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Abstract 

Hematopoietic stem cells (HSCs) exhibit significant functional and metabolic alterations within the lung cancer 
microenvironment, contributing to tumor progression and immune evasion by increasing differentiation into mye-
loid-derived suppressor cells (MDSCs). Our aim is to analyze the metabolic transition of HSCs from glycolysis to oxida-
tive phosphorylation (OXPHOS) in lung cancer and determine its effects on HSC functionality. Using a murine Lewis 
Lung Carcinoma lung cancer model, we conducted metabolic profiling of long-term and short-term HSCs, as well 
as multipotent progenitors, comparing their metabolic states in normal and cancer conditions. We measured glucose 
uptake using 2-[N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino]-2-Deoxyglucose (2-NBDG) and assessed levels of lactate, 
acetyl-coenzyme A, and ATP. Mitochondrial functionality was evaluated through flow cytometry, alongside the impact 
of the glucose metabolism inhibitor 2-DG on HSC differentiation and mitochondrial activity. HSCs under lung cancer 
conditions showed increased glucose uptake and lactate production, with an associated rise in OXPHOS activity, 
marking a metabolic shift. Treatment with 2-DG led to decreased T-HSCs and MDSCs and an increased red blood cell 
count, highlighting its potential to influence metabolic and differentiation pathways in HSCs. This study provides 
novel insights into the metabolic reprogramming of HSCs in lung cancer, emphasizing the critical shift from glycolysis 
to OXPHOS and its implications for the therapeutic targeting of cancer-related metabolic pathways.
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Introduction
Lung cancer stands as a primary cause of cancer-related 
deaths globally, posing persistent challenges to treat-
ment strategies [1–3]. Despite advancements in under-
standing the pathophysiology of lung cancer that has 
fostered the development of novel treatment strate-
gies, including immune checkpoint modulation and 
vaccine therapies, demonstrating improved overall 
survival rates in clinical trials compared to traditional 
treatment methods [4], the efficacy of treatments for 
lung cancer patients remains to be enhanced [5–7]. 
Within the tumor microenvironment, myeloid-derived 
suppressor cells (MDSCs) exert a potent inhibition on 
the anti-tumor immune response of cancer patients 
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by suppressing the activity of  CD4+ T cells,  CD8+ T 
cells, and natural killer cells, thereby promoting tumor 
progression [8–12]. Consequently, immunotherapeu-
tic strategies targeting MDSCs in lung cancer, such as 
promoting MDSCs differentiation, blocking their sup-
pressive actions, or combining with chemotherapy and 
antibodies to eliminate these cells, are actively under 
research and development [13–16].

All immune cells, including MDSCs, originate from 
hematopoietic stem cells (HSCs) in the bone marrow, 
possessing the capacity for long-term self-renewal and 
differentiation into various mature immune cells [17–
20]. Studies have revealed that HSCs might undergo 
aberrant activation in the tumor environment, lead-
ing to abnormal differentiation of downstream mature 
immune cells such as MDSCs, thereby fostering tumor 
development [18, 21–24]. Particularly, Wu et al. found 
alterations in the self-renewal, mobilization, and hom-
ing capacities of HSCs during tumorigenesis, notably 
increased numbers of granulocyte-monocyte progeni-
tors (GMPs, precursors of MDSCs) in peripheral blood, 
closely linked to tumor progression and patient prog-
nosis [22, 25–27].

In recent years, numerous studies have unveiled the 
close association between the metabolic reprogram-
ming of HSCs and their proliferation, survival, and dif-
ferentiation, with glucose metabolism levels particularly 
intertwined with the status of HSCs [28–30]. Aerobic 
glycolysis promotes the maintenance of dormant and 
quiescent state HSCs, while oxidative phosphorylation 
(OXPHOS) significantly increases with cell differen-
tiation [31–33]. These findings suggest that by modulat-
ing the glucose metabolism of HSCs, the differentiation 
of immune cells could be influenced, providing novel 
insights for innovative tumor immunotherapeutic strate-
gies based on metabolic interventions of HSCs [27, 34].

This study aims to explore the metabolic changes in 
HSCs in a mouse model of Lewis Lung Carcinoma (LLC) 
lung cancer and their impact on the tumor microenviron-
ment. By investigating alterations in the glucose metabo-
lism of HSCs in the context of LLC lung cancer, this 
study delves into how reshaping the glucose metabolism 
of HSCs influences the differentiation of cells, particu-
larly the changes in the number of MDSCs in tumor-
bearing mice. Our findings indicate significant alterations 
in glucose metabolism of HSCs within the LLC lung can-
cer mouse model, suggesting potential impacts on the 
types of immune cell differentiation, thus providing new 
insights and approaches for tumor treatment. Through 
these investigations, we seek to provide theoretical foun-
dations and experimental guidance for modulating the 
differentiation and function of the immune system cells, 
paving the way for novel clinical applications.

Materials and methods
Experimental animals
In this study, we utilized female C57BL/6  J mice aged 
2–3  months as experimental animals, which were pro-
vided by the Experimental Animal Resources Department 
of the Chinese Academy of Sciences. The experimental 
animals were housed and managed in the Key Laboratory 
of Stem Cell and Drug Biotechnology at Guangxi Nor-
mal University to ensure consistency and reproducibility 
of the experiments. All experimental procedures were 
approved by the Guangxi Normal University Ethics Com-
mittee for Experimental Animals (Approval No: GXNU-
202103-017) in accordance with the "Guidelines for the 
Care and Use of Laboratory Animals" established by the 
Chinese Academy of Sciences. Moreover, throughout 
the experiment, we adhered to all relevant procedures 
according to the ARRIVE guidelines to ensure animal 
welfare. For humane euthanasia at the end of the experi-
ments, we employed the widely recognized method of 
cervical dislocation to minimize the mice’s suffering.

Purification of HSCs from mice using flow cytometry 
technology
In order to efficiently isolate and purify HSCs from 
mouse models, mice were euthanized around the inocu-
lation site of LLC cells, and bone marrow samples were 
collected under sterile conditions. During sample collec-
tion, blood collection tubes containing anticoagulants 
were used to prevent blood clotting. Bone marrow cells 
were mixed thoroughly with an equal volume of physi-
ological saline or PBS solution to prepare a mononuclear 
cell suspension. Subsequently, this suspension was mixed 
with a panel of specific fluorescently labeled antibodies 
(Lin-eFluor450, CD150-PerCP-eFluor710, Sca-1-PE-Cy7, 
CD48-APC, CD117-APC-eFluor780, all obtained from 
BD Biosciences) and incubated at 4 °C for 30 min to label 
the HSCs. Following labeling, the HSCs were precisely 
sorted and separated using a flow cytometer (FACS). The 
sorted HSCs were then collected in flow tubes contain-
ing 2 mL of complete DMEM culture medium for further 
experimental procedures.

