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Introduction: The purpose of present study was to investigate the effect of limonin on tumor 

glycolysis and the underlying mechanisms in hepatocellular carcinoma (HCC).

Methods: Cell proliferation and colony formation assays were performed to evaluate the 

potency of limonin against HCC cells in vitro. The glucose consumption and lactate production 

after limonin treatment was determined. The effect of limonin on hexokinase-2 ( HK-2) activ-

ity was assessed and the mitochondrial location of HK-2 was studied by immunoprecipitation. 

Cell apoptosis and protein expression were detected by flow cytometry and western blotting 

respectively. Protein overexpression by plasmid transfection was adopted to investigate the 

molecular mechanisms.

Results: HCC proliferation and colony formation were inhibited by limonin in vitro. With the 

suppression of HK-2 activity, the glycolytic level in HCC cells  was substantially reduced, which 

was evidenced by the decrease of glucose consumption and lactate production. The phospho-

rylation of HK-2 was substantially inhibited by limonin, which resulted in the disassociation 

of HK-2 from mitochondria. Due to the reduction of HK-2 in mitochondria, increasing Bax 

were shifted to the mitochondria and gave rise to the release of cytochrome C, which induced 

HCC cells to subject to mitochondria-mediated apoptosis. Mechanism investigations revealed 

that the decrease of HK-2 phosphorylation was mainly due to the inhibition of Akt activity. 

In Akt exogenously overexpressed HCC cells, limonin-mediated cell proliferation inhibition, 

glycolysis suppression and apoptosis induction were significantly impaired.

Conclusion: Limonin inhibited the tumor glycolysis in hepatocellular carcinoma by sup-

pressing HK-2 activity, and the suppression of HK-2 was closely related to the decrease of 

Akt activity.
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Introduction
In normal cells, when oxygen is available, glucose is completely metabolized into CO

2
 

and H
2
O via the tricarboxylic acid (TCA) cycle to acquire sufficient energy. However, 

in tumor cells, even in aerobic conditions, glucose is converted into lactic acid instead 

of CO
2
 and H

2
O, which is named as tumor glycolysis or Warburg effect.1 Although the 

amount of ATP produced by tumor glycolysis is relatively small (about 18 times less), 

the rate of ATP production is much higher than that of TCA cycle (about 100 times 

faster) and can meet the energy demand of the rapidly proliferating tumor cells.2 In the 

process of tumor glycolysis, the conversion of glucose to glucose-6-phosphate (G-6P) 

is the first irreversible step and is mainly catalyzed by hexokinases (HKs).3 Because 

G-6P is used as precursor in various metabolism pathways, HKs therefore have important roles 
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in the regulation of cell metabolism. In mammalian cells, four dif-

