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ABSTRACT
Acute  myeloid  leukemia  (AML)  is  a  hematopoietic  progenitor  cell-affected  hematological  malignancy,  caused  by  the
accumulation  of  genetic  and  epigenetic  abnormalities  leading  to  impaired  cell  differentiation,  enhanced  self-renewal
capacity,  and  uncontrolled  proliferation.  Despite  progress  in  understanding  its  biology  and  therapeutic  strategies,  the
mortality  rate  remains  high,  with  a  five-year  survival  rate  below  30%,  and  the  clonal  evolution  of  cells  is  complex,
exhibiting  genetic  heterogeneity.  Glycolysis  plays  a  central  role  in  the  metabolic  network  of  cancer  cells.  Cancer  cells
produce  energy  and  substances  through  glycolysis,  and  their  metabolic  product,  lactic  acid,  affects  the  tumor
microenvironment (TME),  leading to  immune suppression,  among other  effects.  Inhibition of  glycolysis  can enhance  the
sensitivity of AML to chemotherapeutic drugs. Aging is a risk factor for many diseases and leads to increased incidence
and mortality rates of AML. Elderly patients exhibit greater heterogeneity. In AML, the dysfunction of T cells and NK
cells is closely related to treatment responses. The process of T cell senescence is complex, involving various phenomena
and mechanisms. Senescent T cells have weakened functions, affecting immune surveillance and TME, leading to reduced
responses to chemotherapy. This review summarizes the significance of key glycolytic enzymes and aging in AML-related
research.
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1    Introduction
Acute myeloid leukemia (AML) is  a  hematologic  malignancy
affecting  hematopoietic  progenitor  cells,  characterized  by  the
accumulation  of  genetic  and  epigenetic  abnormalities.  These
alterations  result  in  impaired  differentiation,  enhanced  self-
renewal capacity, and uncontrolled proliferation [1, 2].

Over the past  few decades,  continuous advancements  have
been  made  in  the  biological  understanding  and  therapeutic
strategies  for  AML  [3],  however,  the  mortality  rate  remains
alarmingly  high,  with  a  five-year  survival  rate  of  lower  than
30%  [4].  Additionally,  the  clonal  evolution  of  AML  cells  is
extensive,  resulting  in  the  emergence  of  leukemia  cell

subgroups  with  distinct  mutation  profiles.  This  genetic
heterogeneity  leads  to  the  activation  of  complex  signaling
pathways,  complicating  AML  treatment  and  necessitating
individualized therapeutic approaches [5].

Metabolic  reprogramming  is  recognized  as  a  plausible
contributor  to  the  complexity  of  the  disease,  primarily
involving  glucose,  fatty  acid,  amino  acid,  and  mitochondrial
metabolism.  Among  these,  glycolysis  holds  a  central  role  in
the metabolic network of tumor cells, playing an irreplaceable
role  in  tumorigenesis  and  progression  [6].  Research  on  the
mechanisms  and  clinical  applications  of  glycolytic  enzymes
and  products  with  altered  expression  levels  in  malignancies
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remains  an  active  area  of  investigation  [7].  Key  enzymes  in
glycolysis  are  critical  regulators  of  tumor  metabolism.  The
altered  expression  levels  of  these  enzymes  in  tumor  cells,
along  with  their  interactions  with  other  protein  molecules,
significantly  impact  disease  progression  [8].  The  metabolic
byproduct  lactate  contributes  to  the  formation  of  an  acidic
tumor  microenvironment,  promoting  the  development  of  an
immunosuppressive  milieu,  enhancing  angiogenesis,
impairing  the  function  of  immune  cells  within  the  tumor
microenvironment (TME), and is associated with resistance to
tumor immunotherapy [9, 10]. AML cells with high glycolytic
activity  exhibit  low  sensitivity  to  adriamycin  (ADR),  thus,
targeting glycolytic regulation represents a promising strategy
for treating AML [11].

