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Abstract. Although previous studies have demonstrated that 
triterpenoids, such as betulinic acid (BA), can inhibit tumor 
cell growth, their potential targets in colorectal cancer (CRC) 
metabolism have not been systematically investigated. In 
the present study, BA‑loaded nanoliposomes (BA‑NLs) were 
prepared, and their effects on CRC cell lines were evaluated. 
The aim of the present study was to determine the anticancer 
mechanisms of action of BA‑NLs in fatty acid metabo-
lism‑mediated glycolysis, and investigate the role of key 
targets, such as acyl‑CoA synthetase (ACSL), carnitine palmi-
toyltransferase (CPT) and acetyl CoA, in promoting glycolysis, 
which is activated by inducing hexokinase (HK), phosphofruc-
tokinase‑1 (PFK‑1), phosphoenolpyruvate (PEP) and pyruvate 
kinase (PK) expression. The results demonstrated that BA‑NLs 
significantly suppressed the proliferation and glucose uptake 
of CRC cells by regulating potential glycolysis and fatty acid 
metabolism targets and pathways, which forms the basis of 
the anti‑CRC function of BA‑NLs. Moreover, the effects of 

BA‑NLs were further validated by demonstrating that the key 
targets of HK2, PFK‑1, PEP and PK isoenzyme M2 (PKM2) 
in glycolysis, and of ACSL1, CPT1a and PEP in fatty acid 
metabolism, were blocked by BA‑NLs, which play key roles in 
the inhibition of glycolysis and fatty acid‑mediated production 
of pyruvate and lactate. The results of the present study may 
provide a deeper understanding supporting the hypothesis that 
liposomal BA may regulate alternative metabolic pathways 
implicated in CRC adjuvant therapy.

Introduction

According to epidemiological studies, colorectal cancer 
(CRC) is currently the third most common type of cancer, 
with a 5‑year survival rate of <10% (1,2). Although medical 
scientists have made great efforts to promote holistic treat-
ment in patients with metastatic CRC, patients are still 
affected by glucose metabolism disorders, and an acidic 
and hypoxic tumor microenvironment (TME) may result in 
unsatisfactory therapeutic efficacy (3). For example, in the 
presence of an acidic TME, CRC cells exhibit increased 
proliferation, migration and invasion, further exacerbating 
CRC resistance to chemotherapy (4). It is well known that, 
when oxygen is present, the uptake level of glucose by tumor 
cells is increased, and the amount of produced lactic acid 
is increased, a process referred to as aerobic glycolysis (or 
Warburg effect) (5). It has been demonstrated that fatty acid 
(FA)‑metabolizing enzymes are closely associated with the 
occurrence, development and prognosis of various cancers, 
including CRC (6,7). Furthermore, CRC cells may also meet 
their energy demands by using alternative sources (e.g., 
fatty acid oxidation; FAO). Of note, it has been reported 
that acyl‑CoA synthetase (ACSL) is more closely associated 
with triglyceride synthesis, and the expression of ACSL1 is 
upregulated in CRC (8), which indicates that ACSL1 is asso-
ciated with clinical outcome (9,10).

Regarding glycolytic abnormalities, phosphoenolpyruvate 
(PEP) is a key central metabolic intermediate involved in 
glucose transport, a precursor of various biosynthetic pathways, 
and participates in allosteric regulation of glycolytic enzymes, 
in addition, the level of pyruvate may reflect the activity of 
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the tricarboxylic acid (TCA) cycle, ATP levels, lactate produc-
tion and baseline oxygen consumption rate (OCR). It has been 
reported that human pluripotent cells mostly rely on glycolysis 
to meet their energy demands. Pyruvate kinase (PK) activity 
may be reduced by the elevated levels of acetyl CoA found 
in colon cancer cells (8,11). Of note, the increased levels of 
PEP may be due to decreased PK or increased phosphofruc-
tokinase‑1 (PFK‑1) activity. The increase of PFK‑1 activity 
is also associated with a decrease in the level of the PFK‑1 
substrate (fructose 6‑phosphate) and an increase in the product 
level (fructose 1,6‑diphosphate) in CRC cells (12). Therefore, 
alterations in the metabolic characteristics of CRC cells may 
be used to inhibit their proliferation.

Betulinic acid (BA) is a bioactive triterpenoid natural 
compound of pentacyclic lupine, which has anticancer 
properties (13,14). It has been reported that BA is involved 
in the proliferation and apoptosis of CRC cells. Previous 
research has revealed that BA may regulate key proteins in 
the FA metabolic pathway, such as ACSL1 (15). However, the 
molecular mechanism through which BA leads to modulation 
and metabolic reprogramming in CRC has not been clearly 
defined. The poor water solubility of BA is an obstacle to its 
potential application as an anticancer drug. Therefore, it is 
important to improve the water solubility of BA in order to 
improve its antitumor biological activity and enable the devel-
opment of new strategies. The best‑known method is using 
liposomes for drug encapsulation, and liposomal systems 
exhibit several desirable characteristics, such as biocompat-
ibility and self‑assembly (16,17). To investigate the effect of 
BA on specific pathways of CRC metabolism, BA was incor-
porated into nanoliposomes (liposomal BA).

In the present study, the anticancer effects of BA‑loaded 
nanoliposomes (BA‑NLs) on CRC cell growth and FA 
metabolism‑mediated glycolysis were investigated. In addi-
tion, the effects of BA‑NLs on key factors that promote 
FA‑mediated glycolysis, such as ACSL1, carnitine palmitoyl-
transferase (CPT) and acetyl CoA, as well as key enzymes of 
glycolysis, including hexokinase (HK), PFK‑1 and PEP, were 
also studied. In the present study, the significance of BA‑NLs in 
regulating the potential glycolysis and FA targets in CRC was 
evaluated using in vitro cultured cells. Next, distinct energy 
metabolic signatures were constructed in the CRC cell lines 
based on the gene expression data by BA‑NLs. Moreover, the 
molecular effects of BA‑NLs on differentially expressed meta-
bolic genes and factors involved in the dysregulated energy 
metabolism were investigated. These results uncovered the 
mechanisms underlying the targeting of key enzymes involved 
in the regulation of FA metabolism‑mediated glycolysis by 
liposomal BA, which may be used as an anti‑metabolic agent 
in the treatment of CRC.

Materials and methods

Materials. BA (PubChem CID: 64971) was provided by 
the National Institute for the Control of Pharmaceutical 
and Biological Products (Beijing, China). Cholesterol was 
purchased from Shanghai Aladdin Biochemical Technology 
Co., Ltd., sodium cholate was from Sinopharm Chemical 
Reagent Co., Ltd. and isopropyl myristate (IPM) was from 
Shanghai Aladdin Biochemical Technology Co.,  Ltd. 