ferent isoforms of HK, HK-1, HK-2, HK-3 and HK-4, have 

been characterized.4 In contrast with HK-4, the other three 

isoforms (1–3) have higher affinity for glucose. Different 

from HK-1 and HK-3, which are widely expressed, HK-2 is 

mainly expressed in insulin-sensitive tissues including skeletal 

and cardiac muscle cells. With the in-depth study of HK-2 

biological function, increasing evidences demonstrated that 

HK-2 upregulation was an important contributor the metabolic 

re-programming in cancer cells and was closely related to the 

elevated tumor glycolysis and survival.5–7 By comparing the 

expression of HKs in liver preneoplasia and neoplasia, the 

results demonstrated HK-2 expression was promoted, whereas 

HK-4 was decreased. This shift to high-affinity HK subtype 

helps hepatocellular carcinoma (HCC) cells to increase glucose 

metabolism rate in order to meet the enormous energy needs.8 

In HCC patients, high HK-2 expression was closely related to 

tumor grade and poor prognosis.9,10 In addition to the roles in 

glucose metabolism, the HK-2 located on the outer mitochon-

drial membrane is proved to be engaged in the protection of 

mitochondria integrity and the prevention of cell apoptosis.11

Limonin is a kind of limonoids that are mainly found 

in citrus fruits, such as lemons, oranges, pumellos, grape-

fruits, bergamots and mandarins.12 Just like the members of 

limonoids family, limonin has been reported to exhibit various 

biological activities such as analgesic, anti-inflammatory, 

antioxidant and antiviral.13–15 Recently, increasing studies 

reported that limonin demonstrated antitumor activities in 

colon cancer, pancreatic cancer, breast cancer and HCC.16–20 

Several investigations revealed that induction of cell apop-

tosis, blockade of Wnt signaling pathway and inhibition of 

breast cancer resistance protein (BCRP/ABCG-2)-mediated 

transport were the potential mechanisms of action.21,22

In this study, we investigated the effects of limonin on 

tumor glycolysis in HCC cells and elucidated the relevant 

mechanisms. The glycolytic levels in HCC cells were sig-

nificantly decreased after limonin treatment. Further studies 

showed that the glycolysis inhibition was mainly attributed to 

the decrease of HK-2 in mitochondria, and the HK-2 decrease 

was caused by the suppression of Akt-mediated HK-2 phos-

phorylation. In addition to the effect on tumor glycolysis, 

we also validated that the decrease of HK-2 in mitochondria 

played a critical role in cell apoptosis induction by limonin.

Materials and methods
cell line and reagents
Hep3B and HepG2 cells were obtained from the Cell bank of 

Chinese Academy of Sciences (Shanghai, People’s Republic 

of China). By following the instructions of supplier, Hep3B 

and HepG2 cells were cultured with RPMI 1640 medium 

supplemented with 10% fetal bovine serum (FBS) in a 37°C 

incubator with 5% CO
2
. Limonin was purchased from Sell-

eck (Shanghai, People’s Republic of China). The primary 

antibodies used in Western blotting including anti-Glut1, 

anti-voltage-dependent anion channel 1 (VDAC-1), anti-

LDHA, anti-PKM2, anti-cleaved caspase-3, anti-phospho-Akt 

substrate, anti-cleaved PARP, anti-Bax, anti-Bak, anti-cyto 

C, anti-Bcl-2, anti-Bcl-xl, anti-Akt, anti-phospho-Akt, anti-

GSK3β, anti-phospho-GSK3β and the secondary HRP-con-

jugated goat anti-rabbit IgG were products of Cell Signaling 

Technology (Beverly, MA, USA). The anti-hexokinase-2 

antibody, Glucose Uptake Assay and l-Lactate Assay Kits 

were products of Abcam (Cambridge, UK). The Annexin 

V-FITC was product of BioLegend (San Diego, CA, USA). 

For cell transfection, Myr-Akt1 was obtained from Addgene 

(Cambridge, MA, USA), and the Lipofectamine 3000 was a 

product of Thermo Fisher Scientific (Waltham, MA, USA).

cell proliferation assay
After the digestion with trypsin, 100 μL of cell suspension 

(3×105 cell) was seeded into a 96-well plate and cultured 

in incubator overnight, and then different concentrations 

of limonin were added into the plate. After incubation 

with limonin for different time points, 20 μL/well CellTi-

ter 96® AQueous One Solution (Promega, Madison, WI, 

USA) was added into the plate and the absorbance value 

was examined at 490 nM according to the instructions of 

manufacturer.

colony formation assay
The anchorage-independent growth assay was conducted 

as described previously.23 Briefly, 3 mL of basal medium 

Eagle/10% FBS/0.5% bottom agar mixture that contains 

different concentrations of limonin was prepared and seeded 

into a 6-well plate. In total, 8,000 cells were suspended in 

1 mL basal medium Eagle/10% FBS/0.3% top agar with the 

same concentration of limonin. The cells were cultured in 

an incubator at 37°C and 5% CO
2
 atmosphere for 2 weeks 

and the colonies were scored under a microscope using the 

Image-Pro Plus software (version 6.2) program (Media 

Cybernetics, Rockville, MD, USA).

glucose and lactate detection
According to the protocols of manufacturer, glucose con-

sumption and lactate production were examined by Glucose 

Uptake Assay Kit and l-Lactate Assay Kit (Abcam), respec-

tively. The amount of protein in tested sample was determined 
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by BCA kit and used to normalize glucose consumption and 

lactate production. The glucose consumption and lactate 

production in control group were taken as 100%.

intracellular aTP determination
After incubation with different concentrations of limonin for 