Metabolic characteristics of HSCs in lung cancer by gas 
chromatography–mass spectrometry analysis
Initially, HSCs from lung cancer-bearing and normal con-
trol mice were accurately sorted using the FACS technique. 
The sorted cells were then washed twice with pre-chilled 
phosphate-buffered saline (PBS) to eliminate exogenous 
interference. Following washing, the cells underwent spe-
cific pretreatment procedures to disrupt the cell membrane 
and release intracellular metabolites. Subsequently, the 
released metabolites were qualitatively and quantitatively 
analyzed using gas chromatography-mass spectrometry 
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(GC–MS) technology. To explore the metabolic charac-
teristics of HSCs and their alterations in the lung cancer 
environment, principal component analysis (PCA) was 
employed to determine overall differences between sam-
ples, while differential metabolite analysis was utilized to 
identify metabolic disparities between HSCs in tumor and 
normal states. Heat map analysis was employed to visu-
ally depict the expression patterns of key metabolites, and 
pathway analysis was performed to elucidate potential 
alterations in the metabolic pathways of HSCs under the 
influence of lung cancer.

Detection of cellular reactive oxygen species 
and mitochondrial membrane potential by FACS
To begin, single-cell suspension was obtained through 
trypsin treatment. Subsequently, cells were incubated in 
the dark with 10  mM dichlorodihydrofluorescein diac-
etate (DCFDA; provided by Invitrogen, USA) for 20 min at 
37 °C to load the reactive oxygen probe. Following incuba-
tion, cells were washed with PBS three times for 5 min each 
to remove unbound DCFDA. Next, cells were incubated 
with surface antibodies for 30 min at 4 °C, with the entire 
process carried out in darkness to prevent photobleach-
ing of the fluorescence. Upon antibody binding, 100  nM 
tetramethylrhodamine methyl ester (TMRM; provided by 
Immuno Chemistry Technologies, USA) was added, and 
thorough mixing by inversion ensured even distribution 
of TMRM to label the mitochondrial membrane potential. 
Finally, cells were centrifuged at 600  g for 4  min at 4  °C, 
the supernatant was discarded, and FACS technology was 
employed to assess mitochondrial membrane potential for 
the dual analysis of reactive oxygen species and membrane 
potential.

Mitochondrial reactive oxygen species (ROS) measurement
Mitochondrial ROS levels were assessed using mito-SOX 
red dye (M36008, Thermo Fisher, USA). Cells (2 ×  104) 
were seeded on cover glasses placed in six-well plate inserts 
overnight. The following day, cells were treated with  H2O2 
(200 μM) for 24 h. Subsequently, cover glasses were washed 
with ice-cold 1 × PBS and then incubated in a working solu-
tion of 2 μM mito-SOX at 37  °C for 30 min. After wash-
ing with 1 × PBS, the cover glasses were mounted on slides. 
Images were captured using a multiphoton confocal micro-
scope with a × 100 objective lens and analyzed using the 
Nikon imaging software NIS Element [35].

Application of flow cytometry technology combined 
with immunofluorescence staining in the analysis 
of mitochondrial quality in HSCs
To analyze mitochondrial quality, we initially collected 
cells from mouse bone marrow and prepared them 
into single-cell suspensions. Subsequently, a series of 

pre-titrated antibodies including Lin-FITC (#22-7770-72, 
eBioscience, https:// www. therm ofish er. cn/ cn/ zh/ antib 
ody/ produ ct/ Mouse- Hemat opoie tic- Linea ge- Antib ody- 
clone- 17A2- RA3- 6B2- M1- 70- TER- 119- RB6- 8C5- Cockt 
ail/ 22- 7770- 72), CD150-PerCP-eFluor710 (#46-1502-82, 
eBioscience, https:// www. therm ofish er. cn/ cn/ zh/ antib 
ody/ produ ct/ CD150- Antib ody- clone- mShad 150- Monoc 
lonal/ 46- 1502- 82), Sca-1-PE-Cy7 (#25-5981-82, eBio-
science, https:// www. therm ofish er. cn/ cn/ zh/ antib ody/ 
produ ct/ Ly- 6A-E- Sca-1- Antib ody- clone- D7- Monoc 
lonal/ 25- 5981- 82), CD48-APC-eFluor780 (47-0481-82, 
eBioscience, https:// www. therm ofish er. cn/ cn/ zh/ antib 
ody/ produ ct/ CD48- Antib ody- clone- HM48-1- Monoc 
lonal/ 47- 0481- 82), and CD117-PE-eFluor610 (#61-1171-
82, eBioscience, https:// www. therm ofish er. cn/ cn/ zh/ 
antib ody/ produ ct/ CD117-c- Kit- Antib ody- clone- 2B8- 
Monoc lonal/ 61- 1171- 82) were added, followed by gen-
tle mixing and incubation in the dark at 4 °C for 30 min. 
Next, Mito Tracker Deep Red (Cell Signaling, Shanghai, 
China; concentration 200 nM) or TOM20 (CL488-11802, 
0.40  µg per 10^6 cells, Proteintech) were preheated to 
37  °C and added to the cell suspension, which was then 
further incubated at 37 °C in the dark for 30 min to label 
the mitochondria. After labeling, FACS was employed for 
mitochondrial analysis. For immunofluorescence stain-
ing of mitochondrial quality, selected HSCs were seeded 
in 24-well plates at a density of 5 ×  104 cells per well, and 
upon reaching 80% confluence, stained with preheated 
Mito Tracker Deep Red (concentration 500 nM) at 37 °C. 
Following staining, the cells were fixed with a methanol/
acetic acid mixture (3:1) at − 20 °C for 10 min, then incu-
bated in the dark at 28  °C with DAPI solution (100  μL 
per well, concentration 15 μg/mL) for 15 min for nuclear 
staining. A fluorescence quenching agent was added, 
and the staining was observed and recorded under an 
inverted microscope. Additionally, the sorted HSCs were 
seeded in 96-well plates at a density of 1 ×  104 cells per 
well, and after 24 h of in vitro culture, the culture super-
natant was collected for lactate content analysis using a 
lactate assay kit (Abcam, UK) following the manufactur-
er’s instructions.