All reference substances and other chemicals were of 
analytical reagent grade. The high‑performance liquid chro-
matography (HPLC) method was developed and validated for 
determination of chromatographic purity of ≥95%. HPLC or 
analytical reagent grade organic solvents (acetone, chloroform, 
methanol petroleum ether, dichloromethane, ethyl acetate, 
95% ethanol, n‑butanol and phosphoric acid) were purchased 
from Sigma‑Aldrich; Merck KGaA. Trypsin‑EDTA, FBS, 
DMEM, penicillin‑streptomycin and L‑glutamine were 
purchased from Gibco; Thermo  Fisher Scientific, Inc. 
Anti‑HK2 (cat. no. 2867), PFK‑1 (cat. no. 12746), anti‑PEP 
(cat.  no.  12940), anti‑PKM2 (cat.  no.  4053), anti‑ACSL1 
(cat. no. 9189) and anti‑CPT1a (cat. no. 12252) were purchased 
from Cell Signaling Technology, Inc. Goat anti‑mouse 
antibodies, horseradish peroxidase‑conjugated secondary 
goat anti‑rabbit (cat. no.  sc‑405306) and anti‑β‑actin anti-
bodies (cat.  no.  sc‑643807) were provided by Santa Cruz 
Biotechnology, Inc. The BCA protein assay kit was purchased 
from Thermo Fisher Scientific, Inc.

Preparation of BA‑NLs. BA‑NLs were prepared as previ-
ously described  (16). Oil phase composition: Sodium 
cholate, cholesterol and IPM were melted at a ratio of 5:1:4 
(w/w/w). Subsequently, BA and lecithin (Shanghai Macklin 
Biochemical Co., Ltd.) were dissolved in 5 ml ethanol at a 
ratio of 1:24 (w/w). After evaporation under reduced pressure 
to film formation for 5 min, the mixture of BA and lecithin 
was reconstituted with 10 ml ethanol. Then, the oil phase was 
dissolved in the ethanol mixture with ultrasonic dissolution 
at room temperature. Subsequently, the ethanol mixture was 
evaporated under reduced pressure for 2 h until the organic 
solvent was completely dried. Then, the aqueous phase with 
10.0 ml PBS (pH 6.8) was added for hydration with probe 
sonication for 30 min in an ice bath to maintain it cold during 
sonication. Finally, the liposome suspension was filtered using 
a 0.2‑µm membrane to remove unincorporated drug to obtain 
a BA‑NL formulation.

Characterization of BA‑NLs. BA‑NLs were placed in deion-
ized water and stirring was continued for 24 h at 25˚C. The 
particle size was observed by a laser particle size analyser 
(Malvern Instruments Ltd.). The morphology of the liposomes 
was observed using a transmission electron microscope 
(JEM‑2100; JEOL, Ltd.; magnification, x40,000). The samples 
were fixed with 2.5% glutaraldehyde for 24 h at  4˚C and 
mounted on metal grids. Staining was performed using uranyl 
acetate for 1 min at 4˚C and then the samples were rinsed 
by immersion in deionized water and dried with filter paper. 
Observations were made at high resolution (90 kV) with a 
JEOL 1200EX electron microscope, (JEOL, Ltd.; magnifica-
tion, x40,000).

The drug loading content (DLC) and drug loading effi-
ciency (DLE) of BA‑NLs at 207 nm were measured by HPLC 
(DIONEX UtiMate‑3000; Dionex; Thermo Fisher Scientific, 
Inc.), and the concentration of BA in the prepared nanolipo-
somes was also determined by HPLC. The DLC and DLE were 
determined as follows: 0.5 ml of a slurry containing BA‑NLs 
was introduced into a pre‑weighed EP tube and lyophilized 
to constant weight. Subsequently, the liposome suspension 
was dissolved in methanol and the BA content in the solution 
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was determined by HPLC. Finally, the DLC and DLE of the 
BA‑NLs were calculated as follows:

DLC = (weight of drug in the nanoliposomes/weight of 
nanoliposomes) x100%; and DLE = (weight of drug in nanoli-
posomes/weight of feeding drug) x100%.

Cell culture. HCT116 cells (American Tissue Culture 
Collection) were cultured in 10% FBS (Atlanta Biologicals) 
and 100  µg/ml penicillin and streptomycin (Gibco; 
Thermo Fisher Scientific, Inc.) in DMEM (Sigma‑Aldrich; 
Merck KGaA). Subsequently, the HCT116 cells were treated 
in a medium containing BA‑NLs, which were resuspended in 
DMEM containing 10% FBS with different concentrations 
of BA, blank nanoliposomes, or 0.1% DMSO used as control. 
The cells were cultured at 37˚C in a humidified incubator 
containing 5% CO2.

Glucose oxidation and FAO. HCT116 cells were seeded 
at a density of 2.5x105  cells/well in a 6‑well cell culture 
plate, incubated with BA‑NLs or BA (50, 100 or 200 µM), 
3‑bromopyruvate (3‑BrPA; 50, 100 or 200 µM) or the FA 
synthase (FASN) inhibitor orlistat (25, 50 or 100 µM) for 
24 h at 37˚C, and HCT116 cell were incubated in serum‑free 
medium for 24 h as control, followed by washing 3 times with 
PBS for 5 min per wash.

U‑14C glucose and 3H‑palmitic acid incubation was used to 
assess the total glucose and FAO, respectively. As described 
in a previous study (18), the incorporation and oxidation of 
14C glucose was determined by a liquid scintillation counter 
(LS‑6500, Beckman Instruments, Inc.). As mentioned above, 
FAO was assessed by measuring the generation of 3H2O from 
3H‑palmitate (PerkinElmer, Inc.) (19).

Lactate assay. HCT116 cells were seeded at 2.5x105 cells/well 
in a 6‑well cell culture plate. After treatment with BA‑NLs or 
BA (50, 100 or 200 µM), orlistat (25, 50 or 100 µM) or 3‑BrPA 
(50, 100 or 200 µM) for 24 h, the cells were washed with PBS 
and incubated in serum‑free DMEM without phenol red for 8 h 
at 37˚C. The medium was then collected and assayed for the 
concentration of lactic acid using a test kit (cat. no. KGT022; 
Randox Laboratories Co., Ltd.). The amount of lactic acid 
was measured using a spectrophotometer (Thermo Fisher 
Scientific, Inc.) at an absorbance of 570 nm.

