for 48 h. Subsequently, 10 µl CCK8 was added into each well and
incubated for 1 h. Absorbance was measured at 450 nm using a Microplate Reader (SpectraMax I3
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Austria). The inhibition rate was calculated by the following formula: Inhibition Rate (%) = (1-Absorbance
of the treated group/Absorbance of the control group) × 100%.

Colony formation assay
The effect of α-hederin on cell proliferation was detected by colony formation assay. 500 cells per well of
A549 cells were seeded into 6-well plates and incubated for 24 h. Subsequently, cells were treated with 5,
10, or 15 µM α-hederin for 48 h. Then, cells were cultured in DMEM containing 10% FBS for 10 days
followed by fixation with 4% formaldehyde and staining with 0.5% crystal violet. The number of colonies
was quantified.

Glucose uptake, lactate and ATP assays
A549 cells were cultured in 6-well plates (2 × 105 cells per well). After incubation for 24 h, DMEM medium
containing 10% FBS with 0, 5, 10, or 15 µM α-hederin were seeded into the 6-well plates and incubated for
24 h, and culture media was collected. Glucose, lactate generation and ATP levels were assayed using a
kit (Jiancheng, Nanjing, China) following the manufacturer’s instructions. Absorbance was determined by
a Microplate Reader, and the amount of glucose uptake, lactate and ATP level by cells was defined per
protein mass.

Western blotting
For western blot analysis, A549 cells (1 × 106 per well) in 6-cm dishes were treated with or without α-
hederin for 24 h. Cells were lysed in RIPA containing protease and phosphatase inhibitors (Thermo
Scientific USA). Proteins were separated by SDS-PAGE based on molecular weight and blotted onto a
polyvinylidene fluoride membrane (Thermo Scientific USA). Bands were incubated with primary
antibodies HK2 (1:2000), GLUT1 (1:10000), PKM2 (1:1000), MCT4 (1:1000), LDHA(1:1000), c-Myc
(1:1000), p53 (1:1000), HIF-1α (1:1000), Akt (1:1000), pAkt (1:1000) (Abcam USA), SIRT6 (1:1000)
(Proteintech China) overnight at 4℃, Bands were measured using Image La Software, Version 4.1 (Bio-Ra
Chemi Germany).

Animal models
Six-week-old male BALB/c nude mice (Hunan SJA Laboratory Animal Co. Ltd, China) were used for an
A549 xenograft tumor mouse model. mice were kept in pathogen-free environment with free access with
food and water at the institutional animal care facility. The animals were housed in temperature and
relative humidity at 21 °C and 55%, The procedures for care and use of animals were approved by the
experimental animal ethics committee of Jiangxi University of Traditional Chinese Medicine
(JZLLSC2018-0053) and all applicable institutional and governmental regulations concerning the ethical
use of animals were followed, Mice were subcutaneously injected with 5 × 106 A549 cells. After tumor
reached a certain size, they were removed, stripped clean, and tumor tissue was disassociated with
scissors (approximately 3 × 3 × 3 mm). A small incision was made on the lateral abdomen of recipient
animals. A small piece was taken with unhooked ophthalmic tweezers and implanted into the right
armpit. The blank group was injected with culture medium when tumor volume reached 100 mm3, and



Page 5/19

mice were randomly assigned to five groups and treated intraperitoneally with α-hederin (10 mg/kg or
5 mg/kg), 5-FU (25 mg/kg) or vehicle. Mice were euthanized after a 32-day treatment, and tumor volume
(length × width2 × 0.5236) and body weight were determined. Then, tumors were fixed in 4%
paraformaldehyde.

Immunohistochemical analysis
Tumor tissues were embedded in paraffin and cut into 5 µm sections by microtome (Leica Biosystems,
Germany). Following the manufacturer’s instructions (CW Biotech, China), tumor sections were incubated
with GLUT1 (1:400), HK2 (1:400), PKM2 (1:30), LDHA (1:400), MCT4 (1:100), HIF-1α (1:200), c-Myc(1:100)
(Abcam USA), SIRT6 (1:100) (Proteintech China) antibodies overnight at 4℃. Six kidneys were taken
from each group, and three sections were taken from each group. Choose 6 fields per slice, The results
were calculated by mean integrated optical density. and analyzed by Image pro-plus 6.0.