24 h, HCC cells were digested with trypsin, and 100 μL of 

cell suspension (1×104 cells) was plated in triplicates in a 

96-well plate and then 100 μL ATPlite reagent (cat 6016736; 

Perkin-Elmer) was added and mixed uniformly by microplate 

shaker. The luminescence was measured using SpectraMax i3 

(Molecular Devices). The luminescence value in control 

group was taken as 100%.

hexokinase activity examination
HepG2 cells were seeded into a 6-well plate and grown to 

70%–80% confluence, and then the medium was replaced 

with fresh culture medium and incubated with different 

concentrations of limonin for 24 h. Cell numbers were 

counted, and cell pellets were obtained by centrifugation 

and then lysed with RIPA lysis buffer (cat 89900; Thermo 

Fisher Scientific). Protein concentration in cell lysate was 

determined by BCA Kit, and the HK activity in cell lysate 

was examined with the Hexokinase Assay Kit (cat ab136957; 

Abcam) by following the instructions of manufacturer. The 

HK activity in the group without limonin was calculated 

as 100%.

isolation of mitochondrial protein
After limonin treatment, ~2×107 cells were harvested by 

centrifuging at 500× g for 5 min. The mitochondrial frac-

tion was extracted using the Mitochondria Isolation Kit 

(cat 89874; Thermo Fisher Scientific) according to the 

instructions provided. For protein immunoprecipitation 

experiment, the mitochondrial pellets were dissolved in 

the lysis buffer (20 mmol/L Tris-HCl pH 7.5, 2 mmol/L 

EGTA, 2 mmol/L EDTA, 1% Triton X-100) containing 

protease inhibitors.

immunoprecipitation
Proteins from whole-cell extract or mitochondrial fraction 

were extracted with RIPA lysis buffer or the Mitochondria 

Isolation Kit by following the instructions of manufacturers. 

The protein lysates were precleared with 35 μL agarose A/G 

beads for 2 h at 4°C. Precleared lysates were incubated with 

appropriate antibodies and 35 μL of fresh agarose A/G beads 

overnight at 4°C. The beads were collected and washed with 

lysis buffer (cat 87787; Thermo Fisher Scientific) for three 

times. After boiling with 30 μL 2× loading buffer for 5 min, 

the supernatant was collected by centrifugation at 12,000× g 

for 5 min and then subjected to Western blotting analysis.

Western blotting
The protein samples (10 ug/lane) were loaded into 10% gel and 

resolved by SDS-PAGE. After separation, proteins were trans-

ferred onto PVDF membrane with Wet/Tank Blotting Systems 

(Bio-Rad). The membrane was blocked with 5% BSA solution 

at room temperature for 1–2 h and then incubated with given 

primary antibodies (1:1,000 diluted in 5% BSA in PBS solution) 

at 4°C overnight. After washing with PBST (PBS solution plus 

0.1% Tween20), the membrane was incubated with the second-

ary antibody at room temperature for 1 h and the signals on the 

membrane were developed with ECL Plus Western Blotting 

Substrate (#32132; Pierce, Rockford, IL, USA).

cell apoptosis assay
HepG2 cells treated with limonin were digested with trypsin 

and the cell suspension was collected. After centrifuga-

tion at 500× g for 5 min, the supernatant was discarded, 

and cell pellets were washed with PBS for three times. 

The binding buffer (cat 422201; BioLegend) was used to 

resuspend HepG2 cell pellets and the cell concentration 

was adjusted to 1×106/mL. Then, 5 μL Annexin V-FITC 

(cat 640914; BioLegend) and 10 μL propidium iodide solu-

tion (20 μg/mL) were added into 100 μL cell suspension and 

incubated at room temperature for 15 min avoiding light, 

and then 400 μL binding buffer was added, and the stained 

cells were analyzed by flow cytometry (FACS).