Glucose uptake assay. After treatment with BA‑NLs or BA 
(50, 100 or 200 µM), orlistat (25, 50 or 100 µM) or 3‑BrPA 
(50, 100 or 200 µM), trypsin digestion of HCT116 cells was 
performed with dilution in deionized water, and the amount of 
glucose taken up by the cells was determined using a glucose 
assay kit (cat. no. Cay700870; Cayman Chemicals Inc.).

Enzyme activity assays. HCT116 cells were seeded at a 
density of 5x105  cells/well in a 6‑well cell culture plate. 
After treatment with BA‑NLs or BA (50, 100 or 200 µM), or 
orlistat (25, 50 or 100 µM) for 24 h, the cells were washed 
3 times with PBS for 5 min per wash. Citric acid synthase, 
which is an oxidative capacity index, was measured by using 
a DTNB assay, as previously described (19), and the activity 
of β hydroxyalkyl coenzyme A dehydrogenase (β‑HAD) was 
determined by spectrophotometry, as described earlier (20).

Pyruvate metabolism and TCA flux determination. Pyruvate 
oxidation involves the combined action of pyruvate dehy-
drogenase  (PDH), the TCA cycle and the mitochondrial 
respiratory chain; therefore, the 14C‑label on carbon 2 of 
pyruvate will result in the production of 14C‑labelled acetyl 
CoA. Therefore, [2‑14C]‑pyruvate is used as the substrate, 
and the extent of the reaction is determined by measuring the 
radioactivity of the pyruvate‑14C formed, which is consid-
ered the result of the TCA cycle acetyl CoA oxidation (21). 
HCT116 cells were seeded at 5x105 cells/well in a 6‑well cell 
culture plate. After 3 h, the cells were washed with PBS and 
serum‑free medium was added for 2 h. As mentioned above, 
the level of oxidation was evaluated by measuring 14CO2 as a 
marker for the substitution of pyruvate for U‑14C glucose.

Mitochondrial respiration. HCT116 cells were seeded 
at 2.5x105  cells/well in a 6‑well cell culture plate and 
treated with BA‑NLs or BA (50, 100 or 200 µM), orlistat 
(25, 50 or 100 µM) or 3‑BrPA (50, 100 or 200 µM) for 24 h. 
According to Gerencser et al, XF24 analyzer extracellular flux 
(Seahorse Bioscience) was used to measure the mitochondrial 
respiration in HCT116 cells  (22). The HCT116 cells were 
seeded at a density of 3.5x104  cells/well onto a XF24 V7 
cell culture microplate and cultured for 48 h at 37˚C. Then, 
the culture medium was changed and culture was continued 
for 1 h; the experiment was carried out in culture medium 
without serum or bicarbonate. The cells were loaded into the 
XF24, and the experiment was divided into cycles of 3 min 
of mixing, 2 min of waiting, and 3 min of measuring. Under 
anaerobic conditions, 0.5 mol/l of the mitochondrial inhibitor 
oligocytomycin (EMD/Merck KGaA) or 0.25 mol/l of the 
mitochondrial uncoupling agent rotenone (Sigma‑Aldrich; 
Merck KGaA), and 0.3 mol/l carbonyl‑cyanide‑4‑(triuorome
thoxy)phenyhydrazone (FCCP; Sigma‑Aldrich; Merck KGaA) 
were added to measure cell oxygen consumption to evaluate 
the maximum oxidation capacity of BA‑NLs or BA. All the 
experiments mentioned above were carried out at 37˚C. These 
measurements were converted into OCR and extracellular 
acidification rate (ECAR) values to enable a direct quantifica-
tion of mitochondrial respiration and glycolysis induced by 
sequential addition of mitochondrial uncoupling agents such 
as oligomycin or FCCP.

Quantitative PCR (qPCR) analysis. Total RNA was extracted 
from CRC cells and purified using the RNeasy Mini kit 
(Qiagen Sciences, Inc.) in strict accordance with the manu-
facturer's instructions. For complementary DNA  (cDNA) 
synthesis, the primers of key enzymes of glycolysis used for 
qPCR are listed in supplementary Table SI. Briefly, the PCR 
assay was carried out in a 25‑µl reaction volume containing 
2X PCR buffer [containing 0.4 mM of each dNTP, MgSO4 
(6 mM 12.5 µl), Taq DNA polymerase (10 µM, 0.5 µl), forward 
primer (10 µM, 1 µl), reverse primer (10 µM, 1 µl), the DNA 
template (10 pg‑0.1 µg, 2 µl) and RNase‑free water (9.5 µl)]. 
The cycling was performed at 95˚C for 5 min, followed by 
40 cycles of 95˚C for 50 sec, 50˚C for 50 sec and 72˚C for 1 min, 
and an additional extension at 72˚C for 5 min. The qPCR assay 
was carried out using the TwistAmp exo kit (TwistDx), and the 
fluorescence signal in the FAM channel (excitation 470 nm, 
detection 520 nm) was detected in an Agilent Technologies 
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Mx3005P thermocycler (Thermo Fisher Scientific, Inc.) for 
60 cycles at 38˚C for 20 sec. The PCR reaction was performed 
in triplicate; standardization was performed using GADPH 
RNA, and compared with the levels of control. High‑resolution 
melting analysis was used to verify the specific amplification 
of the target gene.

Western blotting. The cells were lysed and the lysate was 
centrifuged at 12,000 x g for 15 min at 4˚C. After protein 
extraction from the cell lines using protein extraction buffer 
(Pierce; Thermo Fisher Scientific, Inc.), 30 µg of proteins were 
separated by 8‑12% SDS‑PAGE (25 mA; 2 h) and transferred 
to PVDF membranes (Pierce; Thermo Fisher Scientific, Inc.) 
using a Trans‑Blot SD Semi‑Dry Transfer Cell (Bio‑Rad 
Laboratories, Inc.) at  15  V, 95  mA, for 1  h. The PVDF 
membrane was blocked using Blocker™ Casein (Pierce; 
Thermo Fisher Scientific, Inc.) for 1 h at room temperature 
and then washed twice using TBST. The membranes were 
then incubated at 4˚C overnight with the primary antibodies 
anti‑HK2 (cat.  no.  2867), anti‑PFK‑1 (cat.  no.  12746), 
anti‑PEP (cat.  no.  12940), anti‑PKM2 (cat.  no.  4053), 
anti‑ACSL1 (cat.  no.  9189), anti‑CPT1a (cat.  no.  12252) 
(all from Cell Signaling Technology, Inc.) and anti‑β‑actin 
(cat. no. sc‑643807; Santa Cruz Biotechnology, Inc.); all the 
antibodies were diluted at 1:500 and incubated at 4˚C over-
night.