Statistical analyses
Comparisons were made to determine significant differences between individual groups by one-way
ANOVA. T-test was used for statistical analyses between two independent groups. All tests were
performed using SPSS 19, and p < 0.05 was considered significant.

Result

α-Hederin inhibits proliferation of human lung cancer cells
First, we examined the inhibitory effect of α-hederin on the proliferation of human lung cancer cells. CCK8
results showed that α-hederin had significant inhibitory effects on proliferation of human lung cancer
cells. The IC50 of α-hederin in non-small cell A549 (13.75 µM), NCI-H460 (17.57 µM) and NCI-H292
(18.04 µM) are shown in Fig. 1b α-Hederin exhibited a superior inhibitory effect on A549 cells, and A549
cells were used for subsequent study.

Colony formation assay demonstrated that α-hederin inhibited the clonogenic effects of non-small cell
lung cancer A549 cells. Compared to 0 µM, 5 µM, 10 µM and 15 µM α-hederin significantly decreased cell
number (p < 0.05) (Fig. 1c).

α-Hederin inhibits glycolytic metabolism of human non-
small cell lung cancer A549 cells
Glycolytic metabolic levels can be assessed by glucose uptake, lactate and ATP levels, and results
revealed that A549 cells treated with 10 µM and 15 µM α-hederin, glucose consumption decreased
significantly (p < 0.01). Compared to 0 µM, lactate production of A549 cells was significantly reduced in
10 µM and 15 µM treatments (p < 0.05). Compared to 0 µM, ATP levels in A549 cells were significantly
decreased after intervention with 10 µM and 15 µM α-hederin (p < 0.05) as shown in Fig. 2.

α-Hederin inhibits glycolytic related proteins in human non-small cell lung cancer A549 cells.



Page 6/19

Extracellular glucose is transported into the cell by GLUT1, which then generates lactate and ATP under
the catalysis of enzymes, including HK2, PKM2 and LDHA, to supply tumor cell proliferation, finally
transporting intracellular lactate out of the cell via MCT4. Western Blot (WB) results showed that
compared to 0 µM, 10 µM and 15 µM α-hederin significantly reduced expression of GLUT1, HK2, PKM2,
LDHA, and MCT4 (p < 0.05) as shown in Figure. 3.

α-Hederin inhibits glycolytic related proteins in A549 cells by inhibiting expression of c-Myc and HIF − 1α

c-Myc, HIF-1α, Akt, and p53 have distinct effects on proteins involved in glycolysis in tumor cells. The
results showed that α-hederin in each group had no significant effect on the expression of glycolysis
regulators Akt and p53 protein in tumor cells, while expression of c-Myc and HIF-1α was significantly
down-regulated in each group compared to 0 µM (p < 0.05). Expression of HIF-1α was significantly down-
regulated at 10 µM and 15 µM, suggesting that α-hederin may inhibit aerobic glycolysis in tumor cells by
regulating expression of c-Myc and HIF-1α. (Fig. 4).

α-Hederin inhibits c-Myc and HIF − 1α by activating
expression of SIRT6
The results showed that expression of SIRT6 was significantly up-regulated in each group compared to
control (p < 0.05). After addition of the SIRT6 inhibitor OSS_128167, SIRT6 protein levels were
significantly down-regulated, and expression of glycolytic related proteins c-Myc, HIF-1α was up-regulated
compared to control, after the combination of α-hederin and OSS_128167, c-Myc, HIF-1α, was up-
regulated compared to both OSS_128167 and α-hederin alone after the combination of α-hederin and
OSS_128167.( Fig. 5)

Effect of α-Hederin combined with SIRT6 inhibitor
OSS_128167 on the viability of A549 cells
we examined the inhibitory effect of α-hederin combined with SIRT6 inhibitor OSS_128167 on the
proliferation of A549 cells. CCK8 results showed that Compared to α-hederin alone, the inhibition rate of
A549 cells in α-hederin combined with OSS_128167 group had significant decreased, as shown in Fig. 6.