Aging is a prominent risk factor for many chronic diseases.
Senescent cells accumulate in normal tissues, leading to organ
and  tissue  damage,  and  promoting  tumor  formation.  Aging
contributes to increased incidence of AML and mortality, with
older AML patients exhibiting greater heterogeneity [12]. The
prognosis for elderly AML patients is poor, with a median age
of  68  years  at  diagnosis,  and  the  five-year  survival  rate  for
patients  over  60  ranges  from  5%  to  15%  [13].  Aging-related
genes  frequently  possess  substantial  clinical  prognostic  value
for AML patients.

This  review  discusses  the  roles  of  glycolytic  enzymes:
hexokinase  2  (HK2),  phosphofructokinase1  (PFK–1),
pyruvate  kinase  M2  (PKM2),  and  immunosenescence  in
AML, and provides an overview of the research related to the
clinical applications of glycolysis and immunosenescence. 

2    The role of glycolysis in AML
 

2.1    The role of rate-limiting enzymes in glycolysis in
AML
In  the  1920s,  the  Warburg  effect  demonstrated  that  cancer
cells  predominantly  rely  on  glycolysis  for  energy  production,
even  in  the  presence  of  oxygen.  This  significant  discovery
highlighted  an  exceptional  aspect  of  the  glycolytic  process  in
cancer  cells  [14].  Compared  to  oxidative  phosphorylation
(OXPHOS), tumor cells utilize substantial amounts of glucose

through glycolysis to produce the necessary substances for cell
proliferation  and  rapidly  generate  ATP  to  meet  the  energy
demands  during  development  [15].  Tumor  cells  usually
exhibit  the  characteristics  of  low  glucose  levels  and  high
lactate  levels,  and  can  absorb  glucose  from  the  environment
competitively, thereby preventing its uptake by immune cells.
This impairs the physiological activity of immune and stromal
cells,  increases  glycolysis,  and  produces  more  lactate,  which
creates an acidic environment favorable for tumor growth [16].
For example, AML cells upregulate glycolysis and the pentose
phosphate  pathway  to  generate  macromolecules  such  as
amino  acids  and  nucleotides,  which  are  necessary  for
sustaining the leukemic state [17]. Studies have demonstrated
that  AML  cells  with  rapid  proliferation  develop  resistance  to
Ara-C  by  enhancing  glucose  metabolism  [18].  Inhibiting
glycolysis can increase AML’s sensitivity to chemotherapeutic
agents [19].

Enzymes  that  regulate  the  rate  of  glucose  metabolism  are
critical  for  tumor  growth.  Tumor  cells  upregulate  HK2  and
glucose  transporter  1  (GLUT1)  to  increase  glucose  uptake.
Activation  of  6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase  3  (PFKFB3)  and  PFK1  stimulates  glycolysis
and  enhances  the  expression  of  lactate  dehydrogenase  A
(LDHA),  which  catalyzes  the  conversion  of  pyruvate  to
lactate [20] (Fig. 1). 

