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Melanoma is one of the most malignant and metastatic can-
cers, with a poor prognosis and considerable drug resistance.24 
Although several agents have received FDA approval in the past 
decade for the treatment of melanoma, it still accounts for 47% 
of skin cancer deaths in humans.40 These therapeutics, which 
are based on mutant genes and immune antibodies, can have 
serious side effects, such as diarrhea, arthralgia, and fatigue.29 
In addition, low response rates and modest clinical benefits are 
prevalent weaknesses of immunotherapy.25

Remodeling of cellular metabolism to meet the anabolic 
and bioenergetic demands in a constantly changing microen-
vironment is a hallmark of cancer cells. Canonical alterations 
of metabolic pathways in tumor cells involve glycolysis, 
glutaminolysis, and lipid metabolism and suggest a point for 
therapeutic intervention.18 For example, L-asparaginase (for 
amino acid asparagine depletion),16,28 and 3-bromopyruvic acid 
(for glycolysis inhibition)52 have been approved for clinical use 
against melanoma. However, as an efficient anticancer strategy, 
therapeutic targeting of various metabolic pathways has met 
with limited success.

Rapidly growing tumor cells also typically display altered 
aerobic glycolysis. LDHA, a key enzyme in tumor metabolism, 
catalyzes pyruvate to lactate.13 Due to its high expression in 
tumors and restricted expression in normal tissues, LDHA is an 

attractive target for cancer therapy.31 Several LDHA inhibitors, 
including gossypol,7 FX11,26 galloflavin,12 N-hydroxyindole–
based compounds,15 have shown significant antitumor activity 
in cellular and animal models. Moreover, reducing LDHA 
expression can suppress tumor growth and metastasis, as 
reported for treatment of Ewing sarcoma, breast cancer, and 
colon cancer.23,46,50

ATP is a ubiquitous intracellular high-energy substance and 
an important component of the tumor microenvironment.38,39 In 
past studies, extracellular ATP has been broadly investigated as 
a signaling molecule in several tumor models.4,6,10,44 Specifically, 
ATP has been reported to induce the death of mouse glioma cells 
via the P2X7 receptor.41 Because most previous studies have 
focused on the signal transduction pathway through which 
extracellular ATP induces tumor cell death,9,48 we chose to study 
the antitumor effect of ATP in terms of energy metabolism.

In the present study, we investigated the therapeutic effects 
of extracellular ATP against melanoma and performed intratu-
moral metabolic profiling. In addition, we assessed the effects of 
ATP on melanoma proliferation and LDHA activity in vitro. We 
demonstrated that extracellular ATP altered glucose and amino 
acid metabolism in melanoma cells, causing disorders in intra-
tumoral energy metabolism and restraining melanoma growth.

Materials and Methods
Experimental animals. C57BL/6 mice (male, 6 to 8 wk old, 

20 to 22 g) were purchased from the Model Animal Research 
Center of Nanjing University (Nanjing, China). The mice were 
housed in a standard animal facility (ambient temperature, 22 
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to 25 °C; relative humidity, 40% to 60%; standard ventilated 
caging system made of polysulfone with autoclaved aspen-
chip bedding; a cotton nestlet and an aspen gnawing block for 
environmental enrichment) under a 12:12-h light:dark cycle 
and were provided with standard food (Xietong Pharmaceuti-
cal Biotechnology Limited Liability Company, Jiangsu, China) 
and water. Mice were housed in groups of 2 to 3 per cage. 
Mice were maintained under SPF conditions and underwent 
regular pathogen monitoring by sentinel screening (performed 
by GemPharmatech, Jiangsu, China). All animal care and use 
procedures were approved by the Nanjing University of Science 
and Technology IACUC. Research using animals was performed 
according to the ARRIVE guidelines.34

Cell culture. The B16F10 mouse melanoma cell line (catalog 
no. TCM36) was purchased from the Type Culture Collection 
of the Chinese Academy of Sciences (Shanghai, China). Cells 
were cultured in RPMI1640 medium (Gibco, Waltham, MA) 
supplemented with 10% FBS and 1% penicillin–streptomycin 
(Sigma, St Louis, MO) and maintained in an incubator at 37 °C 
with 5% CO2.