Measurement of acetyl coenzyme A
In order to accurately measure the content of acetyl 
Coenzyme A in HSCs, precisely sorted HSCs were col-
lected from experiments. Subsequently, the cell suspen-
sion was diluted to a concentration of 1 ×  106  cells/mL 
using PBS. The cells were then lysed by repeated freeze–
thaw cycles to release various cellular components. Fol-
lowing cell lysis, centrifugation at 1100 × g for 20  min 
was performed to separate cell debris from the super-
natant. After centrifugation, the supernatant was care-
fully collected to avoid disturbing the pellet. Finally, the 
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quantitative measurement of acetyl Coenzyme A content 
was conducted using the Acetyl Coenzyme A Assay Kit 
(provided by Abcam, product number #Cat No. ab87546, 
UK) following the manufacturer’s instructions.

Measuring glucose uptake and intracellular ATP levels 
in HSCs
To assess the glucose uptake capacity and intracellular 
ATP levels of HSCs, precise sorting of HSCs from the 
experiment was essential. Following sorting, HSCs are 
seeded in 96-well plates, with a cell density of 1 ×  104 
cells per well. Prior to glucose uptake experiments, 
HSCs are pre-treated in a glucose-free culture medium 
to minimize background interference. Upon completion 
of pre-treatment, 50  nM of 2-[N-(7-Nitrobenz-2-oxa-
1,3-diazol-4-yl)Amino]-2-Deoxyglucose (2-NBDG) (pro-
vided by Invitrogen, Cat. No. N13195) was added to each 
well and incubated at 37 °C for 30 min. During this pro-
cess, 2-NBDG, a glucose analog, was used to evaluate 
the cells’ glucose uptake capacity. After incubation, spe-
cific antibodies targeting surface markers of HSCs were 
added, and cellular uptake of 2-NBDG was quantitatively 
analyzed using FACS.

Intracellular ATP levels are measured using the ATP 
Determination Kit based on a luminescent ATP assay 
(provided by Sigma-Aldrich, Cat. No. D43223, USA) fol-
lowing the manufacturer’s instructions. This assay kit 
allows for an accurate assessment of ATP levels within 
HSCs by reflecting ATP concentration through the inten-
sity of fluorescence signals.

Metabolic measurements
The Seahorse XFe96 Extracellular Flux Analyzer (Agi-
lent Technologies) was employed for metabolic analy-
sis. Extracellular acidification rates (ECAR) and oxygen 
consumption rates (OCR) were calculated for each well. 
Cells were treated with injection compounds at the fol-
lowing concentrations for XF glycolysis stress test or XF 
Cell Mito test: 10 mM glucose (50-99-7, Sigma-Aldrich), 
2  µM oligomycin (1404-19-9, Sigma-Aldrich), 50  mM 
2-deoxy-D-glucose (2-DG) (154-17-6, Sigma-Aldrich), 
1  µM carbonyl cyanide p-trifluoromethoxyphenylhy-
drazone (FCCP) (370-86-5, Sigma-Aldrich), and 0.5  µM 
rotenone (83-79-4, Sigma-Aldrich). The XF glycolysis 
stress test or XF Cell Mito test kits were procured from 
Agilent Technologies (USA) [36].

NADH determination
In order to quantify the levels of nicotinamide adenine 
dinucleotide (NADH) in HSCs, particularly to assess 
the accumulation of NADH during the process of mito-
chondrial OXPHOS, we sorted HSCs precisely into two 
groups. The first group of cells was treated with 2  mM 

antimycin A (AMA; provided by Sigma-Aldrich, prod-
uct number Cat.No A8674, UK) at room temperature 
for 5 min. Antimycin A, a specific inhibitor of the mito-
chondrial electron transport chain, can block electron 
transfer within the mitochondria, resulting in reduced 
consumption of NADH and its accumulation within the 
cells. Following the treatment, the fluorescence intensity 
of NADH was detected through the UV440/40 nm chan-
nel using FACS. The second group of cells underwent no 
treatment and served as the control. By comparing the 
differences in NADH fluorescence before and after AMA 
treatment, the activity level of mitochondrial OXPHOS 
can be indirectly reflected. This method offers an effec-
tive means to assess mitochondrial function and cellular 
metabolic status.

Quantification of mitochondrial DNA copy number in HSCs 
using real‑time quantitative PCR
To determine the copy number of mitochondrial DNA 
(mtDNA) in HSCs, the total DNA from HSCs needs to be 
extracted initially. This extraction was carried out using 
the DNA extraction kit provided by Tiangen (China) with 
the product code #Cat.NO DP304. Strict adherence to 
the kit’s instructions during the experimental procedure 
was maintained to ensure the quality and efficiency of 
DNA extraction. The obtained total DNA comprises both 
mitochondrial and nuclear DNA.

Subsequently, real-time quantitative PCR (qPCR) was 
employed to quantitatively measure the copy number 
of mtDNA. In this step, the mitochondrial gene COXII 
(cytochrome C oxidase subunit II) was selected as the 
target to quantify the mtDNA copy number. Concur-
rently, β-Tubulin was chosen as the housekeeping gene 
for the nuclear genome to serve as an internal control 
and correct for variations in PCR reactions. The spe-
cific primer sequences for qPCR can be found in Table 1 
accompanying the experiment.

CCK8
To assess the vitality of HSCs post-sorting, we employed 
the CCK8 (Cell Counting Kit-8) analysis method. Ini-
tially, post-sorted HSCs were seeded in a 96-well plate at 
a cell density of 2 ×  103 cells per well. Subsequently, 10 μL 

Table 1 qPCR Primer Sequences

F forward, R reverse

Gene Sequence (5′–3′)

COX2-F TTC CAA TCC ATG TCA AAA CCGT 

COX2-R AGT CCG GGT ACA GTC ACA CTT 

β-Tubulin-F CAG GCC CGA CAA CTT TAT CT

β-Tubulin-R CTC TTT CCG CAC GAC ATC TA
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of CCK8 solution (supplied by Beyotime, Cat No. C0037, 
China) was added to each well. This reagent reacts with 
enzymes in the cells to generate a measurable color 
change.

After a 4  h cell incubation, the 96-well plate was 
transferred to a constant temperature environment 
at 37  °C. The interaction of CCK8 with enzymes in 
viable cells produces a yellow-colored product, the 
absorbance of which can be detected at a wavelength 
of 450  nm using a spectrophotometer. The measured 
absorbance values are directly proportional to cell via-
bility, where higher absorbance values indicate greater 
cellular vitality. This method was simple, rapid, and 
precise, allowing for the effective evaluation of HSC 
viability. T-HSCs were treated with 50  µM AZD3965 
(ABS816101, Absin (Shanghai) Biotechnology Co., Ltd., 
https:// www. absin. cn/ azd39 65/ abs81 6101. html) for 
24 h. The viability of T-HSCs was assessed [37].