Plasmid transfection
For Myr-Akt1 transfection, Lipofectamine 3000 (Thermo 

Fisher Scientific) reagent was used by following the manufac-

turer’s instructions. Briefly, before transfection, the medium 

was replaced with fresh medium without FBS. Appropriate 

Myr-Akt1 plasmid and Lipofectamine 3000 were diluted with 

Opti-MEM, respectively, and then mixed together and incu-

bated at room temperature for 10 min avoiding light; then the 

mixture was added into HepG2 cells. After 4–6 h, the medium 

was replaced with fresh culture medium. Then, 24 h after 

transfection, the transfected cells were used for studies.

statistical analysis
The experiments were performed at least in triplicates, and 

the quantitative results are presented as mean ± SD. The sta-

tistical analysis was done by the Student’s t-test or one-way 

ANOVA (Graphpad prism 6.0). A p-value,0.05 indicated 

a statistical difference.
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Results
limonin suppressed hcc proliferation 
and colony formation
Firstly, we used cell proliferation assay and anchorage-

independent assay to evaluate the antitumor activities of 

limonin (structure is shown in Figure 1A). The proliferation 

of HCC cells was significantly inhibited by limonin in a 

concentration- and time-dependent manner (Figure 1B and 

C). At 100 μM, the inhibition rate reached about 47.8% and 

56.3% in Hep3B and HepG2 cells, respectively, after 72 h of 

treatment. In addition, limonin also demonstrated significant 

inhibitory effects on the colony formation. After the limonin 

treatment, the size and number of clones were significantly 

reduced (Figure 1D and E), and the number of clones formed 

in the soft agar was decreased to about 86.7% and 83.3%, 

respectively, in Hep3B and HepG2 cells at 100 μM.

limonin inhibited glycolysis by decreasing 
hK-2 activity
We examined the effects of limonin on tumor glycolysis by 

determining glucose consumption and lactate production 

levels. As per the results shown in Figure 2A and B, after 

exposure to limonin, the glucose consumption in HepG2 and 

Hep3B was dose dependently decreased, and the levels of 

lactate production was also reduced accordingly. Meanwhile, 

after limonin treatment, the intracellular ATP level was also 

significantly declined. By examining the important enzymes 

in glucose metabolism such as GLUT1, LDHA, HK-2 and 

PKM2, we found that limonin had no effect on the expres-

sion of these enzymes (Figure 2C). We further evaluated 

the effects of limonin on HK-2 activity and the results dem-

onstrated that the activity of HK-2 was dose dependently 

suppressed after limonin treatment (Figure 2D).

limonin induced the detachment of hK-2 
from the mitochondria
Since HK-2 is generally located on the mitochondria to 

perform its biological functions, we examined HK-2 expres-

sion in the cytoplasm and mitochondria, respectively. As 

shown in Figure 3A, upon limonin treatment, the amount 

of HK-2 in cytoplasm was increased, while the HK-2 in 

mitochondria was decreased, suggesting a translocation of 

HK-2 from mitochondria to cytoplasm. The immunoprecipi-

tation results also demonstrated that the amount of HK-2 

combined with VDAC-1 was significantly decreased, further 

confirming the detachment of HK-2 from mitochondria 

(Figure 3B). HK-2 phosphorylation is very important for 

its mitochondrial location, and so we tested the effects of 

limonin on HK-2 phosphorylation. Because the commercial 

phosphor-HK-2 antibody was not available, as previously 

described,24 we used HK-2 antibody to immunoprecipitate 

HK-2 and then examined its phosphorylation with anti-phos-

pho-Akt substrate antibody. As demonstrated in Figure 3C, 

after limonin treatment, the phosphorylation of HK-2 was 

dose dependently decreased.

limonin induced cell apoptosis 
in hcc cells
Since the HK-2 located on mitochondria has an important 

role in preventing cell apoptosis, we examined the effect 

of limonin on apoptosis induction. As shown in the FACS 

results, limonin significantly induced apoptosis in HepG2 

cells, and about 20% of cells were subjected to apoptosis 

after 100 uM limonin treatment (Figure 4A). Moreover, 

in HepG2 cells treated with limonin, the expressions of 

cleaved caspase-3 and PARP, which are important indica-

tive markers of apoptosis, were dose dependently increased 

(Figure 4B). Furthermore, we investigated the expressions 

of pro-apoptotic and anti-apoptotic proteins in cytoplasm 

and mitochondria, respectively. In Figure 4C, after limonin 

treatment, the expression of Bax in cytoplasm was decreased, 

while its expression in mitochondria was increased, suggest-

ing a translocation of Bax from cytoplasm to mitochondria. 