Inhibitory effect of α-hederin on xenograft non-small cell
lung cancer A549 tumors in nude mice
Results of tumor weight and tumor volume in xenograft nude mice showed that α-hederin had significant
inhibitory effects on tumor volume and tumor weight in xenograft nude mice compared to the model
group (p < 0.05), and the inhibitory rates of 10 mg/kg and 5 mg/kg α-hederin were 40% and 24%,
respectively, as shown in Fig. 7.

Effect of α-hederin on glycolytic related proteins in non-small cell lung cancer A549 transplanted tumors
in nude mice
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Immunohistochemical results showed that compared to the model group, GLUT1 content of non-small
cell lung cancer cell A549 tumors in the 10 mg/kg α-hederin dose group was significantly decreased (p < 
0.01). In addition, GLUT1 expression of the 5 mg/kg α-hederin dose group was decreased, but the
difference was not statistically significant. HK2, PKM2, LDHA, MCT4, c-Myc and HIF-1α levels were all
significantly decreased in the 5 mg/kg and 10 mg/kg α-hederin groups (p < 0.05) ,while the SIRT6 levels
were significantly increased in the 5 mg/kg and 10 mg/kg α-hederin groups (p < 0.05) (Fig. 8).

Discussion
In this study, the inhibitory effect of α-hederin on tumor cells was assessed, and the effects of glucose,
lactate and intracellular ATP in cell culture medium on glycolysis in A549 cells were measured.
Expression of GLUT1, HK2, PKM2, LDHA, MCT4 and glycolytic regulators c-Myc, HIF-1α, p53, Akt and
SIRT6 were detected by WB assay to determine the inhibitory mechanism of α-hederin on non-small cell
lung cancer A549 cells. We established a non-small cell lung cancer A549 allograft transplantation tumor
model to investigate the effect of α-hederin on xenograft tumors in mice by evaluating tumor volume and
weight, and immunohistochemistry was used to detect the expression of related protein in glycolysis. The
results showed that α-hederin inhibited non-small cell lung cancer A549 in vivo and in vitro, significantly
reduced non-small cell lung cancer A549 glucose uptake, reduced generation of lactate, and reduced ATP
levels in cells. The mechanism of α-hederin occurred by activating SIRT6 and regulate c-Myc and HIF-1α,
which reduced key glycolytic enzymes, GLUT1, HK2, PKM2, LDHA, and MCT4.

Otto Warburg discovered in the 1920s that glycolysis is the primary source of energy for cancer cells,
even when oxygen levels are sufficient [15]. Oxidative phosphorylation is a major way that normal cells
produce energy; however, during the process of growth and proliferation, tumor cells need a large energy
supply in a short period of time. Oxidative phosphorylation cannot provide energy for tumors very well,
while the glycolysis pathway can quickly provide energy for tumors. Therefore, cancer cells primarily
generate energy by glycolysis, and lactate produced by glycolysis provides an acidic environment for
tumors to grow [16]. The Warburg effect primarily manifests in glucose consumption, lactate production
and ATP production in cancer cells. Therefore, by measuring the glucose consumption, lactate production
and ATP levels, we can determine whether the drug has an impact on the glycolytic process. The results
of this study demonstrated that α-hederin significantly reduced glucose uptake, lactate production and
ATP levels in A549 cells of non-small cell lung cancer, indicating that glycolysis in A549 cells was
significantly inhibited in response to α-hederin treatment.