2.1.1    HK2

Hexokinase acts as the initial rate-limiting enzyme, catalyzing
the entry of  glucose into tumor cells  and its  phosphorylation
to  form  glucose-6-phosphate  (G-6-P)  [21].  Currently,  five
major hexokinase isoforms are known in mammals.  The role
of  the  recently  identified  hexokinase  domain-containing
protein  1  (HKDC1)  is  not  yet  fully  understood  [22],  while
HK1,  HK2,  HK3,  and  HK4  are  the  four  well-characterized
hexokinase  isoforms  [23].  HK1  and  HK3  exhibit  catalytic
activity  solely  at  their  C-terminal  ends,  whereas  HK2
demonstrates catalytic activity at both the C-terminal and N-
terminal ends under various physiological conditions [24]. In
tumor cells, HK2 binds to voltage-dependent anion channel 1
(VDAC1), controlling the movement of the channel pore and
inhibiting the transition of VDAC1 to the closed state, thereby
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Figure 1    An  overview  of  glycolysis  in  normal  and  tumor  cells.  After  cells  absorb  glucose  through  GLUT  transporters,  glucose  undergoes  a  series  of
enzymatic  steps  in  the  cytoplasm,  ultimately  producing  pyruvate.  When  oxygen  is  abundant,  pyruvate  enters  the  mitochondria  to  participate  in  the
tricarboxylic acid (TCA) cycle. In the absence of sufficient oxygen, under the catalytic effect of lactate dehydrogenase (LDH), pyruvate is converted into
lactate, which is then excreted from the cells via the monocarboxylate transporter (MCT). Hexokinase, phosphofructokinase, and pyruvate kinase act as
rate-limiting  enzymes  to  regulate  this  metabolic  process.  Glucose-6-phosphate  is  catalyzed  by  glucose-6-phosphate  dehydrogenase  to  produce  pentose
phosphate,  NADPH,  and  carbon  dioxide.  Fructose  enters  the  cells  and  ultimately  participates  in  the  glycolysis  process  in  the  forms  of  fructose-1,6-
bisphosphate and glyceraldehyde-3-phosphate. In tumor cells, the glycolytic process is intensified, promoting cell survival and proliferation.
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protecting  cancer  cells  from  apoptosis  [25, 26].  Hypoxia-
inducible  factor  1  alpha  (HIF1α)  binds  to  the  hypoxia
response element (HRE) on the promoter of HK2, leading to
increased  expression  of  HK2  and  accelerating  glycolytic
activity [27]. A combination of specific HK2 inhibition, partial
OXPHOS  inhibition,  and  partial  fatty  acid  oxidation  (FAO)
inhibition offers a promising therapeutic strategy for treating
HK1−HK2+ cancers,  which  may  be  well  tolerated  by  normal
tissues  [28].  In  addition  to  its  glycolytic  kinase  activity,  HK2
overexpression in the nucleus of leukemic stem cells interacts
with  nuclear  proteins  that  regulate  chromatin  accessibility.
This  interaction  enhances  stemness  and  chromatin
accessibility  at  DNA  repair  sites,  independently  of  its
metabolic  functions,  thereby  increasing  stemness,  inhibiting
differentiation, reducing double-strand breaks, and conferring
chemoresistance to leukemic stem cells [29].

HK2 is the main subtype catalyzing the glycolytic process in
AML  cells,  while  HK3  exerts  protective  effects  through  non-
glycolytic  functions  in  myeloid  cell  survival.  HK3  is
significantly  upregulated  during  the in  vitro myeloid
differentiation  of  healthy  CD34+ hematopoietic  stem  and
progenitor  cells,  and  its  absence  results  in  elevated  ROS
production and accumulated DNA damage in AML [30]. 

2.1.2    PFK-1

PFK-1 catalyzes the conversion of fructose-6-phosphate (F-6-
P) to fructose-1,6-bisphosphate (F-1,6-BP) using ATP, serving
as  another  critical  enzyme  in  glycolysis.  In  human  tissues,
PFK-1  has  three  isoforms:  PFKP (platelets),  PFKM (muscle),
and  PFKL  (liver)  [12].  PFKP  holds  a  more  pivotal  role  than
PFKL and PFKM [31]. Elevated PFKP expression is frequently
associated  with  disease.  For  instance,  AML  patients  exhibit
higher PFKP expression, particularly in subtypes with poorer
cytogenetic  risk  [32].  Although  PFK-1  inhibitors  cannot
specifically  inhibit  PFKP,  studies  have  shown  that  R-2-
hydroxyglutarate (R-2HG) can inhibit the activity of fat-mass-
and obesity-associated (FTO) protein,  a  key oncogenic factor
in AML, thereby inhibiting the glycolysis  process  of  sensitive
leukemic  cells,  and  further  reducing  the  expression  of
glycolytic  enzymes  PFKP  and  LDHB,  ultimately
demonstrating antitumor activity [33]. 

2.1.3    PKM2

PKM2 is overexpressed in a variety of cancers and is regarded
as a potential  therapeutic target [34].  Notably,  the expression
level  of  PKM2  in  the  peripheral  blood  of  AML  patients  is
markedly increased [35].  The drug deoxyshikonin suppresses
PKM2  expression  through  the  inactivation  of  the  protein
kinase  B  (Akt)/mammalian  target  of  rapamycin  (mTOR)
pathway,  thereby  reducing  glycolysis  and  suppressing  cell
viability in AML cells [36].