By contrast, cytochrome C was increased in cytosolic frac-

tions and decreased in mitochondria, demonstrating that 

cytochrome C was released from the mitochondria after 

limonin treatment. The expression of other pro-apoptotic/

anti-apoptotic proteins showed no obvious change.

limonin inhibited akt kinase activity 
in hepg2 cells
Previous studies reported that Akt kinase was involved in HK-2 

phosphorylation, and so we evaluated the effects of limonin 

on Akt. As shown in Figure 5A, the phosphorylation of Akt 

was inhibited by limonin in a dose-dependent fashion. With 

the suppression of Akt activation, its downstream pathway 

such as GSK3β was also inactivated. Furthermore, we also 

examined the activated Akt in mitochondria. As demonstrated, 

the activated Akt in mitochondria was substantially decreased 

(Figure 5B). The immunoprecipitation results further vali-

dated that, after exposure to limonin, the amount of acti-

vated Akt interacting with HK-2 was decreased (Figure 5C).

hyperactivation of akt attenuated 
limonin-mediated glycolysis inhibition 
and apoptosis induction
To clarify the importance of Akt inhibition, we introduced 

Myr-Akt1 into HepG2 cells and then examined the effects 
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Figure 1 limonin inhibited hcc cell proliferation and colony formation.
Notes: (A) chemical structure of limonin, (B and C) limonin inhibited hcc cell proliferation. hep3B (B) or hepg2 (C) cells were incubated with various concentrations 
of limonin for different times, and the cell viability was determined. (D and E) limonin suppressed hcc cell anchorage-independent growth in soft agar. hep3B (D) or 
hepg2 (E) cell suspensions were plated into a 6-well plate and exposed to different limonin concentrations; the anchorage-independent assay was performed. The asterisks 
(*p,0.05, **p,0.01, ***p,0.001, student’s t-test) indicate significant difference versus the control.
Abbreviation: hcc, hepatocellular carcinoma.
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β

Figure 2 limonin suppressed tumor glycolysis by decreasing hK-2 activity.
Notes: (A and B) limonin inhibited tumor glycolysis in hepg2 and hep3B cells. hepg2 (A) or hep3B (B) cells were treated with different concentrations of limonin for 
24 h; glucose consumption (left), lactate production (middle) and intracellular aTP levels (right) were examined as described. The asterisks (*p,0.05, **p,0.01, ***p,0.001, 
student’s t-test) indicate statistical difference versus the control. (C) limonin had no effects on the expressions of important glycolytic enzymes. after incubation of limonin 
for 24 h, the expression of given protein was determined by Western blotting. (D) limonin reduced hK-2 activity dose dependently. after treatment with limonin, the 
activities of hK-2 were detected as described in “Materials and methods” section. The asterisks (**p,0.01, ***p,0.001, student’s t-test) indicate significant difference in 
contrast with the control.
Abbreviation: hK-2, hexokinase-2.
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Figure 3 limonin decreased hK-2 expression in mitochondria.
Notes: (A) hK-2 expression in mitochondria was reduced. after limonin treatment, the cytosolic and mitochondrial fractions were separated, and hK-2 expression was 
assessed by Western blotting. (B) The interaction between hK-2 and VDac-1 was decreased. The cell lysates were immunoprecipitated with VDac-1 antibody and then 
probed with hK-2 antibody by Western blotting. (C) hK-2 phosphorylation was decreased after limonin treatment. cell lysates were immunoprecipitated with hK-2 
antibody and then detected with Pas antibody to examine hK-2 phosphorylation.
Abbreviations: hK-2, hexokinase-2; VDac-1, voltage-dependent anion channel 1; Pas, phospho-akt substrate.
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of limonin. In Myr-Akt1-transfected cells, the activity of 

Akt was significantly increased in contrast with the mock 

group. With the elevation of Akt activity, the phosphoryla-

tion of HK-2 was also substantially recovered (Figure 6A). 

The protein immunoprecipitation results demonstrated that 

the amount of HK-2 combined with VDAC-1 was increased 

significantly after Myr-Akt1 transfection (Figure 6B). As 

expected, with the promotion of HK-2 activity, the cell pro-

liferation inhibition, tumor glycolysis suppression and cell 

apoptosis induced by limonin were significantly impaired. 