During the process of aerobic glycolysis, glucose is transferred into the cytoplasm by initial glucose
transporters (GLUTs). Then, glucose is catalyzed into glucose 6 phosphate by hexokinase (HK), followed
by 6-phosphate glucose transfer into pyruvate by PKM2. Pyruvate is catalyzed to lactate by lactate
dehydrogenase (LDH) and finally transported out of cell by MCTs. The results of this study indicate that
α-hederin significantly reduces expression of GLUT1, HK2, PKM2, LDHA, and MCT4 among the glycolytic
proteins of A549 cells of NSCLC both in vitro and in vivo.
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GLUT1, HK2, PKM2, LDHA, MCT4 and other relevant proteins involved in glycolysis play a role in directly
affecting the glycolytic process. However, these key enzymes are also regulated by relevant regulatory
factors. Akt play a very important role in cell energy metabolism, and Akt may enhance aerobic glycolysis
of tumor cells [17]. p53 is a tumor suppressor gene, and p53 reprograms energy metabolism to negatively
regulate cell glycolysis by promoting mitochondrial oxidative phosphorylation and inhibiting glycolysis
[18, 19]. GLUTs and glycolytic related catalytic enzymes are also regulated by p53 to inhibit glycolysis of
cancer cells. Expression of GLUT1 and GLUT4 can be directly inhibited and are indirectly adjusted by
GLUT3 [20]. p53 also regulates the PI3K/Akt/mTOR pathway to regulate glucose metabolism [21].
Hypoxia inducible factor-1 (HIF-1α) is in a class of transcription factors that are heterodimers composed
of subunits to adapt to the response of tumor cells to environmental changes in the hypoxic environment.
HIF-1α can regulate glucose uptake, glycolytic enzymes, and expression of single carboxylic acid
transporters, such as GLUT1, GLUT3, HK2, fructose phosphate kinase 2 (PFK2), aldolase A (ALDOA),
enolization enzyme (ENO), pyruvate kinase M (PKM), and expression of LDHA and MCT 4 [22–24]. c-Myc
is a member of the Myc gene family of oncogenes and is associated with a wide variety of tumor
development, and c-Myc promotes glucose absorption by up-regulating GLUT1 [25–26], enhancing
transcription of glycolytic enzymes HK2, PFK, and LDHA [27–28]. c-Myc also up-regulates expression of
MCT and PKM2 [29–31]. In this study, we found that α-hederin significantly reduces expression of
glycolytic regulators HIF-1α and c-Myc in non-small cell lung cancer A549 cells but had no significant
effect on expression of p53 or Akt.

SIRT6 plays a key regulatory role in gene transcription, metabolism, maintenance of genomic stability
and the integrity of telomeres, thus regulating the occurrence and development of diabetes, obesity, heart
disease, cancer and other diseases, SIRT6 regulate the metabolism of fat and glucose, which is a key
regulator of energy stress and closely related to the process of tumors [32], SIRT6 inhibited the activity of
transcription factor HIF-1α and inhibited glucose oxidation and glycolysis through the citric acid cycle
[33], SIRT6 was also found to co-inhibit the transcription activity of the central oncogene MYC of the
ribosome gene [34], we found that α-hederin significantly increase expression of SIRT6, we used a SIRT6
inhibitor, OSS_128167, for verification. The results showed that expression of HIF-1α and c-Myc were
decreased in OSS_128167 treatment in combination with α-hederin compared to OSS_128167 alone.
Combined with the results of previous experiments, our results demonstrate that α-hederin activates
expression of SIRT6 then regulate tumour glycolysis.

Conclusion
α-hederin inhibits the growth of non-small cell lung cancer A549 through suppressing glycolysis. The
underlying mechanisms are that, α-hederin activates SIRT6 expression, then inhibits the expression of
glycolytic regulatory factors HIF-1α and c-Myc, and suppresses that of glycolytic proteins. (Fig. 9)

Abbreviations
NSCLC
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Non-small cell lung cancer; CCK8:Cell count kit 8; HK2:Hexokinase 2; GLUT1:Glucose transporters 1;
PKM2:Pyruvate kinase M2; LDHA:Lactate dehydrogenase A; MCT4:Monocarboxylate transporter 4; HIF-
1α:Hypoxia inducible factor-1α; SIRT6:Sirtuin 6; ATP:Adenosine triphosphate; IHC:immunohistochemistry;
WB:Western Blot.

Declarations
Acknowledgements

Not applicable.

Authors’ contributions

Lanying Chen designed the experiments, and was a major contributor in writing the manuscript. Cong
Fang, Yahui Liu, Yingying Luo, Yaru Cui, Ni Zhang, Peng Liu, carried out the laboratory experiments.
Mengjing Zhou, and Yongyan Xie analyzed the data, interpreted the results and prepared figures. All
authors read and approved the final manuscript.

Funding

The work was supported by the National Natural Science Foundation of China (81460618, 81860720,
81660683) and The Scientific Foundation of Double World-classes Subject Development of Jiangxi
University of TCM (JXSYLXK-ZHYAO124).

Availability of data and materials

Not applicable.

Ethics approval and consent to participate

The procedures for care and use of animals were approved by the experimental animal ethics committee
of Jiangxi University of Traditional Chinese Medicine (JZLLSC2018-0053) and all applicable institutional
and governmental regulations concerning the ethical use of animals were followed

Consent for publication

We declare that the Publisher has the Author’s permission to publish the relevant contribution.