The membranes were then incubated for 1  h at room 
temperature with goat anti‑mouse and horseradish perox-
idase‑conjugated secondary goat anti‑rabbit antibodies 
(cat. no. sc‑405306; Santa Cruz Biotechnology, Inc.) at a dilu-
tion of 1:1,000, and then washed three times with 0.1% TBST 
buffer. The blots were developed using the BCIP/NBT solution 
(Santa Cruz Biotechnology, Inc.) for 5‑30 min to detect the 
target protein band as a precipitated dark blue colour. Finally, 
protein bands were detected using ECL Western Blotting 
Substrate (SuperSignal™ Western Pico Chemiluminescent 
Substrate; Pierce; Thermo Fisher Scientific, Inc.), and scanned 
by an electrophoretic gel image analysis system (DNR Bio 
Imaging Systems).

Statistical analysis. Data are expressed as mean ± standard 
error of the mean. When comparing multiple cell types, 
one‑way ANOVA was used to analyze the results, followed 
by Tukey's post hoc test. Student's two‑tailed t‑test was used 
to analyze the comparison of cancer treated and untreated 
cells at the same stage. The experimental data analysis was 
performed with SPSS 13.0 (SPSS Inc.). P<0.05 was considered 
to indicate statistically significant differences. For western 
blotting, the corresponding protein bands was to capture 
by the Bio‑Rad Image analysis system (Bio‑Rad Precision 
Melt Analysis 1.2.131.1030; Bio‑Rad Laboratories, Inc.), and 
the relative grey values were analyzed by Image Pro‑Plus 
Software 6.0 (Media Cybernetics).

Results

Characterization of BA‑NLs. The BA‑NLs were spherical 
particles with a small diameter (30‑250  nm; mean, 
82.3±35.6 nm; Fig. 1A and B). The mean particle diameter and 
ζ potential are shown in Table I, indicating that the BA‑NLs 

exhibited good stability, with DLC ~16.68±2.12% and DLE 
~88.26±4.27%. The high efficiency of embedding allows high 
yield of BA in nanoliposomes.

Glucose oxidation and FAO in HCT116 cells. As shown in 
Fig. 2, the FAO level in HCT116 cells was lower than the 
glucose oxidation level, indicating that all HCT116 cells 
utilized glucose rather than FA as the preferred substrate. The 
increased glucose consumption by tumor cells largely depends 
on cell growth, and the glucose oxidation of BA‑NL‑treated 
HCT116 cells (P<0.01) decreased significantly compared with 
BA‑treated HCT116 cells (P<0.05), indicating that glucose 
oxidation of HCT116 cells was continuously decreased by 
BA‑NLs (Fig. 2A). Significant reduction of FAO was detected 
in BA‑NL‑treated HCT116 cells (P<0.001). However, the fat 
oxidation levels in BA‑treated HCT116 cells were already 
moderately decreased (Fig. 2B). In comparison, HCT116 cells 
displayed higher glucose oxidation (~28 nmol/mg protein/h) 
and lower FAO (~9.2 nmol/mg protein/h) compared with the 
mean glucose oxidation level (21), which confirmed that the 
energy source of HCT116 cells was glucose.

Glucose uptake and lactate secretion. In CRC cells, glucose 
is preferentially converted into lactic acid even under normal 
oxygen content conditions  (22). To further investigate the 
changes in glycolysis progression of HCT116 cells induced by 
BA‑NLs, the cellular uptake of glucose and lactic acid secre-
tion were measured. Compared with HCT116 control cells, the 
glucose uptake in HCT116 cells was significantly decreased 
by BA‑NLs (P<0.01) compared with BA (P<0.05; Fig. 2C). 
Interestingly, compared with HCT116 control cells, lactic 
acid secretion was significantly suppressed in HCT116 cells 
treated with BA‑NLs (P<0.001) compared with BA (P<0.05), 
suggesting that BA‑NLs play a key role in the inhibition of 
tumor cell glucose uptake and lactate secretion during cancer 
progression (Fig. 2D and E), which may display different 
substrate utilization and energy requirements.

Changes in citrate synthase activity and TCA flux. As 
glycolysis is uncoupled from the mitochondrial tricarboxylic 
acid (TCA) cycle and oxidative phosphorylation (OXPHOS) 
in cancer cells, the present study further aimed to investigate 
the effect of BA‑NLs on regulating the metabolic changes in 
HCT116 cells by determining the changes in the enzymes of 
the Krebs cycle and TCA carbon flux.

The citrate synthase activity in BA‑NL‑treated HCT116 
cells was inhibited, but the citrate synthase activity in untreated 
HCT116 cells was significantly increased compared with that 
in BA‑treated HCT116 cells (P<0.001; Fig. 3A), suggesting that 
BA‑NLs decreased the acetyl CoA in the TCA cycle to reduce 
FAO. However, β‑HAD activity differed between HCT116 cells 
treated with BA‑NLs and untreated HCT116 cells (Fig. 3B), 
suggesting that BA‑NLs changed the acetyl‑CoA by regulating 
β‑HAD activity, which was oxidized via the TCA cycle, then 
the citrate was transported out of the mitochondria and FAO 
and β‑HAD activity were decreased by BA‑NLs.

Furthermore, carbon skeleton flux of pyruvic acid was 
measured by carbon‑1 and carbon‑2 labeled radioisotopes to 
determine the activity of the TCA cycle. The acetic acid is 
produced from pyruvic acid via pyruvate dehydrogenase (PDH), 
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which catalyzes the conversion of pyruvate to acetyl‑CoA and 
CO2. As shown in Fig. 3C, PDH activity exhibited no signifi-
cant differences, but in HCT116 cells treated with BA‑NLs, 
the carbon‑2 marker of pyruvate TCA flux was significantly 
lower (P<0.001) (Fig. 3D), confirming complete oxidation. In 
addition, qPCR data demonstrated that PDH was expressed at 
a low level in BA‑NL‑treated HCT116 cells (P<0.05) (Fig. 3E). 
In addition, the mRNA level of PDK1 was decreased in 
BA‑NL‑treated HCT116 cells (Fig. 3F), and PDK1 is one of 
the key enzymes regulating PDH that is inhibited by BA‑NLs.