Detection of apoptosis in HSCs
In order to accurately assess the apoptosis of HSCs, 
we utilized an apoptosis detection kit (provided by 
Beyotime, Cat No. C1062L, China). Initially, cultured 
cells were dissociated into single cells by trypsin diges-
tion. Subsequently, the cells were gently resuspended 
in 195  µl of Annexin V-FITC binding buffer to ensure 
even distribution. Then, 5  µl of Annexin V-FITC was 
added to the suspension and gently mixed to bind to 
Phosphatidylserine (PS) of early apoptotic cells. Follow-
ing this, 10 µl of propidium iodide (PI) staining solution 
was added and mixed gently again. Propidium iodide 
penetrates the compromised cell membrane of late-
stage apoptotic or dead cells to bind with DNA.

Next, the cell mixture was incubated at room tem-
perature (25  °C) in the dark for 10–20  min to allow 
sufficient time for Annexin V-FITC and PI to bind to 
the target cells. After the incubation, the samples were 
kept on ice and in the dark until flow cytometry analy-
sis using a FACS was conducted. In the flow cytometer, 
green fluorescence emitted by Annexin V-FITC indi-
cated early apoptotic cells, while red fluorescence from 
PI labeled late-stage apoptotic or already deceased 
cells.

LSK cells represent a distinct hematopoietic stem cell 
subset identified by the Lin- (negative) Sca-1+ (positive) 
c-Kit+ (positive) phenotype. The term "Lin" denotes 
the absence of lineage-specific surface markers such as 
CD3, CD4, CD8, B220, Gr-1, and Ter-119. Sca-1 and 
c-Kit serve as crucial markers for the identification and 
isolation of LSK cells.

Analysis of cell abundance in mouse bone marrow 
and spleen using flow cytometry
To analyze the abundance of various cell types in the 
bone marrow and spleen of mice, these tissues were 
first prepared into single-cell suspensions. The bone 
marrow cell suspension was then incubated with a 
series of specific surface antibodies, with Lin-FITC 
(#22-7770-72, eBioscience; https:// www. therm ofish er. 
cn/ cn/ zh/ antib ody/ produ ct/ Mouse- Hemat opoie tic- 
Linea ge- Antib ody- clone- 17A2- RA3- 6B2- M1- 70- TER- 
119- RB6- 8C5- Cockt ail/ 22- 7770- 72) labeling HSCs, 
Ter119-FITC marking erythroid cells (MA5-17821, 
eBioscience, https:// www. therm ofish er. cn/ cn/ zh/ 
antib ody/ produ ct/ TER- 119- Antib ody- clone- TER119- 
Monoc lonal/ MA5- 17821), Gr-1-APC (17-5931-82, 
eBioscience, https:// www. therm ofish er. cn/ cn/ zh/ 
antib ody/ produ ct/ Ly- 6G- Ly- 6C- Antib ody- clone- RB6- 
8C5- Monoc lonal/ 17- 5931- 82), and CD11b-PE-Cy7 
(557743, eBioscience, https:// www. bdbio scien ces. 
com/ zh- cn/ produ cts/ reage nts/ flow- cytom etry- reage 
nts/ resea rch- reage nts/ single- color- antib odies- ruo/ 
pe- cy-7- mouse- anti- human- cd11b. 557743) labeling 
myeloid cells, and CD3-APC (17-0032-82, eBioscience, 
https:// www. therm ofish er. cn/ cn/ zh/ antib ody/ produ 
ct/ CD3- Antib ody- clone- 17A2- Monoc lonal/ 17- 0032- 
82), CD4-PE (12-0041-82, eBioscience, https:// www. 
therm ofish er. cn/ cn/ zh/ antib ody/ produ ct/ CD4- Antib 
ody- clone- GK1-5- Monoc lonal/ 12- 0041- 82), CD8a-PE-
Cy7 (25-0081-82, eBioscience, https:// www. therm ofish 
er. cn/ cn/ zh/ antib ody/ produ ct/ CD8a- Antib ody- clone- 
53-6- 7- Monoc lonal/ 25- 0081- 82), and B220-PerCP-
Cy5.5 (45-0452-82, eBioscience, https:// www. therm 
ofish er. cn/ cn/ zh/ antib ody/ produ ct/ CD45R- B220- 
Antib ody- clone- RA3- 6B2- Monoc lonal/ 45- 0452- 82) 
marking lymphoid cells. Spleen cells were processed in 
a similar manner, using the same types of surface anti-
bodies for labeling.

All cells were incubated at 4  °C, protected from light, 
for 30  min to allow the antibodies to fully bind to the 
cell surface antigens. Following incubation, FACS was 
performed for the detection and quantification of each 
cell type. This method effectively distinguishes different 
types of blood cells, such as red cells, white cell subsets, 
and HSCs, providing crucial information for studying cell 
dynamics and immune responses in animal models.

Statistical analysis
In this study, the collected data underwent statistical 
analysis and validation using the SPSS version 18.0 sta-
tistical software. Initially, a one-way analysis of variance 
(ANOVA) was conducted to compare differences among 
the various experimental groups. This step aimed to 
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examine whether a single factor at different levels signifi-
cantly influenced the experimental data. Subsequently, a 
two-way ANOVA was employed to evaluate the impact 
of two independent variables and their interaction with 
the dependent variable. The two-way ANOVA facilitated 
the determination of whether the two distinct factors 
generated an interaction effect and how this effect influ-
enced the experimental outcomes. The results were pre-
sented as mean ± standard deviation, with a p value < 0.05 
indicating statistical significance and a p value < 0.01 
denoting high statistical significance.

Results
Metabolic reprogramming and functional changes of HSCs 
in lung cancer: transition from glycolysis to OXPHOS
Metabolism plays a crucial role in maintaining the dor-
mancy, activation, and differentiation of HSCs. In the 
process of lung cancer development, there is a sig-
nificant increase in the number of HSCs, leading to 

upregulation of proliferation and differentiation towards 
more MDSCs compared to normal physiological condi-
tions [38–40]. To investigate whether this metabolic shift 
regulates the function of HSCs, we performed meta-
bolic profiling of HSCs in lung cancer. A mouse LLC 
lung cancer model was established, and after four weeks, 
we conducted metabolomic analysis on hematopoietic 
stem and progenitor cells (T-HSPCs) in the bone mar-
row, including long-term HSCs (LT-HSCs), short-term 
HSCs (ST-HSCs), and multipotent progenitors (MPPs) 
(Fig. 1A). The most significant changes in metabolites in 
comparison to the control group (N-HSPCs) were asso-
ciated with glucose metabolism, such as levels of pyru-
vic acid, lactate, α-ketoglutarate, and glucose. Metabolic 
pathway enrichment analysis indicated a potential link 
between pyruvate metabolism and changes in HSPCs 
function (Fig. 1B–C).