Establishment of melanoma-bearing model. C57BL/6 mice 
were divided randomly into 4 groups (n = 5 in each group). 
Mouse melanoma (provided as a subcutaneous injection of 
B16F10 cells at a dose of 2 × 105 per mouse in 100 μL PBS) was 
used to investigate tumor growth and drug response.43 The 4 
experimental groups are designated CK (no melanoma controls), 
M (model; melanoma but no ATP), LATP (melanoma and low 
dose ATP), and HATP (melanoma and high dose ATP). Mice 
in the CK group received subcutaneous injections of PBS but 
did not receive melanoma or ATP injections. At 24 h after the 
melanoma injection, mice in the M group were intraperitoneally 
injected with 0.9% saline (no-ATP controls); those in the LATP 
group were injected intraperitoneally with a low dose of ATP 
(1 mmol/kg body weight); and those in the HATP group were 
injected intraperitoneally with a high dose of ATP (2 mmol/kg 
body weight). ATP disodium salt hydrate (catalog no. A1852, 
Sigma) was dissolved in 0.9% saline and filter-sterilized before 
injection. Mice received daily injections of ATP (or saline) for 
14 consecutive days, after which they were anesthetized by 
isoflurane inhalation and euthanized by cervical dislocation. 
Blood and tissues were collected for further analysis.

Flow cytometry. Single-cell suspensions were generated 
from the thymus and spleen and analyzed by flow cytometry, 
as previously described.30 Briefly, the tissues were minced and 
gently pressed through sterilized gauze (200 mesh) to obtain a 
homogeneous cell suspension. RBC were lysed by using ammo-
nium–chloride–potassium buffer. Single-cell suspensions were 
stained with monoclonal antibodies for CD4 (dilution 1:100; 
clone GK1.5, catalog no. 11-0041-82, eBioscience, San Diego, 
CA), CD8 (dilution 1:100; clone 53-6.7, catalog no. 45-0081-80, 
eBioscience), B220 (dilution 1:200; clone RA3-6B2, catalog no. 
11-0452-82, eBioscience), and CD19 (dilution 1:200; clone 1D3/
CD19, catalog no. 152402, Biolegend, San Diego, CA). The analy-
sis was performed using a NovoCyte flow cytometer (ACEA 
Bioscience, San Francisco, CA).

Sample preparation for nuclear magnetic resonance (NMR) 
spectroscopy. Metabolites were extracted from tumor tis-
sues as previously described.2 Briefly, tumor tissues were 
weighed and homogenized in an acetonitrile:water solution 
(acetonitrile:water = 1:1 [v/v], 5 mL/g). After vortexing and 
centrifugation (12,000 × g, 10 min, 4 °C), the supernatants con-
taining the extracted metabolites were transferred into new 
tubes, and acetonitrile was completely removed by using a 
nitrogen-blowing concentrator. Before 1H-NMR measurement, 

the extracts were stored at −80 °C overnight, lyophilized in a 
vacuum concentrator, and dissolved in 550 μL 99.8% D2O phos-
phate buffer (0.2 M, pH = 7.0) containing 0.05% (w/v) sodium 
3-(trimethylsilyl) propionate-2,2,3,3-d4. After vortexing and 
centrifuging, the supernatants were then transferred into 5-mm 
NMR tubes for direct analysis.

Processing and analysis of 1H-NMR data. The 1H-NMR spectra 
of all samples were acquired on an AVANCE III 500 MHz NMR 
spectrometer (Bruker, Karlsruhe, Germany) at 298K. D2O was 
used for field frequency locking, and sodium 3-(trimethylsilyl) 
propionate-2,2,3,3-d4 served as a chemical shift reference. NMR 
spectra were phase- and baseline-corrected (MestReC version 
3.7.4, Mestrekab Research, Santiago de Compostela, Spain), 
converted into ASCII files, and imported into R software.35 
The water signal and affected neighboring regions between 
4.5 and 5.6 ppm were discarded, and the remaining spectra 
were normalized and pareto-scaled to facilitate comparing 
samples. A supervised orthogonal partial least-squares dis-
criminant analysis was performed for multivariate statistical 
analysis. Metabolites were assigned according to published 
data,19,45 information in metabolism databases, and software 
analysis (NMR suite version 8.0, Chenomx, Edmonton, Alberta, 
Canada).