Mitochondrial oxygen consumption rate. To further eluci-
date the effect and mechanism of action of BA‑NLs on 
glycolysis conversion when oxygen is sufficient, the change 

of mitochondrial capacity in HCT116 cells was evaluated. 
Mitochondrial dysfunction is manifested by reduced citrate 
levels, and the present study investigated the effect of BA‑NLs 
on TCA cycle flux. It was observed that, with the development 
of cancer and the increase of phenotypic aggressiveness, the 
respiratory intensity decreased significantly, as shown by 
the basic OCR of HCT116 cells (235.22±113.67 pmol/min), 
BA‑treated HCT116 cells (134.41±86.32 pmol/min; P<0.05) 
and BA‑NL‑treated HCT116 cells (64.51±49.16 pmol/min; 
P<0.01), indicating a decrease in oxidative metabolism levels. 
As cancer progresses, the maximal OCR of tumor cells may be 
measured by FCCP stimulation in conditioned media (Fig. 4A). 
HCT116 cells respond strongly to FCCP stimulation and OCR 
increases significantly, and this reaction was significantly 

Table I. Characteristics of NLs.

Formulation	 Size (nm)	 ζ potential (mv)	 DLC (%)	 DLE (%)

BA‑NLs	 82.3±35.6	 ‑29.56±5.39	 16.68±2.12	 88.26±4.27
Control NLs	 106.5±41.8	 ‑14.64±3.57	 ‑	 ‑

Data represent the mean ± standard deviation of three separate experiments (n=3). BA‑NLs, betulinic acid‑loaded nanoliposomes; DLC, drug 
loading content; DLE, drug loading efficiency.

Figure 1. Characterization of BA‑NLs. (A) The BA‑NL size was between 30 and 250 nm, with a mean diameter of 82.3±35.6 nm. (B) Transmission electron 
microscopic examination (magnification, x40,000) revealed that BA‑NLs were spherical particles of small diameter and narrow size distribution, suggesting 
good stability following BA incorporation into the nanoliposomes. BA‑NLs, betulinic acid‑loaded nanoliposomes.RETRACTED
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Figure 2. Effects of BA‑NLs or BA, orlistat and 3‑BrPA on glucose and fatty acid oxidation in HCT116 cells. (A) Glucose oxidation, (B) fatty acid oxidation 
and (C) glucose uptake of HCT116 cells. (D and E) Effects of the administration of BA‑NLs or BA on the lactate secretion by HCT116 cells. Cells were 
treated with different concentrations of BA‑NLs or BA, orlistat and 3‑BrPA for 48 h and cell viability was determined by the described methods. *P<0.05, 
**P<0.01 and ***P<0.001, significantly different from control. Values are the mean ± standard deviation of at least three independent cell viability experiments. 
BA‑NLs, betulinic acid‑loaded nanoliposomes; 3‑BrPA, 3‑bromopyruvate.
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Figure 3. Changes in citrate synthase activity and TCA cycle in HCT116 cell lines. (A) Citrate synthase activity and (B) β‑HAD activity in HCT116 cells treated 
by BA‑NLs or BA, orlistat and 3‑BrPA. (C) PDH activity catalyzing the conversion of pyruvate to acetyl‑CoA and CO2 in HCT116 cells treated with BA‑NLs 
or BA, orlistat and 3‑BrPA. (D) Pyruvate flux through the TCA cycle in HCT116 cells representing complete oxidation during progression of colorectal 
cancer. (E) qPCR determination of PDH and (F) qPCR determination of PDK1 (negative regulator of PDH). *P<0.05, **P<0.01 and ***P<0.001, significantly 
different from control. Values are the mean ± standard deviation of at least three independent cell viability experiments. TCA, tricarboxylic acid; β‑HAD, 
β‑hydroxyacyl‑CoA dehydrogenase; PDH, pyruvate dehydrogenase; BA‑NLs, betulinic acid‑loaded nanoliposomes; 3‑BrPA, 3‑bromopyruvate; PDK1, pyru-
vate dehydrogenase kinase 1; qPCR, quantitative PCR; L‑Asp, L‑Asparaginase.
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decreased in BA‑NL‑treated HCT116 (P<0.001) compared 
with BA‑treated HCT116 cells (P<0.05; Fig. 4B). Compared 
with HCT116 cells, the ATP synthesis rate of HCT116 cells 
treated with BA‑NLs also decreased significantly (P<0.05; 
Fig.  4C), indicating that ATP synthase was inhibited by 
reducing the OCR that depended on oxidative metabolism by 
BA‑NLs.

Glycolysis rate. In order to determine the increase of glucose 
uptake level and glycolysis in HCT116 cells, ECAR, which is 
a glycolytic marker, was measured. The acidification level of 
the culture medium, or ECAR, is increased by promoting the 
production of cell protons through increasing the anaerobic 
glycolysis level. As shown in Fig.  5, compared with the 
BA‑NLs treated HCT116 cells, ECAR was significantly 
increased in HCT116 cells (P<0.05), suggesting that the more 
aggressive HCT116 colorectal cancer cells display higher 
levels of glycolysis. In comparison, the ECAR is closer to the 
maximum ECAR of HCT116 colorectal cancer cells, since the 
level of ECAR following BA‑NL treatment was significantly 

lower compared with that in controls (P<0.01; Fig. 5A and B). 
This result indicates that glycolytic metabolism in HCT116 
cells had reached the highest level and ATP synthesis inhibition 
of oxidative metabolism could not increase it further. In the 
control group, the acidification of the culture medium resulted 
in a change in the color of the medium from pink to yellow. 
By contrast, acidification of the culture medium was reduced 
by BA‑NLs, which was macroscopically observed by the lack 
of an obvious change in the color of the medium. This was 
confirmed by the glycolysis stress test, in which ECAR values 
demonstrated that both the basal glycolysis and the maximum 
glycolytic capacity were reduced by BA‑NLs (Fig. 5C and D).