As demonstrated in Figure 6C and D, in contrast with the 

Mock group, the inhibitory effects of limonin on HepG2 cell 

β

α

Figure 4 limonin induced cell apoptosis in hepg2 cells.
Notes: after limonin treatment for 24 h, hepg2 cells were subjected to annexin V/propidium iodide double staining and Facs analysis (A) or Western blotting with 
indicated antibodies (B). The asterisks (*p,0.05, student’s t-test) indicated significant difference versus the control. (C) limonin increased Bax binding to mitochondria and 
induced cytochrome c release. after limonin treatment, the cytosolic and mitochondrial fractions were isolated, and the expressions of given proteins were examined with 
indicated antibodies.

β

β

β

Figure 5 limonin suppressed akt activity in hepg2 cells.
Notes: (A) limonin inhibited akt activity and its downstream signaling pathway. The cell lysates of hepg2 cells treated with limonin were probed with indicated antibodies. 
(B) limonin blocked akt activity in mitochondria. The mitochondrial fractions were isolated, and akt phosphorylation was determined. (C) limonin inhibited akt-mediated 
hK-2 phosphorylation. The lysates of the mitochondria fractions were immunoprecipitated with hK-2 antibody and phosphor-akt was examined.
Abbreviation: hK-2, hexokinase-2.
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Figure 6 exogenous hyperactivation of akt impaired limonin-induced proliferation inhibition, glycolysis suppression and cell apoptosis.
Notes: (A) Phosphor-akt and hK-2 expression in Myr-akt-transfected hepg2 cells. hepg2 cells were transfected with Myr-akt1 and then treated with 100 μM limonin; the 
expression of given proteins was examined by Western blotting. (B) Myr-akt1 transfection promoted hK-2 mitochondrial location. after Myr-akt1 transfection, the lysates 
of mitochondrial fractions were immunoprecipitated with VDac-1 antibody and then probed with hK-2. (C and D) The inhibitory effects of limonin in Myr-akt1-transfected 
hepg2 cells. after Myr-akt1 transfection, the effects of limonin on cell proliferation (C) and anchorage-independent growth (D) were determined. 1: untreated; 2: limonin 
treated; 3: Myr-akt1 transfected and limonin treated. The asterisks (***p,0.001, student’s t-test) indicate significant difference between different groups. (E and F) The 
activities of limonin in glycolysis and apoptosis induction in akt-hyperactivated hepg2 cells. in Myr-akt1-transfected hepg2 cells, the effects of limonin on tumor glycolysis 
(E) and apoptosis induction (F) were evaluated. The asterisks (*p,0.05, **p,0.01, student’s t-test) indicate significant difference between different groups.
Abbreviations: HK-2, hexokinase-2; VDAC-1, voltage-dependent anion channel 1; NS, no significance.

proliferation and anchorage-independent growth were sig-

nificantly decreased. Beyond that, the glucose consumption 

and lactate production were markedly recovered (Figure 6E). 

Moreover, Myr-Akt1 transfection resulted in a significant 

decrease of cell apoptosis in HepG2 cells after the exposure 

to limonin (Figure 6F).

Discussion
In addition to the compounds generated by organic synthe-

sis, the natural products, especially those that are abundant 

in food or herbs, are also important sources for anticancer 

drug discovery. Compared with the organic compounds, 

the natural products, especially those existing in our daily 
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diet, may have more advantages in terms of drug safety. 

Previous studies have demonstrated that the suppression of 

proliferation-related signaling, promotion of cell death and 

downregulation of angiogenesis were involved in natural 

product-mediated antitumor activities.25–28 In this study, we 

evaluated the antitumor activity of limonin in HCC cells, 

its effects on tumor glycolysis as well as the underlying 

mechanisms.