Cell viability. Cell viability was assessed by using the MTT 
assay. Briefly, B16F10 cells were seeded into 96-well plates  
(5 × 103 cells per well), cultured for 18 h, and then cultured in 
the presence of various concentrations of ATP or its metabolites 
for 24 h. After treatment, 50 μL of MTT solution was added to 
each well and incubated at 37 °C for 4 h; MTT formazan was 
dissolved in 150 μL DMSO. Absorbance at a wavelength of 
550 nm was measured by using a microplate spectrophotometer.

Measurement of LDHA, LDHB, and glucose-6-phosphate 
 dehydrogenase (G6PDH) activity. LDHA activity was  measured 
as described previously.54 Briefly, samples were added to a 
reaction mixture containing 200 mM Tris-HCl (pH 7.4), 1 mM 
sodium pyruvate, and 0.5 mM NADH. LDHA activity was 
monitored as the decrease in absorbance at 340 nm. LDHB 
 activity was determined by using a kit (catalog no. A020, 
Nanjing Jiancheng Bioengineering Institute, Jiangsu, China) ac-
cording to the manufacturer’s instructions. G6PDH activity was 
measured by using a kit (catalog no. BC0265, Solarbio Science 
and Technology, Beijing, China) according to the manufacturer’s 
protocol. Enzyme activities were normalized to protein concen-
trations determined by using a BCA Protein Assay Kit (catalog 
no. P0012, Beyotime, Jiangsu, China).

Detection of reactive oxygen species. Intracellular reactive 
oxygen species were measured using a Reactive Oxygen Species 
Assay Kit (catalog no. CA1410, Solarbio Science and Technology) 
according to the manufacturer’s protocol.

Immunoblot analysis. Cell samples were lysed in radioim-
munoprecipitation assay (RIPA) buffer. Lysates were resolved 
by SDS–PAGE gel electrophoresis, and proteins were blotted 
onto 0.22-μm nitrocellulose membranes. The membranes were 
blocked in 5% skim milk for 1 h at room temperature and incu-
bated overnight with AMPK antibody (dilution 1:1,000; catalog 
no. 2532, Cell Signaling Technology), antiphospho-AMPK 
(dilution 1:1,000; catalog no. 2531S, Thr172, Cell Signaling 
Technology, Danvers, MA), or β-actin (dilution 1:1,000; catalog 
no. 20536-1AP, Proteintech, Rosemont, IL) and then for 1 h with 
HRP-labeled goat anti rabbit secondary antibody (dilution 
1:10,000; catalog no. 111-035-003, Jackson Immuno Research, 
West Grove, PA). For visualization, ECL solution (WB2,  Solarbio, 
Beijing, China) was used according to the manufacturer’s 
 instructions.
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Statistical analysis. The data were analyzed by using Prism 
8 software (GraphPad Software, San Diego, CA). Results are 
presented as mean ± 1 SD. Sample sizes were selected in accord-
ance with the 3R principle and published data.53,56 One-way and 
two-way ANOVA were used to evaluate differences between 
groups; differences were considered statistically significant at 
a P value of less than 0.05.

Results
Effect of extracellular ATP on tumor growth in melanoma-

bearing mice. To evaluate the antitumor activity of ATP, we 
established a mouse melanoma model by subcutaneous implan-
tation of tumor cells into the left axillary of the mice. After 2 wk 
of ATP treatment, tumor nodules were excised and measured. 
The data showed a reduction in tumor growth in ATP-treated 
groups, especially the HATP group (Figure 1 A). The average 
tumor weight (mean ± 1 SD) of the M group was 1002 ± 30 mg 
as compared with 506 ± 55 mg in the LATP group (P = 0.00003) 
and 272 ± 68 mg in the HATP group (P= 1.2 × 10-6) (Figure 1 B).  
These data indicate that extracellular ATP inhibited tumor 
growth in a mouse melanoma model.

Effect of extracellular ATP on T-cell and B-cell subsets. The 
percentages of T-cell subsets (CD4+ and CD8+ cells) in thymus, 
spleen and splenic B-cell subsets (B220+ and CD19+ cells) were 
quantified by flow cytometry in all groups (Figure 2 A). None 
of the subsets differed significantly between organs or among 
groups (Figure 2 B through H). Together, these results dem-
onstrate that the major T and B lymphocyte subsets were not 
significantly affected by providing extracellular ATP.