Effect of BA‑NLs on genes and enzymes involved in glucose 
metabolism. The genes and enzymes involved in glucose 
metabolism, such as HK2, PFK‑1, PEP and PKM2, were inves-
tigated in the present study. These results revealed that the 
mRNA levels of HK2, PFK‑1, PEP and PKM2 in CRC cells 
treated with BA‑NLs were significantly lower compared with 
those in the control group (Fig. 6A‑D). At equimolar concen-
trations, BA can downregulate the mRNA expression level of 
HK2, PFK‑1, PEP and PKM2, whereas BA‑NLs can down-
regulate the mRNA expression to a greater extent. By contrast, 
3‑BrPA also caused the downregulation of HK2, PFK‑1, PEP 
and PKM2. 3‑BrPA is a halogenated pyruvate derivative and 
a strong alkylating agent of cysteine residues in proteins (23); 
it directly targets the glycolytic regulator GAPDH, inhibiting 
its enzymatic activity and causing depletion of the cellular 
ATP pool  (24). Moreover, 3‑BrPA covalently modifies the 
HK2 protein, which is a critical determinant in the first step 
of glycolysis, promoting its dissociation from mitochondria, 
opening the permeability transition pore complex and inducing 
cell death (25,26). HK2 is a key enzyme in glycolysis and is 
widely expressed in cancer cells. As 3‑BrPA inhibits HK2, it 
may be of value as a specific antitumor agent and inhibitor 
of glycolysis. The protein levels of HK2, PFK‑1, PEP and 
PKM2 were also examined following treatment by BA‑NLs, 
and the changes were found to be consistent with those in 
their mRNA levels (Fig. 6E and F). These results indicate that 
BA‑NL‑induced inhibition of glycolysis in CRC cells may be 
mediated by these key glycolytic genes.

BA‑NLs suppress FAO and decrease ACSL1 and CPT1a 
expression. In order to elucidate the potential mechanism 
through which BA‑NLs regulating FAO, the expression of 
transporters and FAO‑related enzymes in HCT116 cells was 
investigated. It was observed that the mRNA expression levels 
of ACSL1 and CPT1a in HCT116 cells treated with BA‑NLs 
were lower compared with those in HCT116 cells treated with 
BA (Fig. 7A and B) and compared with the control group. 
Consistent with the changes in mRNA levels, BA‑NLS in 
HCT116 cells decreased the protein expression levels of 
ACSL1 and CPT1a compared with HCT116 cells treated 
with BA (Fig. 7C and D). ACSL1 and CPT1a are FAO‑related 
enzymes, and our results also revealed that the levels of ACSL1 
and CPT1a in HCT116 cells were downregulate by orlistat, 
which inhibited β‑oxidation and de novo fatty acid synthesis, 
respectively, in myeloma cells. The results mentioned above 
indicate that ACSL1 and CPT1a may be the key targets in FAO 
that are regulated by BA‑NLs in CRC.

Figure 4. OCR is regulated by BA‑NLs during cancer progression. (A) OCR 
was measured during an uncoupling challenge. Maximum cellular oxygen 
consumption rate in conditioned media following FCCP stimulation was 
measured in the control, BA‑NL and BA, orlistat and 3‑BrPA groups. 
(B) Change over baseline in OCR following treatment with BA‑NLs or BA, 
orlistat and 3‑BrPA under conditions of FCCP stimulation. FCCP, a mito-
chondrial uncoupling agent, is a complex inhibitor of the electron transport 
chain that enhances cellular oxygen consumption, and may be used for direct 
quantification of mitochondrial respiration and glycolysis. *P<0.05, **P<0.01 
compared with the control group. (C) ATP synthesis rate was calculated based 
on the difference between basal OCR and OCR in BA‑NL‑ or BA‑treated 
HCT116 cells. *P<0.05, **P<0.01 compared with the control group. BA‑NLs, 
betulinic acid‑loaded nanoliposomes; OCR, oxidative capacity rate; FCCP, 
carbonyl‑cyanide‑4‑(triuoromethoxy) phenyhydrazone. 
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Discussion

Previous studies have demonstrated that the pathway of 
apoptosis induced by the triterpene component BA is different 
from that induced by standard chemotherapy drugs, and that 
BA induces cell apoptosis mainly through the mitochondrial 
pathway and the PI3K/Akt signaling pathway in cancer 
cells  (27,28). Moreover, BA may induce cell apoptosis by 
upregulating the expression of Bax and cleaved caspase‑3 
and downregulating the protein expression of Bcl‑2. BA may 
inhibit the metastasis of cancer cells, increase the production 
of reactive oxygen species, and reduce the mitochondrial 
membrane potential of cancer cells, suggesting that BA 

induces cancer cell apoptosis through mitochondrial‑mediated 
pathways (29). However, the molecular mechanism through 
which BA achieves regulation of metabolic reprogramming 
and anti‑CRC effects has not yet been clearly defined. To 
investigate the effect of BA on specific pathways and metabolic 
changes in CRC, BA‑NLs were used to study the function of 
glycolysis and FA metabolism under normal physiological 
conditions in human CRC cell lines.

As is well known, the metabolic changes contribute to 
different malignant characteristics of tumor cells, such as the 
Warburg effect, which promotes cell proliferation (30). The 
aim of the present study was to investigate glycolysis, as this 
is one of the most prominent characteristics of proliferating 

Figure 5. ECAR is regulated by BA‑NLs or BA, orlistat and 3‑BrPA. (A) HCT116 cells were treated by BA‑NLs or BA, orlistat and 3‑BrPA and cultured for 
48 h, and acidification of the culture medium was evaluated by visually inspecting the color of the medium. Yellow medium indicates the presence of a higher 
amount of lactate. (B) ECAR was measured by the glycolysis stress test in HCT116 cells following treatment with BA‑NLs or BA, orlistat and 3‑BrPA. ECAR, 
an indicator of the rate of glycolysis, is increased by promoting the production of cell protons through increasing the anaerobic glycolysis level, which was 
modified by BA‑NLs or BA. (C and D) ECAR and basal ECAR levels in HCT116 cells. BA‑NL or BA, orlistat and 3‑BrPA treatment are associated with an 
increased rate of glycolysis under basal conditions. Data are presented as mean ± SEM. *P<0.05, **P<0.01 compared with DMSO or control‑NLs. BA‑NLs, 
betulinic acid‑loaded nanoliposomes; ECAR, extracellular acidification rate.
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Figure 6. Effect of BA‑NLs or BA, orlistat and 3‑BrPA on genes and enzymes involved in glucose metabolism in HCT116 cells. (A‑D) The mRNA levels 
of glycolytic genes (HK2, PFK‑1, PEP and PKM2) were investigated by qPCR analysis. (E and F) The protein levels of glycolytic genes and enzymes 
(HK2, PFK‑1, PEP and PKM2) were determined by western blotting. Left panels, BA‑NLs and BA compared with control. Right panels, orlistat and 
3‑BrPA compared with control. The data are presented as the mean ± SEM from at least three independent experiments performed in triplicate. *P<0.05, 
**P<0.01 and ***P<0.001 compared with DMSO or control‑NLs. BA‑NLs, betulinic acid‑loaded nanoliposomes; qPCR, quantitative PCR; HK, hexokinase; 
PFK‑1, phosphofructokinase‑1; PEP, phosphoenolpyruvate; PKM2, pyruvate kinase isoenzyme M2; 3‑BrPA, 3‑bromopyruvate.
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cancer cells. Our previous study demonstrated the efficacy 
of triterpenoids extracted from R. chinensis Mill (TER) in 
CRC, and network pharmacology analysis was used for two 
major active compounds (betulinic acid and betulin). Through 

verification of the experimental procedure, it was determined 
that the key targets (i.e., ENO1, PFKFB3, ALDOA, LDHA 
and PKM2) and pathways (i.e., glucose metabolism‑associated 
pathways) were considered to be involved in the anti‑CRC 