Given the multiple fates of pyruvate, we analyzed the 
ratio of glycolysis to OXPHOS in HSCs. Long-term HSCs 

Fig. 1 Metabolic Analysis of LSK Cells in Lung Cancer. Notes A Comparison of the expression levels of different metabolites in LT-HSCs cells 
in normal and tumor states. The heat map shows the relative expression levels of various metabolites in N-HSCs and T-HSCs isolated from normal 
mouse bone marrow and tumor-bearing mouse bone marrow, respectively. B Enrichment analysis of metabolic pathways. The graph illustrates 
the correlation between different metabolic pathways and functional changes in LT-HSCs cells, with the height of the vertical axis indicating 
the degree of association between the pathway and the changes in LT-HSCs cell status. C Overview of significantly altered metabolites 
in comparison between N-HSCs and T-HSCs
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isolated from normal and tumor-bearing mice (N-HSCs 
and T-HSCs, respectively) showed changes in glucose 
uptake in T-HSCs (Fig.  2A). Levels of lactate increased 
in T-HSCs (Fig.  2B), suggesting an upregulation of gly-
colysis. Additionally, substrates of OXPHOS, acetyl-CoA, 
and ATP levels were elevated in T-HSCs (Fig.  2C–D). 
LT-HSCs’ oxygen consumption rate (OCR), indicative 
of oxidative phosphorylation (OXPHOS), and extracel-
lular acidification rate (ECAR), reflective of aerobic gly-
colysis, were measured using the Seahorse device. The 
findings revealed a significant increase in both OCR 
and ECAR in T-HSCs, suggesting an upregulation of 
glycolysis (Fig.  2E–F). To confirm the changes in mito-
chondrial OXPHOS in T-HSCs, we introduced AMA, 
a specific inhibitor of the mitochondrial electron trans-
port chain, to sorted HSCs and analyzed NADH levels 
after incubating the cells at 28  °C for 5 min. Accumula-
tion of NADH in cells solely depends on mitochondrial 
OXPHOS in the presence of AMA. Post addition of 
AMA, an increase in NADH accumulation in T-HSCs 

indicated an upregulation of OXPHOS (Fig. 2G–H). The 
use of the monocarboxylate transporter protein MCT-1 
inhibitor AZD3965 to treat T-HSCs resulted in a signifi-
cant decrease in cell viability. This further demonstrates 
the reliance of HSCs on lactate production in lung cancer 
(Fig. 2I).

In conclusion, under the conditions of lung cancer, 
there are significant alterations in the glucose metabolism 
pathways of HSCs, particularly a transition from glycoly-
sis to OXPHOS. This transition is reflected in the higher 
glucose uptake capacity, increased lactate levels, and 
upregulation of OXPHOS-related substrates in T-HSCs 
compared to N-HSCs. Especially under the action of 
antimycin A, T-HSCs exhibit enhanced OXPHOS activ-
ity, further confirming the metabolic shift in energy path-
ways of HSCs in the lung cancer microenvironment.

Fig. 2 Analysis of Glucose Metabolism in HSCs under Lung Cancer Conditions. Note A Comparison of glucose uptake between normal HSCs 
(N-HSCs) and lung cancer HSCs (T-HSCs) using 2-NBDG as a fluorescent probe (n = 3). B Measurement of lactate concentration showing a significant 
increase in lactic acid production per thousand cells in T-HSCs (n = 3; **p < 0.01). C Determination of Acetyl-CoA concentration indicating 
potential enhancement of oxidative phosphorylation pathway in T-HSCs (n = 3; *p < 0.05). D Assessment of ATP concentration revealing increased 
metabolic activity in T-HSCs (n = 3; *p < 0.05). E–F The measurement of the oxygen consumption rate (OCR) and the extracellular acidification rate 
(ECAR) of LT-HSCs using the Seahorse equipment; G Cellular NADH representative spectra: Flow cytometry profiles before and after treatment 
with antimycin A (AMA) (n = 3); H Quantitative comparison of NADH accumulation induced by antimycin A; (I) Detection of the survival rate 
of T-HSCs using AZD3965 via CCK8 assay (n = 3; *p < 0.05)
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Enhanced oxidative phosphorylation and mitochondrial 
dynamics of HSCs in lung cancer
In the context of lung cancer, the mitochondrial meta-
bolic activity of HSCs undergoes significant changes, 
particularly in OXPHOS, a process primarily occurring 
within the mitochondria, whose activation directly cor-
relates with the enhancement of OXPHOS. In this study, 
we observed an increase in molecular markers related to 
OXPHOS in T-HSCs compared to normal-state HSCs 
(N-HSCs), indicating an upregulation of mitochondrial 
function in T-HSCs (Fig. 1). We performed quantitative 
analysis on mitochondria using FACS in combination 
with mitochondria-specific fluorescent dyes MitoTracker 
Deep Red and TOM20. Our findings revealed that the 
number of active mitochondria and total mitochondrial 
content in T-HSCs exceeded those in N-HSCs (Fig. 3A–
D). Immunofluorescence analysis corroborated these 
results (Fig. 3E).

Furthermore, mitochondrial membrane potential 
(MMP) and reactive oxygen species (ROS) generation are 
crucial indicators for assessing mitochondrial functional 

status. Using tetramethylrhodamine ethyl ester (TMRE) 
as a fluorescent dye, we measured the MMP of HSCs 
and found that T-HSCs exhibited higher MMP levels 
(p < 0.05), accompanied by a significant increase in ROS 
production (p < 0.01), further supporting the notion of 
enhanced mitochondrial activity in T-HSCs (Fig. 4A–B). 
Furthermore, utilizing MitoSOX Red staining to detect 
mitochondrial reactive oxygen species (mROS) produc-
tion, we observed elevated levels of mROS in T-HSCs 
(Fig.  4C). Real-time qPCR analysis also revealed a sig-
nificant increase in mitochondrial DNA copy number in 
T-HSCs (p < 0.01), consistent with the observed elevation 
in mitochondrial quantity (Fig. 4D), indicating that under 
the influence of lung cancer, both the quantity and meta-
bolic function of HSC mitochondria are enhanced.