Effect of extracellular ATP on intratumoral metabolic profil-
ing. To investigate the metabolic changes caused by exogenous 
extracellular ATP, we examined the metabolic profiles of 
tumor tissues in the M and HATP groups. Representative  
1H-NMR spectra with assigned metabolites of tumor extracts are 
illustrated in Figure 3 A. Orthogonal partial least-squares dis-
criminant analysis models were generated to show variation in 
metabolites between the 2 groups. In the score plot (Figure 3 B),  
the HATP group was clearly distinct from the M group, sug-
gesting significant metabolic differences between the 2 groups. 
The S-plot (Figure 3 C) and corresponding color-coded load-
ing plot (Figure 3 D and E) indicate lower levels of isoleucine  

(P = 0.035), lactate (P = 0.0203), arginine (P = 0.0325), isocitrate 
(P = 0.0246), malate (P = 0.0237), uracil (P = 0.0275), AMP  
(P = 0.0183), and tyrosine (P = 0.00003) and higher levels of 
taurine (P = 0.0107) and UDP-glucose (P = 0.0331) in the HATP 
group as compared with the M group. Statistical analysis of 
the major metabolites (Table 1) indicates that ATP treatment 
dampened glycolysis. However, the tumor could be using the 
pentose phosphate pathway to compensate for inhibition of 
the glycolysis pathway. Therefore, we measured the activity of 
glucose 6-phosphate dehydrogenase (G6PD), a rate-limiting 
enzyme of the pentose phosphate pathway, and found that ATP 
treatment also reduced G6PD enzymatic activity (Figure 4). 
These results indicate that ATP treatment changed intratumoral 
metabolites related to energy metabolic pathways.

Effects of ATP on LDHA activities in the tumor and serum. 
Intratumoral metabolic profiling showed a significant reduction 
in lactate levels (mean = 2291, SD = 198 in M group; mean = 2036, 
SD = 124 in HATP group; P = 0.0203). Lactate is produced by the 
catalysis of LDHA in the glycolysis pathway and is a metabolic 
biomarker for the initiation and progression of melanoma.14,21 
Therefore, we measured the LDHA and LDHB activities in ex-
cised tumors and serum. ATP treatment reduced intratumoral 
LDHA activity in a dose-dependent pattern, whereas LDHB 
activity was significantly higher (P = 0.0102) (Figure 5 A and B). 
Serum LDHA activity was significantly higher in the M group as 
compared with the CK group and was not significantly different 
from normal in LATP and HATP groups (Figure 5 C). Serum 
LDHB activity was not different among the 4 groups (Figure 5 D).  
These data indicate that ATP can reduce LDHA activity in 
tumor and serum.

Effect of ATP on B16F10 cells and LDHA activity. Extracellular 
ATP can be rapidly degraded to ADP, AMP, and IMP, resulting in 
the accumulation of adenine nucleotide metabolites, including 
adenosine, inosine, hypoxanthine, xanthine, and uric acid. To 
further understand the antitumor mechanism of ATP, we used 
the MTT assay to assess in vitro antitumor effects of ATP and 
its metabolites. Treatment with various concentrations of ATP 
and its metabolites for 24 h significantly reduced cell viability in 
a dose-dependent manner. Deaths rates of about 70% and 60% 
occurred when the cells were exposed to 1 mM and 1.5 mM ATP, 
respectively (Figure 6 A). AMP and IMP showed significant abil-
ity to kill tumor cells (AMP: P = 0.0127 for 500 μM, P = 0.00004 

Figure 1. ATP inhibited tumor growth in melanoma-bearing mice. (A) Images of excised tumor tissues from melanoma-bearing mice. (B) Tumor 
weights of melanoma-bearing mice at the end of treatment; ATP (1 or 2 mmol/kg body weight) was administered starting 1 d after injection of 
B16F10 tumor cells. Tumor tissues of all mice were excised for measurement. Data are shown as mean ± 1 SD (n = 5). †P < 0.01 compared with the 
Model group. CK, no-melanoma controls; Model, no-treatment controls; HATP, high-dose–ATP-treated mice; LATP, low-dose–ATP-treated mice.
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for 750 μM, P< 0.00001 for 1 mM, P < 0.00001 for 1.5 mM; IMP: 
P = 0.0008 for 500 μM, P = 0.0002 for 750 μM, P = 0.0002 for 1 
mM, P< 0.00001 for 1.5 mM) (Figure 6 B and C).