As an important feature of cancer cell, aerobic glycolysis 

not only offers the necessary energy to support the rapid pro-

liferation, but also provides the precursors for biomolecular 

synthesis. In addition, the acidic microenvironment created 

by lactate also provides a comfortable site for tumor cell 

proliferation.29 Therefore, it is an effective strategy to inhibit 

cancer cell proliferation by blocking tumor glycolysis.30 

Inhibitors such as 2-deoxy-D-glucose and 3-bromopyruvate, 

which target to block glucose metabolism, are undergo-

ing clinical trials and have achieved promising results.31,32 

After limonin treatment, the glucose consumption and the 

lactate production were significantly decreased (Figure 2A 

and B), proving that glycolysis in HCC cells was inhibited by 

limonin. Furthermore, we also demonstrated the glycolysis 

inhibition was attributed to the decrease of HK-2 activity, and 

the expression of the important glycolytic enzymes including 

PKM2, LDH and GLUT1 had no obvious change after 

limonin treatment. Generally, HK-2 is located on the outer 

membrane of mitochondria, which provides the facilitation 

to access the ATP produced in mitochondria and promotes 

glucose phosphorylation. Although total HK-2 was not 

changed, exposure to limonin led to the translocation of HK-2 

from mitochondria to cytoplasm (Figure 3) and the decrease 

of HK-2 activity. Previous studies demonstrated that the 

phosphorylation at Ser473 of HK-2 induced its conformation 

changes to enhance its affinity with the mitochondrial partner 

and increased its mitochondrial localization.33 Beyond that, 

the phosphorylation of HK-2 also impaired the sensitivity 

to G-6P, which is the product of glucose phosphoryla-

tion, and induced HK-2 to dissociate from mitochondria.34 

After limonin treatment, the phosphorylation of HK-2 was 

decreased in a dose-dependent manner (Figure 3C), and we 

thought it was responsible for the decrease of HK-2 activity. 

In addition to participating in glycolysis regulation, the mito-

chondrial HK-2 also provides protection against cell apop-

tosis initiated by mitochondrial dysfunction.35 On the outer 

membrane of mitochondria, HK-2 is interacted with VDAC-1 

to maintain the integrity and regulate the permeability. By 

coupling with ATP generation and glucose phosphorylation, 

HK-2 is able to increase the electron flow and eliminate the 

membrane potential and reduce ROS generation.36 Moreover, 

several studies uncovered that HK-2 was a competitor of 

Bax, which can bind to the VDAC-1 on mitochondria and 

induce cell apoptosis.37 After limonin treatment, owing to 

the dissociation of HK-2, Bax gained more opportunities to 

bind with VDAC-1 and gave rise to the translocation of Bax 

from cytoplasm to mitochondria, which induced the activa-

tion of Bax and the release of pro-apoptotic factor such as 

cytochrome C from the mitochondria (Figure 4C).

Akt is an important serine/threonine kinase and is often 

hyperactivated in many tumor tissues. Upon receptor stimula-

tion or gene mutation, Akt is activated to mediate different 

functions such as cell proliferation, metabolism and survival 

by activating various downstream targets. Previous experi-

ments have shown that Akt enhanced HK-2 expression by 

regulating hypoxia-inducible factor-1 (HIF-1), which is a 

transcriptional factor and is increased under hypoxic condi-

tions. In HK-2 promoter region, there is consensus motif for 

HIF-1 binding and HK-2 expression is promoted.38 Other 

studies also demonstrated that Akt/mTOR pathway was 

involved in the regulation of HK-2 expression by target-

ing miRNA, such as miR-143.39 In addition to regulating 

HK-2 expression, Akt also enhances mitochondrial HK-2 

by phosphorylating HK-2 itself.24,33 In this study, our data 

demonstrated that Akt activities were significantly inhibited 

by limonin, and the activated Akt located in mitochondria 

was also substantially decreased (Figure 5A and B). Co-

immunoprecipitation results further clarified that the amount 

of phosphorylated Akt combined with HK-2 was substantially 

reduced, suggesting that Akt was involved in the regulation of 

HK-2 activity by direct phosphorylation, not through medi-

ating its expression. Due to the decrease of HK-2 phospho-

rylation, HK-2 was detached from the mitochondria, which 

resulted in glycolysis inhibition and apoptosis induction.

Conclusion
In present study, we demonstrated that limonin had a pro-

found antitumor activity against HCC cells by suppressing 

tumor glycolysis and inducing cell apoptosis. Through inhib-

iting Akt activity, limonin lowered the phosphorylation level 

of HK-2, leading to its detachment from mitochondria and 

the blockade of activity. Our studies provided preclinical data 

for further development of limonin or its analogs as effective 

therapeutics for HCC management.
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