Regulation of HSCs differentiation and mitochondrial 
activity in lung cancer through 2‑DG‑mediated glucose 
metabolism inhibition
Elevated glucose metabolism in T-HSCs leads to an 
increase in OXPHOS rate, suggesting that suppressing 

Fig. 3 Influence of Lung Cancer on Mitochondrial Mass of HSCs. Note A Representative images of N-HSCs and T-HSCs stained with MitoTracker 
Deep Red analyzed by flow cytometry. B Quantitative analysis of median fluorescence intensity (MFI) of MitoTracker Deep Red. C Representative 
images of TOM20 staining in N-HSCs and T-HSCs analyzed by flow cytometry. D Quantitative analysis of median fluorescence intensity (MFI) of TOM. 
E Immunocytochemical staining of mitochondrial dye MitoTracker Deep Red (red) and DAPI (blue) in N-HSCs and T-HSCs. (n = 5; *p < 0.05)
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glucose metabolism may impact their cellular func-
tions. To investigate this, we injected glucose metabo-
lism inhibitor 2-DG intravenously into mice and isolated 
HSCs from the bone marrow using flow cytometry one 
week later. Our results indicate that while 2-DG had 
minimal impact on the quantity of N-HSCs, it signifi-
cantly reduced the proportion of T-HSCs (Fig.  5A). 
In  vitro, cell viability assays revealed reduced prolifera-
tion (Fig.  5B) and decreased apoptosis of T-HSCs upon 
2-DG treatment (Fig. 5C). These results indicate that the 
regulation of glucose metabolism by 2-deoxy-D-glucose 
(2-DG) can influence the state and function of hepatic 
stellate cells (HSCs), diminishing their activity. Under 
the presence of 2-DG, both the active mitochondria 
and total mitochondria count of activated hepatic stel-
late cells (T-HSCs) decrease, suggesting that 2-DG can 
reduce the numbers of active and total mitochondria 
in T-HSCs (Fig.  5D–G). Previous studies have identi-
fied specific subpopulations within HSCs that give rise 
to terminally differentiated cells [41–43]. By utilizing 
CD150, we distinguished HSCs subpopulations inclined 
towards lymphoid cell differentiation/steady state/mye-
loid cell differentiation (Ly-bi/Bala/My-bi HSCs), char-
acterized as Lin-Sca-1+c-Kit+CD34−CD135−CD150−, 
Lin-Sca-1+c-Kit+CD34−CD135−CD150low and Lin-Sca-
1+c-Kit+CD34−CD135−CD150+ (Fig. 5H–I). Our results 

demonstrate a higher proportion of myeloid cell-differen-
tiated subpopulations in T-HSCs compared to N-HSCs. 
During lung cancer progression, HSCs differentiate into 
myeloid cells. Interestingly, post 2-DG treatment, the 
proportion of HSCs subpopulations inclined towards 
myeloid cell differentiation decreased in T-HSCs, sug-
gesting a potential inhibitory effect of 2-DG on the dif-
ferentiation of HSCs into myeloid cells.

Metabolic intervention mediated by 2‑dg modulates 
erythropoiesis and myeloid‑derived suppressor cell 
differentiation dynamics in the bone marrow of lung 
cancer patients
Within the intricate microenvironment of lung cancer, 
the increase in bone marrow-derived MDSCs is closely 
associated with tumor immune evasion mechanisms, 
concomitant with alterations in red blood cells and spe-
cific T cell subpopulations. Subsequently, we investigated 
the impact of metabolic intervention mediated by 2-DG 
on the dynamics of bone marrow cells in a lung cancer 
mouse model, particularly on the regulation of red blood 
cells and MDSCs quantities, as well as the potential influ-
ence on the ratio of  CD4+ T cells and  CD8+ T cells.

The results indicate a significant increase in the num-
ber of red blood cells (Fig. 6A) and a notable decrease in 
MDSCs’ quantity (Fig.  6B) in the bone marrow of lung 

Fig. 4 Impact of Mitochondrial Activity on Conditioned HSCs in Lung Cancer. Note A (Left) Representative images from flow cytometry analysis 
of Tetramethylrhodamine Methyl Ester (TMRM) staining on N-HSC and T-HSC. (Right) Quantitative analysis of cells with high TMRM staining levels 
in N-HSC and T-HSC (n = 3; *p < 0.05). B (Left) Representative images from flow cytometry analysis of Dichlorodihydrofluorescein Diacetate (DCFDA) 
staining on N-HSC and T-HSC. (Right) Quantitative analysis of fold changes in DCFDA staining (n = 5; **p < 0.01). C Detection of mitochondrial 
reactive oxygen species (mROS) generation in N-HSCs and T-HSCs using MitoSOX Red staining. D Quantitative analysis of Mitochondrial DNA copy 
number relative to genomic DNA (n = 5; **p < 0.01)
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cancer mice post 2-DG treatment. This suggests that 
2-DG, through metabolic pathways, modulates the lung 
cancer microenvironment by promoting erythropoiesis 

and inhibiting MDSC differentiation, potentially restor-
ing a certain level of immune function. Noteworthy, 
the ratio of  CD4+ T cells and  CD8+ T cells showed no 