Figure 6 D through H show the in vitro effects of adenine 
nucleotide metabolites on tumor cell viability. Adenosine and 
hypoxanthine exhibited significant cytotoxicity (Adenosine:  
P = 0.0144 for 500 μM, P = 0.0001 for 750 μM, P < 0.0001 for 1 mM, 
P < 0.0001 for 1.5 mM; Hypoxanthine: P = 0.0019 for 10 μM, 
P < 0.0001 for 15 μM, P < 0.0001 for 20 μM), whereas inosine 
significantly promoted proliferation (P = 0.0357 for 500 μM,  
P < 0.0001 for 1 mM, P < 0.00001 for 1.5 mM; xanthine had no 
significant effect on cell survival. Among all metabolites, uric 
acid had the most potent antitumor activity, as treatment with 

750 μM and 1 mM uric acid killed about 45% and 53% of cells, 
respectively.

To investigate how ATP and its metabolites exerted these 
cytotoxic effects, we measured LDHA activity in B16F10 
cells. ATP produced the greatest reduction in LDHA activity 
(Figure 6 I). Moreover, LDHA activity was not significantly 
different among cells treated with AMP, IMP, hypoxanthine, 
or xanthine, whereas the LDHA activity was significantly 
higher after treatment with adenosine (P = 0.0010 for 750  μM, 
P = 0.0010 for 1 mM, P = 0.0108 for 1.5 mM) (Figure 6 J through 
P). Uric acid produced severe reductions in LDHA activity, 
with almost 20% and 30% reduction of relative LDHA activity 
after treatment with 750 μM and 1 mM uric acid, respectively. 

Figure 2. ATP did not affect the homeostasis of T-cell and B-cell subsets. (A) Representative flow cytometric plots and (B) flow cytometric quanti-
fication of CD4+ and CD8+ T-cell subsets in the thymus. (C) Representative flow cytometric plots and (D) flow cytometric quantification of CD4+ 
and CD8+ T-cell subsets in the spleen. (E) Representative flow cytometric plots and (F) flow cytometric quantification of B220+ B-cell subsets in 
the spleen. (G) Representative flow cytometric plots and (H) flow cytometric quantification of CD19+ B-cell subsets in the spleen. Data are shown 
as mean ± 1 SD (n = 5).
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These data suggest that ATP and its metabolite uric acid 
reduced LDHA activity and thereby suppressed melanoma 
cell growth.

Effect of ATP on the production of reactive oxygen species and 
AMPK activation. Impaired glycolysis and pentose phosphate 
pathway could induce oxidative stress by decreasing NADPH 
generation17 and AMPK regulates NADPH homeostasis to 
promote tumor cell survival during energy stress.20,36 Therefore, 
we measured reactive oxygen species and the AMPK activity of 
B16F10 cells after treatment with ATP for 24 h. The data showed 
that ATP treatment increased levels of reactive oxygen species in 
the B16F10 cells (P = 0.0173 for 500 μM, P = 0.0017 for 750 μM,  
P < 0.0001 for 1 mM, P <0.0001 for 1.5 mM) (Figure 7 A), whereas 

the levels of phosphorylated AMPK and AMPK were lower in 
the ATP-treated B16F10 cells than in control cells (Figure 7 B). 
These results indicate that ATP stimulates the production of 
reactive oxygen species and impairs AMPK activation.