Competing interests

The authors declare that they have no competing interests.

Author details



Page 10/19

1 National Pharmaceutical Engineering Center for Solid Preparation in Chinese Herbal Medicine, Jiangxi
University of Traditional Chinese Medicine, Nanchang, 330004, China;

2 College of traditional Chinese medicine, Jiangxi University of Traditional Chinese Medicine, Nanchang,
330004, China

References
1. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer statistics. CA Cancer J Clin.

2011;61(2):69–90.

2. Siegel R, Ma J, Zou Z, Jemal A. Cancer statistics. CA Cancer J Clin. 2014;64(1):9–29.

3. Yuan X, Wu H, Han N, Xu H, Chu Q, Yu S, Chen Y, Wu K. Notch signaling and EMT in non-small cell
lung cancer: biological significance and therapeutic application. J Hematol Oncol. 2014;7:87–96.

4. Molina JR, Yang P, Cassivi SD, Schild SE, Adjei AA. Non-small cell lung cancer: epidemiology, risk
factors, treatment, and survivorship. Mayo Clin Proc. 2008;83(5): 584 – 94.

5. Gomez-Casal R, Bhattacharya C, Ganesh N, Bailey L, Basse P, Gibson M, Epperly M, Levina V. Non-
small cell lung cancer cells survived ionizing radiation treatment display cancer stem cell and
epithelial-mesenchymal transition phenotypes. Mol Cancer. 2013;12(1):94–106.

6. Zhao W, Chang C, Cui Y, Zhao X, Yang J, Shen L, Zhou J, Hou Z, Zhang Z, Ye C, Hasenmayer D,
Perkins R, Huang X, Yao X, Yu L, Huang R, Zhang D, Guo H, Yan J. Steroid receptor coactivator-3
regulates glucose metabolism in bladder cancer cells through coactivation of hypoxia inducible
factor 1α. J Biol Chem. 2014;289(16):11219–29.

7. Potter M, Newport E, Morten KJ. The warburg effect: 80 years on. Biochem Soc Trans.
2016;44(5):1499–505.

8. Cheng L, Zhang M, Zhang P, Song Z, Ma Z, Qu H. Silver complexation and tandem mass
spectrometry for differentiation of triterpenoid saponins from the roots of Pulsatilla chinensis
(Bunge) Regel. Rapid Commun Mass Spectrom. 2008;22(23):3783–90.

9. Liu T, Ye L, Guan X, Liang X, Li C, Sun Q, Liu Y, Chen S, Bang F, Liu B. Immunopontentiating and
antitumor activities of a polysaccharide from Pulsatilla chinensis (Bunge) Regel. Int J Biol
Macromol. 2013;54:225–29.

10. Rooney S, Ryan MF. Effects of α-hederin and thymoquinone, constituents of nigella sativa, on human
cancer cell lines. Anticancer Res. 2005;25(3B):2199–204.

11. Li D, Hyun J, Jeong C, Kim Y, Lee E. Antiinflammatory activity of α-hederin methyl ester from the
alkaline hydrolysate of the butanol fraction of kalopanax pictus bark extract. Biol Pharm Bull.
2003;26(4):429–33.

12. Sieben A, Prenner L, Sorkalla T, Wolf A, Jakobs D, Runkel F, Häberlein H. Alpha-hederin, but not
hederacoside C and hederagenin from Hedera helix, affects the binding behavior, dynamics, and
regulation of beta 2-adrenergic receptors. Biochemistry. 2009;48(15):3477–82.



Page 11/19

13. Ridoux O, Giorgio CD, Delmas F, Elias R, Mshvildadze V, Dekanosidze G, Kemertelidze E, Balansard G,
Timon P. In vitro antileishmanial activity of three saponins isolated from ivy, α-hederin, β-hederin and
hederacolchiside A(1), in association with pentamidine and amphotericin B. Phytother Res.
2001;15(4):298–301.

14. Shi JZ, Liu GT. Effect of alpha-hederin and sapindoside b on hepatic microsomal cytochrome p-450
in mice. Zhongguo Yao LI Xue Bao. 1996;17(3):264–66.