Fig. 5 Changes in T-HSC Function following 2-DG Stimulation. Note A Quantitative data of N-HSC and T-HSC percentages before and after 2-DG 
treatment (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001). B CCK8 cell viability assay of N-HSC and T-HSC before and after 2-DG treatment (n = 3, *p < 0.05, 
**p < 0.01). C Analysis of apoptosis rates of N-HSC and T-HSC before and after 2-DG treatment (n = 3, *p < 0.05, **p < 0.01). D Representative images 
of Mito Tracker Deep Red staining of N-HSC and T-HSC before and after 2-DG treatment by flow cytometry. E Quantitative analysis of median 
fluorescence intensity (MFI) in Mito Tracker Deep Red assay (n = 3, *p < 0.05, **p < 0.01). F Flow cytometry analysis of representative images of TOM20 
staining in N-HSCs and T-HSCs. G Quantitative analysis of median fluorescence intensity (MFI) of TOM. (H-I) Hematopoietic stem cell subtyping. 
Subtyping analysis of HSCs during tumorigenesis, as well as changes in hematopoietic stem cell subtypes before and after 2-DG stimulation. 
Myeloid biased HSCs (My-bi HSCs):  Lin−Sca-1+c-Kit+CD34−CD135−CD150+; Balanced HSCs (Bala HSCs):  Lin−Sca-1+c-Kit+CD34−CD135−CD150low; 
Lymphoid-biased HSCs (Ly-bi HSCs):  Lin−Sca-1+c-Kit+CD34−CD135−CD150−
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Fig. 6 Changes in the Bone Marrow Immune Cell Content after 2-DG Stimulation. Note A Representative image (left) of  ter119+ cell relative 
abundance in bone marrow before and after 2-DG treatment analyzed by flow cytometry. Quantitative data are presented on the right. B 
Representative image (left) of  Gr1+  CD11b+ cell relative abundance in bone marrow before and after 2-DG treatment analyzed by flow cytometry. 
Quantitative data are presented on the right. C Representative image (up) of  CD4+ and  CD8+ T cell relative abundance in bone marrow 
before and after 2-DG treatment analyzed by flow cytometry. D Quantitative data for  CD4+ T cell proportion before and after 2-DG treatment 
in bone marrow are depicted. E Quantitative data for  CD8+ T cell proportion before and after 2-DG treatment in bone marrow are provided as well. 
All experiments were conducted thrice. ***p < 0.001, **p < 0.01, *p < 0.05
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significant changes after 2-DG treatment (Fig.  6C–E), 
implying that the metabolic intervention mediated by 
2-DG predominantly affects specific cell populations 
rather than broadly impacting all immune cell types.

In conclusion, this study unveils the significant effects 
of metabolic intervention mediated by 2-DG on erythro-
poiesis and MDSC differentiation dynamics in the bone 
marrow microenvironment of lung cancer, laying an 
experimental groundwork for further exploration of met-
abolic-targeting strategies in lung cancer therapy.

Effect of 2‑DG on splenic myeloid‑derived suppressor 
cell proportion and its role in red blood cell homeostasis 
in lung cancer mice
2-DG, as a well-known inhibitor of sugar metabolism, 
merits particular attention for its impact on the immune 
cell population [44]. The research findings indicate that 
the impact of 2-deoxy-D-glucose (2-DG) treatment on 
spleen size is relatively limited (Fig.  7A), suggesting a 
minimal direct effect on spleen structure. However, 2-DG 
demonstrates significant effects in regulating specific 
immune cell populations within the spleen. Specifically, 
2-DG treatment significantly increases the proportion 
of red blood cells (Fig. 7B) and decreases the proportion 
of MDSCs (Fig. 7C–D). These results are consistent with 
the effects observed in the bone marrow environment, 
indicating that 2-DG can exert similar immunomodula-
tory effects in different immune organs through specific 
metabolic pathways.

Furthermore, the impact of 2-DG on the proportion 
of  CD4+ T cells,  CD8+ T cells, and B cells in the spleen 
is not significant (Fig.  7E–H), underscoring the selec-
tive action of 2-DG in modulating specific immune cell 
subsets, particularly MDSCs. These findings suggest that 
the metabolic intervention mechanism of 2-DG may be 
associated with its ability to inhibit specific stem cell 
differentiation into myeloid lineage cells, although this 
hypothesis requires further validation through additional 
research.

In summary, 2-DG effectively reduces the proportion 
of MDSCs in the spleen of lung cancer mice through 

metabolic intervention, with minimal impact on main-
taining red blood cell homeostasis.

Gene expression analysis reveals the molecular 
characteristics and metabolic regulation of HSCs 
under tumorigenic conditions
To further elucidate the impact of T-HSCs, we compared 
the gene expression patterns of T-HSCs and N-HSCs. 
The expression heatmap revealed 199 differentially 
expressed genes between these two cellular subtypes, 
comprising 44 upregulated genes such as Rcvrn, Vldlr, 
Gpr65, and Car5b, as well as 155 downregulated genes 
including Ccl6, Jchain, Mpo, Prss34, and Mcpt8 (Fig. 8A). 
These genes are implicated in cell cycle regulation, RNA 
degradation, and ribosome biogenesis (Fig.  8B–C). Fig-
ure  8D enumerates the most significantly altered genes. 
Microarray findings were validated through real-time 
qPCR (Fig. 8E), providing concrete evidence supporting 
our microarray analysis. Additionally, we examined the 
expression of genes related to glucose metabolism such 
as, Ldhd, Pdk2, Lkb1, and Sirt7. The results were consist-
ent with previous data, suggesting that genes associated 
with glycolysis and oxidative phosphorylation may be 
upregulated.

Discussion
In our in-depth investigation of the metabolic changes of 
LT-HSCs in lung cancer and their impact on the tumor 
microenvironment, our research has revealed a series of 
remarkable biological phenomena and potential thera-
peutic targets, offering a fresh perspective and strategies 
for lung cancer treatment. Our findings not only align 
with existing literature [31, 45] but also push the bounda-
ries of knowledge in this field. Particularly, we have for 
the first time unveiled the shift in metabolic preferences 
of LT-HSCs under lung cancer conditions and how this 
shift influences cell differentiation and the tumor micro-
environment, presenting novel targets for cancer therapy.

Previous research has shown that LT-HSCs primarily 
rely on glycolysis rather than OXPHOS for energy produc-
tion under static conditions. However, the proportion of 
OXPHOS increases gradually as the cells differentiate [31, 

(See figure on next page.)
Fig. 7 Changes in Splenic Immune Cell Content After 2-DG Stimulation. Notes A Effects of 2-DG treatment on spleen size (right) and body weight 
(left) in mice. B Representative flow cytometry analysis of the relative abundance of  Ter119+ cells in the spleen before and after 2-DG treatment 
(left). Quantitative data are presented on the right. C Representative flow cytometry analysis of the relative abundance of  CD11b+ cells in the bone 
marrow before and after 2-DG treatment (left). Quantitative data are presented on the right. D Representative flow cytometry analysis of the relative 
abundance of  Gr1+ cells in the bone marrow before and after 2-DG treatment (left). Quantitative data are presented on the right. E Representative 
flow cytometry analysis of the relative abundance of  CD4+ T cells and  CD8+ T cells in the bone marrow before and after 2-DG treatment. (F) 
Quantitative data on the proportion of  CD4+ T cells in the spleen before and after 2-DG treatment. (G) Quantitative data on the percentage of  CD8+ 
T cells in the spleen before and after 2-DG treatment. (H) Quantitative data on the percentage of  B220+ cells in the spleen before and after 2-DG 
treatment. (n = 3; ***p < 0.001, **p < 0.01, *p < 0.05)
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Fig. 7 (See legend on previous page.)
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45]. Our study has revealed a significant metabolic shift, 
which is evident not only in the energy metabolism pattern 
shifting from glycolysis-dependent to more OXPHOS utili-
zation but also in the adjustment of metabolic balance. This 
transition unveils the adaptive response of LT-HSCs to the 
lung cancer microenvironment, aiming to efficiently meet 
their energy and biosynthetic demands, further deepening 
our understanding of the metabolic adaptability of stem 
cells in the tumor microenvironment.