Discussion
The metabolomic profile of ATP-treated mouse melanoma 

tumors revealed a dramatic decrease in several metabolites as-
sociated with energy metabolism. Tumor cells consume more 
glucose than do normal cells, and the low levels of glucose in 
the tumors of ATP-treated mice can be interpreted as decreased  
glucose absorption due to exogenous ATP.55 Tumor cells are 

Figure 3. ATP altered intratumoral metabolic profiling. (A) Typical spectra of tumor extracts with assigned metabolites from the Model and 
HATP groups. (B) Score plots, (C) S-plot, and (D, E) color-coded loading according to orthogonal partial least-squares discriminant analysis of 
tumor metabolomics profiles in the Model and HATP groups. The color bar corresponds to the weight of the associated variable to distinguish 
the statistically significant (red) or insignificant (blue) differences. Upward and downward peaks demonstrate relative increases and decreases, 
respectively, in the metabolites in the HATP group. The assigned metabolites are: 1, leucine; 2, 2-hydroxybutyrate; 3, isoleucine; 4, valine; 5, 
isobutyrate; 6, lactate; 7, alanine; 8, lysine; 9, arginine; 10, glutamate; 11, methionine; 12, succinate; 13, citrate; 14, isocitrate; 15, malate; 16, glu-
tathione; 17, creatine phosphate; 18, taurine; 19, glucose; 20, glycine; 21, glutamine; 22, ascorbate; 23, myoinositol; 24, uracil; 25, UDP-glucose; 
26, AMP; 27, fumarate; 28, tyrosine; 29, phenylalanine; 30, oxypurinol; and 31, formate.
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known to primarily use glucose to produce lactate, which 
accumulates in the tumor environment and promotes tumor 
growth.13 The reduction of the intermediates citrate, isoci-
trate, malate, and succinate after ATP treatment may indicate 
decreased flux toward the tricarboxylic acid cycle (Figure 8). 
Fumarate, which may be produced by phenylalanine and 
tyrosine metabolism, was the only intermediate that increased 
in ATP-treated tumors. Moreover, the depletion of anaplerotic 
amino acids in ATP-treated tumors suggests entry into the tri-
carboxylic acid cycle. Excess accumulation of the oncometabolite 
2-hydroxyglutarate has been shown to lead to an elevated risk 
of a range of malignant tumors.8 The intratumor levels of lactate 
and AMP were lower and the level of UDP-glucose was higher 
after ATP treatment. The results indicate that the pathway di-
verting glucose to lactate was suppressed as a result of reduced 
LDHA activity, which led to reduced production of lactate and 
accumulation of UDP-glucose.

In addition to rapid glucose catabolism, many types of cancers 
are characterized by elevated amino acid levels. Amino acids 
are a fundamental brick of cell structure that support protein 
synthesis.5 Isoleucine is an essential amino acid that can be bro-
ken down to generate many metabolites that participate in other 
metabolic pathways.37 In cancer growth, isoleucine is consumed 

in various biosynthetic pathways to supply energy, demonstrat-
ing the significance of isoleucine metabolism in tumor therapy.33 
In our current study, the marked reduction of isoleucine after 
ATP treatment indicates a status of energy deficiency in mela-
noma-bearing mice. Arginine, a non- or semi-essential amino 
acid, fulfills various cellular functions, especially in tumor cells 
with large nutritional needs.49 For arginine auxotrophic tumors 
like melanoma, arginine depletion has been considered as a 
potential treatment for cancer.47 Our results show a reduction of 
arginine after ATP treatment, consistent with an earlier report.57 
Tyrosine is one of the 3 major amino acid residues in proteins, 
and tyrosine phosphorylation may promote tumor growth.27,51 
The lower level of tyrosine in our mouse melanoma model also 
indicates attenuated tumor growth.

Through activating signal transduction pathways or immune 
cells, extracellular ATP has been shown to exert an inhibitory 
effect on many types of cancer.22 ATP in the tumor microen-
vironment can provide a stimulatory signal for the innate or 
adaptive immune responses to tumor cells, thus promoting 
antitumor immunity.22 Specifically, ATP in the extracellular 
environment has a high affinity for phagocytes, promoting the 
chemotaxis of phagocytes and engulfment of tumor cells.3 In 
addition, extracellular ATP can bind to the purinergic receptors 

Table 1. Identified intratumoral metabolites with peak assignments, chemical shift, fold change, and P values

Metabolites Assignments Chemical shift (ppm)a log2(FC)b Pc

Leucine δ-CH3, δ-CH3, γ-CH 0.95 (d), 0.97 (d), 1.74 (m) −0.10489 0.1929

2-Hydroxybutyrate CH3 0.95 (t) −0.18661 0.1219
Isoleucine δ-CH3, γ-CH3, α-CH 0.96 (t), 1.01 (d), 3.66 (d) −0.33237 0.0350 *