15. Koppenol WH, Bounds PL, Dang CV. Otto Warburg’s contributions to current concepts of cancer
metabolism. Nat Rev Cancer. 2011;11(5):325–37.

16. Annibaldi A, Widmann C. Glucose metabolism in cancer cells. Curr Opin Clin Nutr Metab Care.
2010;13(4):466–70.

17. Polivka J, Janku F. Molecular targets for cancer therapy in the PI3K/Akt/mTOR pathway. Pharmacol
Ther. 2014;142(2):164–75.

18. Liang Y, Liu J, Feng Z. The regulation of cellular metabolism by tumor suppressor p53. Cell Biosci.
2013;3(1):9–18.

19. Matoba S, Kang JG, Patino WD, Wragg A, Boehm M, Gavrilova O, Hurley PJ, Bunz F, Hwang PM. p53
regulates mitochondrial respiration. Science. 2006;312(5780):1650–52.

20. Schwartzenberg-Bar-Yoseph F. The tumor suppressor p53 down-regulates glucose transporters
GLUT1 and GLUT4 gene expression. Cancer Res. 2004;64(7):2627–33.

21. Budanov A. p53 target genes sestrin1 and sestrin2 connect genotoxic stress and mTOR signaling.
Cell. 2008;134(3):451–60.

22. Ullah MS, Davies AJ, Halestrap AP. The plasma membrane lactate transporter mct4, but not mct1, is
up-regulated by hypoxia through a HIF-1α dependent mechanism. J Biol Chem. 2006;281(14):9030–
37.

23. Semenza GL, Roth PH, Fang HM, Wang GL. Transcriptional regulation of genes encoding glycolytic
enzymes by hypoxia-inducible factor 1. J Biol Chem. 1994;269(38):23757–63.

24. Semenza GL, Jiang B, Leung S, Passantino R, Concordeti JP, Mairei P, Giallongo A. Hypoxia response
elements in the aldolase a, enolase 1, and lactate dehydrogenase a gene promoters contain essential
binding sites for hypoxia-inducible factor 1. J Biol Chem. 1996;271(51):32529–37.

25. Dang CV. The interplay between Myc and HIF in the warburg effect. Ernst Schering Found Symp Proc.
2007;(4):35–57.

26. Osthus RC, Shim H, Kim S, Li Q, Reddy R, Mukherjee M, Xui Y, Wonsey D, Lee LA, Dang CV.
Deregulation of glucose transporter 1 and glycolytic gene expression by c-Myc. J Biol Chem.
2000;275(29):21797–800.

27. Shim H, Dolde C, Lewis BC, Wu CS, Dang G, Jungmann RA, Dalla-Favera R, Dang AC. c-Myc
transactivation of LDH-A: implications for tumor metabolism and growth. Proc Natl Acad Sci.
1997;94(13):6658–63.



Page 12/19

28. He T, Zhang Y, Jiang H, Li X, Zhu H, Zheng K. The c-Myc-LDHA axis positively regulates aerobic
glycolysis and promotes tumor progression in pancreatic cancer. Med Oncol. 2015;32(7):187–94.

29. Gan L, Xiu R, Ren P, Yue M, Su H, Guo G, Xiao D, Yu J, Jiang H, Liu H, Hu G, Qing G. Metabolic
targeting of oncogene Myc by selective activation of the proton-coupled monocarboxylate family of
transporters. Oncogene. 2015;35(23):3037–48.

30. David CJ, Chen M, Assanah M, Canoll P, Manley JL. HnRNP proteins controlled by c-Myc deregulate
pyruvate kinase mRNA splicing in cancer. Nature. 2009;463(7279):364–68.

31. Luan W, Wang Y, Chen X, Shi Y, Wang J, Zhang J, Qian J, Li R, Tao T, Wei W, Hu Q, Liu N, You Y. PKM2
promotes glucose metabolism and cell growth in gliomas through a mechanism involving a let-7a/c-
Myc/hnRNPA1 feedback loop. Oncotarget. 2015;6(15):13006–18.

32. Sebastián C, Mostoslavsky R. The role of mammalian sirtuins in cancer metabolism. Semin Cell Dev
Biol. 2015;43:33–42.