Figure 7. Effect of BA‑NLs or BA, orlistat and 3‑BrPA on ACSL1 and CPT1a expression in HCT116 cells. (A and B) The mRNA levels of glutamine trans-
porters and glutaminolytic enzyme (ACSL1 and CPT1a) were measured by qPCR analysis. (C and D) The protein levels of ACSL1 and CPT1a were determined 
by western blotting. The data are presented as the mean ± SEM from at least three independent experiments performed in triplicate. *P<0.05, **P<0.01 and 
***P<0.001 compared with DMSO or control‑NLs. BA‑NLs, betulinic acid‑loaded nanoliposomes; CPT, carnitine palmitoyltransferase; ACSL, acyl‑CoA 
synthetase; qPCR, quantitative PCR; ‑BrPA, 3‑bromopyruvate.
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mechanisms of BA or triterpenoids in TER (31). In addition, 
it was demonstrated that inhibition of the ASIC2‑induced 
calcineurin/nuclear factor of activated T cells pathway by trit-
erpenoids in TER, which target alternative glycolytic pathways 
in CRC cells, may be a useful adjuvant therapy in CRC (32). 
The results of the present study suggested that liposomal BA 
significantly suppressed the glucose oxidation of HCT116 cells 
through the TCA cycle. In addition, the glucose oxidation level 
in HCT116 control cells utilizing glucose was significantly 
higher compared with BA‑NL‑treated HCT116 cells. The 
results mentioned above indicate that the enhanced inhibitory 
effect of BA was due to the BA incorporation into nanolipo-
somes (liposomal BA). The reason for the enhanced cellular 
toxicity of BA‑NLs compared with that of free BA may be 
as follows: Incorporating hydrophobic drugs (e.g., BA) into 
nanoliposomes creates liposomal systems with drug‑carrying 
ability, and the small size of the nanoliposomes is within the 
threshold (<200 nm) allowing extravasation into the tumors, 
which makes them more effective compared with the unmodi-
fied, less soluble parent compounds.

Previous studies have encapsulated the lead BA derivative 
(2c) in a polymeric nanocarrier system (2c‑NP) and evalu-
ated its therapeutic efficacy. Apoptosis induced by in vitro 
antiproliferative activity was significantly increased by 2c‑NP 

compared with the free drug (2c), and efficient depolarization 
of the mitochondrial membrane was observed in HT‑29 cells 
upon increased cellular uptake of 2c‑NP. Nanoencapsulation 
of 2c caused an appreciable decrease in cytotoxicity against 
normal cells in vitro and improvement of therapeutic efficacy 
in vivo (29). The present study also demonstrated that BA‑NLs 
can inhibit glucose uptake and lactate secretion by CRC 
cells and may be involved in the regulation of glycolysis. We 
observed that the early glucose consumption of HCT116 cells 
gradually increased, and only in the late stage of progression 
there were significant changes in glucose uptake, ECAR and 
lactate secretion. In addition, we found that abnormal TCA 
cycle flux will cause substrates to break away from the TCA 
cycle, which was closely associated with the increase of the 
FA levels in more aggressive HCT116 cells. ECAR has been 
reported to be among the key indicators of cellular func-
tions, such as mitochondrial respiration and glycolysis (33). 
Treatment with BA‑NLs altered glucose uptake and lactate 
secretion in HCT116 cells. Furthermore, citrate synthase 
activity, glycolysis rate and carbon flux through the TCA 
cycle were inhibited in BA‑NL‑treated CRC cells, which was 
confirmed by the glycolysis stress test, in which ECAR values 
revealed that both the basal glycolysis and the maximum 
glycolytic capacity were reduced by BA‑NLs.

Figure 8. Mechanism of the inhibitory effects of BA‑NLs on glycolysis and fatty acid metabolism in CRC. Liposomal BA significantly suppressed the prolif-
eration and glucose uptake of CRC cell by regulating the potential glycolysis and fatty acid targets and pathways and inhibiting the key targets HK2, PFK‑1, 
PEP and PKM2 in glycolysis, and ACSL1 and CPT1a in fatty acid metabolism, which form the basis of its anti‑CRC effects, indicating that liposomal BA 
plays a key role in inhibition of pyruvate and lactate activity, and may represent a combined targeting strategy for CRC therapy. BA‑NLs, betulinic acid‑loaded 
nanoliposomes; CRC, colorectal cancer.
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The glycolytic pathway of HCT116 cells was also altered. 
PEP and the intermediates dihydroxyacetone phosphate and 
3‑phosphoglycerate were significantly elevated in cancer cells. 
Elevated levels of PEP may be associated with increased 
PFK‑1 activity or decreased PK activity  (34). Although 
the level of PEP increased significantly, that of pyruvic 
acid remained at a relatively stable level with no significant 
changes. PK activity is decreased by the increase of acetyl 
CoA levels, which is consistent with the findings of a previous 
study reporting altered use of glucose‑derived carbon and 
increased acetyl‑CoA levels in colon cancer cells  (8). The 
increased PFK‑1 activity in cancer cells was also reflected 
in the increased production of fructose‑1,6‑biphosphate. The 
results of the present study further indicated that the mRNA 
and protein levels of HK2, PFK‑1, PEP and PKM2 were also 
downregulated by BA‑NLs, and these results demonstrated 
the effect of BA‑NLs on targeting key enzymes involved in 
the regulation of FA metabolism‑mediated glycolysis in CRC 
cells.