Valine γ-CH3, γ-CH3, α-CH 0.97 (d), 1.02 (d), 3.40 (d) −0.25936 0.1075

Isobutyrate CH3 1.04 (d) −0.1218 0.1883
Lactate CH3, CH 1.32 (d), 4.11 (q) −0.17003 0.0203 *
Alanine CH3, CH 1.48 (t), 3.76 (q) 0.092212 0.1015
Lysine δ-CH2, ε-CH2

1.72 (m), 3.02 (t) 0.173707 0.2117

Arginine β-CH2 1.92 (m) −0.7768 0.0325 *

Glutamate β-CH2, γ-CH2, α-CH 2.04 (m), 2.33 (m), 3.75 (q) −0.06359 0.2646

Glutamine β-CH2, γ-CH2, α-CH 2.11 (m), 2.44 (m), 3.76 (t) 0.254029 0.0895

Methionine S-CH3 2.14 (s) −0.12789 0.1599
Succinate CH2 2.40 (s) −0.061 0.2791
Citrate 1/2CH, 1/2CH 2.53 (d), 2.70 (d) −0.90449 0.1027
Isocitrate γ-CH2

2.55 (m) −0.46183 0.0246 *

Malate CH2 2.69 (dd) −1.21795 0.0237 *
Glutathione SH-CH2 2.98 (m) −0.09105 0.3117
Creatine phosphate CH3 3.05 (s) −0.45991 0.1552
Taurine CH2SO3 3.26 (t) 0.105762 0.0107 *
Glucose CH, CH2, CH2 3.40-3.55 (m), 3.90 (m), 5.24 (d) −0.65316 0.1508
Glycine CH2 3.57 (s) −0.08192 0.1280
Ascorbate CH2 3.76 (d) 0.023485 0.3617
myo-Inositol H5 4.07 (t) 0.146875 0.1318
Uracil α-CH, β-CH 5.80 (d), 7.54 (d) −0.35832 0.0275 *

UDP-glucose CH, CH, CH 5.97 (d), 5.98 (d), 7.96 (d) 0.182078 0.0331 *
AMP CH, CH, CH 6.15 (d), 8.27 (s), 8.62 (s) −1.49925 0.0183 *
Fumarate CH = CH 6.53 (s) 0.207904 0.1172
Tyrosine CH 6.90 (d) −1.0425 2.6×10-5 †

Phenylalanine CH = CH 7.32 (m), 7.37 (m), 7.42 (m) −0.15136 0.1557
Oxypurinol CH 8.27 (s) −0.25302 0.1314
Formate H-CO 8.46 (s) −0.42679 0.2776
aMultiplicity: s, singlet; d, doublet; dd, double doublet; t, triplet; q, quartet; m, multiplet.
bColor-coded according to the logarithmic transformation of fold change log2 (FC) in the HATP group (red, increased; and blue, decreased).
cP values were calculated by using a parametric Student t test (*, P < 0.05; †, P < 0.01).
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Figure 4. ATP treatment downregulated the glucose-6-phosphate dehydrogenase (G6PD) activity in tumors and serum. (A) Intratumoral G6PD 
activity in melanoma-bearing mice. (B) Serum G6PD activities in the four groups. Data are shown as mean ± 1 SD (n = 5). *, P < 0.05; †, P < 0.01 
compared with the CK group; +, P < 0.05; ×, P < 0.01 compared with the Model group.

Figure 5. ATP inhibited LDHA activity in tumors and serum. (A) Intratumoral LDHA activity in melanoma-bearing mice. (B) Intratumoral 
LDHB activities in melanoma-bearing mice. (C) LDHA activity in serum. (D) LDHB activity in serum. Data are shown as mean ± 1 SD (n = 5). *, 
P < 0.05; †, P < 0.01 compared with the CK group; +, P < 0.05; ×,P < 0.01 compared with the Model group.
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that are widely expressed on immune cells, including infiltrat-
ing dendritic cells, a kind of antigen-presenting cell, therefore 
playing a pivotal role in attracting and activating immune cells 
and promoting the efficient presentation of tumor antigens.10 In 
the present study, the significant reduction of tumor size and 
tumor weight further supported the anticancer efficacy of ATP. 
However, ATP treatment also reduced LDHA activity and did 

not enhance the immune function of T-cell and B cell subsets. 
These results indicate a special relationship between ATP and 
cancer that is related to altered metabolism rather than to activa-
tion of T and B cells. In addition, our data showed that ATP and 
some of its metabolites, especially uric acid, had high cytotoxic-
ity against B16F10 cells and reduced tumor cell proliferation by 
inhibiting LDHA activity. Uric acid, a powerful antioxidant and 