33. Shun CT, Lin SK, Hong CY, Lin CF, Liu CM. Sirtuin 6 modulates hypoxia-induced autophagy in nasal
polyp fibroblasts via inhibition of glycolysis. Am J Rhinol Allergy. 2016;30(3):179–85.

34. Sebastián C, Zwaans BM, Silberman DM, Gymrek M, Goren A, Zhong L, Ram O, Truelove J,
Guimaraes AR, Toiber D, Cosentino C, Greenson JK, MacDonald AI, McGlynn L, Maxwell F, Edwards J,
Giacosa S, Guccione E, Weissleder R, Bernstein BE, Regev A, Shiels PG, Lombard DB, Mostoslavsky R.
The histone deacetylase SIRT6 is a tumor suppressor that controls cancer metabolism. Cell.
2012;151(6):1185–99.

Figures



Page 13/19

Figure 1

α-Hederin inhibits proliferation of human lung cancer cells. a Chemical structure of αHederin. b Effect of
α-Hederin on the viability of human lung cancer cells. A549, NCI-H460, and NCI-H292 cells were treated
with α-hederin for 48 h. CCK8 assay was performed to analyze cell viability. Result are normalized to PBS
controls. c Effect of α-Hederin on the viability of non-small cell lung cancer A549 cells. Colony formation
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of A549 cells treated with α-hederin for 48 h, cultured by DMEM for 10 days, and stained with crystal
violet. **p < 0.01 as compared to the 0 μM group. Mean ± S.E.M. n=3.

Figure 2

α-Hederin dramatically inhibits aerobic glycolysis in A549 cancer cells. Glucose uptake, lactate
generation, and intracellular ATP levels in A549 cells in response to α-hederin treatment for 48 h. The
concentration of 2-DG was 8 mM. *p < 0.05, **p < 0.01 as compared to the control group. Mean ± S.E.M.
n=3.

Figure 3

α-Hederin inhibits glycolytic related proteins in human non-small cell lung cancer A549 cells. A549 cells
were treated with α-hederin for 24 hours. Expression of GLUT1, HK2, PKM2, LDHA and MCT4 were
detected by Western blot. *p < 0.05, **p < 0.01 as compared to the 0 μM group. Mean ± S.E.M. n=6.
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Figure 4

α-Hederin reduces glycolytic levels by inhibiting c-Myc and HIF-1α in human non-small cell lung cancer
A549 cells. A549 cells were treated with α-hederin for 24 hours. Expression of c-Myc, Akt, HIF-1α, and p53
was detected by western blot. *p < 0.05, **p < 0.01 as compared to the 0 μM group. Mean ± S.E.M. n=3.

Figure 5

α-Hederin inhibits c-Myc and HIF -1α by activating expression of SIRT6. a A549 cells were treated with α-
hederin for 24 hours. Expression of SIRT6 was detected by western blot. b A549 cells were treated with α-
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hederin or SIRT6 inhibitor OSS_128167 for 24 hours. Expression of c-Myc and HIF-1α was detected by
western blot. *p < 0.05, **p < 0.01 as compared to the 0 μM group. Mean ± S.E.M. n=3.

Figure 6

Effect of α-Hederin combined with SIRT6 inhibitor OSS_128167 on the viability of A549 cells. cells were
treated with α-hederin for 48 h. CCK8 assay was performed to analyze cell viability. Result are normalized
to PBS controls.
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Figure 7

α-Hederin inhibits orthotopic non-small cell lung cancer growth in vivo. *p < 0.05, **p < 0.01 as compared
to the Normal control group. Mean ± S.E.M. n=10
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Figure 8

α-Hederin suppresses expression of glycolysis-related proteins in vivo. IHC of GLUT1, HK2, PKM2, LDHA,
MCT4, HIF-1α, c-Myc and SIRT6 in tumor tissues (200×). The results showed a remarkable decrease in
expression of GLUT1, HK2, PKM2, LDHA, MCT4, HIF-1α, c-Myc and SIRT6 in tumors treatment with 5 and
10 mg/kg α-hederin compared to controls. *p < 0.05, **p < 0.01 as compared to the Normal control group.
Mean ± S.E.M. n=6
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Figure 9

α-Hederin inhibits the growth of lung cancer A549 by increasing SIRT6 dependent glycolysis.