Furthermore, we have observed that metabolic repro-
gramming under lung cancer conditions not only affects 
the energy metabolism pattern of HSCs but also sig-
nificantly influences their differentiation fate [46]. Spe-
cifically, tumor-induced metabolic changes promote the 
differentiation tendency of HSCs towards PMN-MDSCs, 
a process that may exacerbate tumor progression and 
adverse outcomes [26, 47–49]. Whether the differentia-
tion bias of HSCs is related to metabolic reprogramming 
remains unclear. Our research indicates that a metabolic 
shift occurs in LT-HSCs during tumorigenesis, transi-
tioning from a reliance on glycolysis to a combination of 
OXPHOS and glycolytic metabolism. The impact of aber-
rant glucose metabolism induced by tumorigenesis on 
the differentiation of LT-HSCs has also been confirmed. 
Inhibiting glucose metabolism can reverse the imbalance 
in LT-HSC differentiation, leading to reduced MDSC pro-
duction. Metabolomic analysis of purified HSPCs suggests 
changes in their metabolism under tumor conditions, with 
a significant increase in acetate metabolism (Fig.  1). Lev-
els of acetate and lactate increase in T-HSPCs, indicating 
that glycolytic metabolism in T-HSCs has not diminished. 
However, acetyl-CoA and NADH levels increase, mito-
chondrial mass and DNA copy numbers rise, and ROS 
and ATP levels are upregulated (Figs.  2, 3), indicating an 
increase in the rate of OXPHOS in T-HSCs. While glycoly-
sis and OXPHOS are known to be interconnected [50, 51], 
our results demonstrate an increase in both glycolysis and 
OXPHOS in T-HSCs. Immunofluorescence results (Fig. 3) 
show a similar number of cells marked by MitoTracker Red 
in N-HSCs and T-HSCs. However, the mitochondrial mass 
is notably increased in T-HSCs, indicating a metabolic shift 
from glycolysis to OXPHOS in a subset of cells. OXPHOS 
can generate over 18 times more ATP than glycolysis, and 
T-HSCs exhibit limited ATP production capacity, confirm-
ing that only a fraction of cells undergo metabolic trans-
formation [52]. Cells undergoing metabolic transition in 

T-HSCs may also undergo functional changes that lead to 
differentiation imbalance.

By intervening in the metabolism of HSCs in lung can-
cer patients with metabolic inhibitors like 2-DG, we have 
demonstrated that altering the metabolic state can regu-
late the differentiation preference of HSCs and reduce 
the potential for MDSC production [43, 53–55]. This 
strategy may not only enhance the immune response in 
lung cancer patients but also help suppress tumor pro-
gression and metastasis by modifying the tumor micro-
environment [56, 57].

While our research has made significant progress in 
understanding the metabolic changes of HSCs in lung 
cancer and their impact on the tumor microenviron-
ment, many questions remain unanswered, such as how 
tumor-induced metabolic reprogramming regulates the 
differentiation fate of HSCs at the molecular level and 
how to precisely utilize metabolic intervention strategies 
to optimize lung cancer treatment [58]. Future research 
will need to delve deeper into these mechanisms and vali-
date the clinical application potential of metabolic inter-
ventions [59].

In conclusion, our study provides a new understand-
ing of the metabolic reprogramming of HSCs under lung 
cancer conditions and its impact on cell differentiation 
and the tumor microenvironment, offering new mecha-
nistic insights into tumor progression and laying a scien-
tific foundation for the development of novel treatment 
strategies based on metabolic interventions. These find-
ings underscore the importance of further investigating 
the metabolic adaptability of HSCs in the tumor micro-
environment and their significance as therapeutic targets.

Conclusion
This study reveals a significant metabolic reprogramming 
of HSCs during tumor development, particularly in the 
context of lung cancer. Specifically, T-HSCs no longer 
rely solely on glycolysis but also depend on OXPHOS. 
This metabolic shift is accompanied by an increased dif-
ferentiation tendency of HSCs toward MDSCs, thus 
promoting tumor progression and metastasis. Moreo-
ver, treatment with 2-DG alters the metabolic profile of 
T-HSCs, leading to a significant reduction in the number 
of MDSCs, potentially aiding in inhibiting tumor growth 
(Fig. 9).

Fig. 8 Identification of Differentially Expressed Genes in N-HSCs and T-HSCs. Note A Heat map showing the gene expression changes in N-HSCs 
and T-HSCs (n = 3). B Functional analysis of differentially expressed genes using Gene Ontology (GO). C Pathway analysis of differentially expressed 
genes using Kyoto Encyclopedia of Genes and Genomes (KEGG). D Top 20 differentially expressed genes in T-HSCs. (E) qPCR validation of genes 
related to glycolysis and OXPHOS

(See figure on next page.)
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Fig. 8 (See legend on previous page.)
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Continuing the exploration of this study, these find-
ings are not only scientifically significant, particularly in 
understanding the impact of the tumor microenviron-
ment on immune cell function, but also hold great value 
for clinical applications. In the field of lung cancer ther-
apy, this research provides a theoretical basis for novel 
therapeutic approaches targeting HSCs’ metabolic path-
ways. These new strategies may help alleviate the tumor-
promoting immunosuppressive environment, offering 
new hope for lung cancer patients.

However, the limitations of this study lie in its reliance 
on mouse models, potentially differing from the tumor 
environment in humans. Additionally, the research 
primarily focuses on the metabolic changes in HSCs 
without addressing other tumor types or the effects on 
other immune cell types. The long-term effects of 2-DG 
treatment and its potential impacts on normal tissues 
are areas of future research that need attention. Look-
ing ahead, further validation of these findings in human 
cells or more complex in  vivo models, and exploration 
of the effects of different tumor types on immune cell 
metabolism, are desired. The clinical prospects of 2-DG 
and other metabolic interventions, including their safety, 

efficacy, and effects on normal cells, require in-depth 
investigation. These efforts will contribute to a deeper 
understanding of the metabolic mechanisms in the tumor 
microenvironment and offer new strategies for the treat-
ment of lung cancer and other tumors.
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