Figure 6. ATP and its metabolites exerted cytotoxicity and inhibited LDHA activity in B16F10 cells. The cell viability of B16F10 cells under 
treatment with nucleotides, including (A) ATP, (B) AMP, and (C) IMP for 24 h. The cell viability of B16F10 cells under treatments with adenine 
nucleotide metabolites, including (D) adenosine, (E) inosine, (F) hypoxanthine, (G) xanthine, and (H) uric acid for 24 h. The LDHA activity of 
B16F10 cells under treatment with nucleotides, including (I) ATP, (J) AMP, and (K) IMP for 24 h. The LDHA activity of B16F10 cells under treat-
ment with adenine nucleotide metabolites, including (L) adenosine, (M) inosine, (N) hypoxanthine, (O) xanthine, and (P) uric acid for 24 h. Data 
are shown as mean ± 1 SD (n = 6). *, P < 0.05; †, P < 0.01 compared with the CK group.
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a scavenger of singlet oxygen and radicals, has been recognized 
as an anticarcinogen in oxidant- and radical-caused cancers.1 
Our findings provide new insights into the anticancer effects 
of extracellular ATP and uric acid, which synergistically limit 
tumor cell growth through inhibition of LDHA activity.

Altered cellular metabolism is a hallmark of cancer and is 
reported to be associated with tumor initiation, progression, 
and metastasis.32 Aerobic glycolysis, a common metabolic 
pathway in cancer cells, diverts glucose to lactate regardless 
of oxygen availability, promoting biomass synthesis and cell 

Figure 7. ATP stimulated the production of reactive oxygen species (ROS) and impaired AMPK activation. (A) The level of reactive oxygen spe-
cies in B16F10 cells under treatment with ATP. (B) The levels of AMPK (T-AMPK) and phosphorylated AMPK (P-AMPK) in B16F10 cells under 
treatment with ATP. β-actin was used as an internal reference. Data are shown as mean ± 1 SD (n = 6). *, P < 0.05; †, P < 0.01 compared with the 
CK group.

Figure 8. Schematic representation of the main metabolic differences between ATP-treated and untreated tumors. Bold text indicates metabo-
lites whose levels differed between the 2 groups (red, downregulation; yellow, upregulation; dashed lines indicate weak effects). TCA cycle, 
 tricarboxylic acid cycle.
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proliferation.42 LDHA is crucial in the fermentative portion 
of aerobic glycolysis and has been investigated extensively in 
previous antitumor research.11,46,50 In the present study, ATP 
effectively suppressed melanoma growth and LDHA activity 
in tumors and serum. The metabolomic profile of ATP-treated 
tumors revealed a dramatic reduction in several metabolites as-
sociated with energy metabolism. Similar to in vivo results, ATP 
exhibited cytotoxicity toward B16F10 cells and strong inhibition 
of LDHA activity. However, various ATP metabolites—includ-
ing AMP, IMP, adenosine, inosine, hypoxanthine, xanthine, 
and uric acid—had different effects on cytotoxicity and LDHA 
activity in melanoma cells. Among these metabolites, uric acid 
exhibited superior antitumor activity and LDHA inhibitory 
activity. The results in vivo and in vitro demonstrated that ATP 
and its metabolites, especially uric acid, reduced LDHA activity, 
disrupting intratumoral energy metabolism and thus limiting 
melanoma growth.

In conclusion, our study showed that treatment with ATP 
alters glucose and amino acid metabolism, causing disorders 
in intratumoral energy metabolism and restraining melanoma 
growth. Furthermore, ATP and its metabolite uric acid acted as 
LDHA inhibitors to disrupt tumor energy metabolism.
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