In order to further elucidate the effects of BA‑NLs on 
metabolic changes, the present study comprehensively char-
acterized glycolysis and FAO in the HCT116 cell line through 
metabolic analysis (35,36). As HCT116 cells acquire a more 
aggressive phenotype, the carbon flux in the TCA cycle is 
significantly reduced, while the citrate synthase activity is 
significantly increased. Acetyl CoA does not participate in 
the complete TCA cycle, but is converted into citrate and exits 
mitochondria in this form (37). With the decrease of carbon 
flux in the TCA cycle, citrate synthase activity in HCT116 cells 
is significantly enhanced. It was inferred that pyruvate is not 
only converted into lactate and secreted by HCT116 cells, but 
also pyruvate is oxidized and acetate is transferred to CoA 
to form acetyl CoA, which enters the TCA cycle. BA‑NLs 
participate in regulating the conversion of pyruvate to acetyl 
CoA and the amount of acetyl CoA that enters the TCA cycle, 
which indicates that BA‑NLs are implicated in the reduction of 
the FAO level through regulating the formation of acetyl CoA. 
However, the β‑HAD activity of BA‑NLs‑treated HCT116 
cells was different from that of control cells, suggesting that 
BA‑NLs changed the acetyl CoA to complete oxidation by 
regulating β‑HAD activity in the TCA cycle. It may be shed 
from the mitochondria in the form of citrate, which explains 
the reduction in FAO and the change in β‑HAD activity. The 
analysis described above indicated that BA‑NLs can signifi-
cantly reduce the level of FAO in HCT116 cells. These results 
verified that glycolysis and FA metabolism are involved in 
the disruption of metabolic patterns induced by BA‑NLs, 
suggesting that BA‑NLs play a key role in the transitional stage 
of cancer progression, which may display different substrate 
utilization and energy requirements.

We have previously described an energy metabolism 
network link between KRAS‑mutant CRC and multiple 
metabolic pathways, including lipids, amino acids, FA 
metabolism and glycolysis, and several factors and meta-
bolic genes, such as alanine, serine, cysteine‑preferring 
transporter 2, stearoyl‑CoA desaturase (SCD), FASN, ACSL, 
c‑Myc, glutaminase‑1, ATP‑binding cassette subfamily A 
member  1, glucose transporter 1, asparagine synthetase 
and 1‑acylglycerol‑3‑phosphate O‑acyltransferase 1. These 
factors induce metabolic changes and regulate metabolic 

pathways together with major energy sources associated 
with mutant KRAS, and they are often overexpressed in 
CRC patients with poor prognosis (38). ACSL1 is involved in 
lipid synthesis, modification and β‑oxidation; and SCD is the 
main enzyme controlling the rate of conversion of saturated 
FA to monounsaturated FA (39), which is crucial for cancer 
cells (40).

Acylcarnitines are produced by CPT1 (41), which transfers 
the acyl group of the acyl‑CoA derivative of long‑chain FA 
to carnitine to form acylcarnitine, which then diffuses across 
the mitochondrial membrane (8,42). CPT1a is the most widely 
distributed member of the CPT1 family with the strongest 
enzyme activity. CPT1a‑mediated FAO increases metastatic 
capacity and promotes progression of human CRC. Therefore, 
increased levels of acylcarnitine may be attributed to the 
increased levels of various cytoplasmic acyl‑CoA substrates, 
including the ACSL1 product, which in turn leads to increased 
CPT activity. The present study demonstrated that CPT1a was 
highly expressed in the CRC cell line HCT116. High expres-
sion of CPT1a is closely associate with poor prognosis of 
CRC (43). The inactivation of CPT1a in CRC cells suggests 
that CPT1a‑dependent FAO plays an important role in the cell 
cycle procession of CRC cells in vivo and in vitro (44). In order 
to elucidate the molecular mechanism through which BA‑NLs 
regulate FAO, this study analyzed the expression of trans-
porters and FAO‑related enzymes, and revealed that BA‑NLs 
in HCT116 cells can downregulate the protein levels of ACSL1 
and CPT1a. These results suggest that ACSL1 and CPT1a are 
the key targets of FAO that are regulated by BA‑NLs in CRC.

Changes in FA metabolism and gradual increase in 
glycolysis are often accompanied by a decrease in mitochon-
drial oxidation capacity. FCCP uncouples mitochondrial 
respiration from ATP synthesis, so mitochondria must 
ensure proton flow back to the matrix by greatly increasing 
oxygen consumption  (33). HCT116 cells were shown to 
have the ability to meet increased ATP requirements. The 
present study demonstrated that the ATP synthesis rate of 
HCT116 cells treated with BA‑NLs was significantly lower 
compared with that of untreated HCT116 cells, which was 
measured indirectly by inhibiting the decrease of OCR in 
ATP synthesis, indicating that ATP synthesis is dependent 
on cellular oxidative metabolism. FCCP‑induced respiration 
may be associated with decreased mitochondrial numbers 
or mitochondrial uncoupling, or electron transfer chain 
dysfunction, resulting in FCCP not responding to further 
uncoupling  (45). Compared with the less aggressive lung 
cancer cell lines, invasive cells exhibit a reduced ability to 
switch from glycolysis to mitochondrial respiration  (40). 
In addition, glutathione (GSH) levels were significantly 
elevated in metastatic and invasive CRC cells compared with 
corresponding non‑invasive control cells. The increase in 
γ‑glutamyl amino acids in CRC cells further supports this 
lower oxidative stress, as these amino acids are an impor-
tant marker for the levels of NADPH and production of 
GSH (46,47). Moreover, forcing CRC cells to produce energy 
through mitochondrial oxidation and excessive oxidative 
stress is expected to have anticancer effects (48).

The present study highlighted that the anticancer mecha-
nisms of liposomal BA rely on inhibiting glycolysis‑mediated 
FA metabolism, and liposomal BA regulates key targets, such 
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as ACSL1, CPT1a and acetyl CoA, thereby inhibiting glycolysis 
and FA metabolism. The results demonstrated that BA‑NLs 
significantly suppressed the proliferation and glucose uptake 
of CRC cells by regulating the FA metabolism‑mediated 
glycolysis and inhibiting key targets, including HK2, PFK‑1, 
PEP and PKM2, in glycolysis, and ACSL1 and CPT1a in FA 
metabolism, which formed the basis of its anti‑CRC effects. 
Moreover, PEP and ACSL1 blockade by BA‑NLs plays a key 
role in multiple inhibition of glycolysis and FA‑mediated pyru-
vate and lactate activity as a combined targeting strategy for 
CRC (Fig. 8).

In conclusion, liposomal BA suppressed the proliferation 
and glucose uptake of CRC cells by regulating the potential 
pathways of glycose and FA metabolism. The results outlined 
above provide evidence supporting the use of liposomal BA 
for targeting alternative metabolic pathways as an effective 
adjuvant therapy in CRC.
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