Besides  its  role  as  a  metabolic  regulator,  PKM2  also
functions as a protein kinase involved in cellular activities. In
AML  cells  with  NPM1  mutation,  autophagic  activity  is
elevated,  and  metabolic  enzymes  are  involved  in  autophagy
regulation.  Highly  expressed  PKM2  enhances  the
phosphorylation of Beclin-1, a key autophagy protein, and has
the  potential  function  of  promoting  cell  survival  by
maintaining  autophagy  in  AML  with  NPM1  mutation  [37].
Studies  have  shown  that  PKM2  plays  a  critical  role  in  the

proliferation and differentiation of AML cells.  The inhibition
of PKM2 expression leads to cell cycle arrest at the G1 phase,
induces  apoptosis,  and  suppresses  AML  cell  proliferation in
vitro [38].  Disruption  of  the  interaction  between  PKM2  and
RUNX1  blocks  myeloid  differentiation in  vitro and  in
xenograft  models  [37, 39].  JOSD2,  a  member  of  the
Machado–Joseph deubiquitinase (MJD) family expressed at  a
low  level  in  AML,  inhibits  the  acetylation  of  K433  of  PKM2
and regulates the nuclear localization of PKM2 rather than its
protein level, thereby inhibiting the progression of AML [40]. 

2.2    The  metabolite  Lactate  is  involved  in  the
immunosuppression of AML
 

2.2.1    The  role  of  glycolytic  enzymes  in  immunosuppression
and evasion

Increased expression of HK2 promotes the development of an
immunosuppressive  and  tumor-promoting  environment  by
regulating  the  ratio  of  CD8+ T  cells  to  regulatory  T  (Treg)
cells.  Higher  HK2  expression  represents  a  higher  rate  of
tumor  glycolysis  and  is  associated  with  an
immunosuppressive  microenvironment,  which  is  usually
related to poor prognosis in patients [41]. HK2 promotes the
expression  of  programmed  cell  death  ligand-1  (PD-L1)  in
breast cancer cells, establishing a connection between aerobic
glycolysis  and  immune  escape  in  tumor  cells  [42].  In
hepatocellular  carcinoma  (HCC),  epidermal  growth  factor
(EGF) promotes the upregulation of PD-L1. Inhibiting PKM2
can  block  EGF-induced  PD-L1  expression,  thereby  reducing
the  inhibition  of  T  cell  proliferation  and  function  [43].  High
level  of  PKM2 is  associated with  poor  prognosis  [35],  and in
lung  cancer,  PKM2  expression  is  negatively  correlated  with
immune cell infiltration [44]. In addition to regulating tumor
cell metabolism, PKM2 also plays a role in regulating immune
cell  metabolism.  PKM2  translocates  to  the  nucleus  and
interacts with signal transducer and activator of transcription
3  (STAT3),  enhancing  the  activation  of  STAT3  and  thereby
promoting the differentiation of Th-17 cells [45]. Inducing the
tetramerization of PKM2 in T cells and preventing its nuclear
translocation  can  inhibit  glycolysis  by  suppressing  signaling
pathways  and  reducing  T  cell  activation,  proliferation,  and
cytokine production [46]. PKM2 expressed in macrophages in
TME  contributes  to  tumor  cell  migration  and  invasion  and
promotes  disease  progression.  In  cancer  immunity,  PKM2
plays  a  sequential  role  in  tumor  cell  killing  and  immune
escape, regulates the expression of PD-L1 in M2 macrophages,
and reduces the number and activity of CD8+ T cells [47, 48]. 

2.2.2    The role of lactate in the AML tumor microenvironment

TME  is  a  complex  environment  where  tumor  cells,  immune
cells  and  stromal  cells  coexist  and  interact.  The  metabolic
reprogramming  of  tumor  cells  transforms  the  TME  into  a
tumor-promoting  environment,  greatly  affecting  tumor
growth  and  progression.  Tumor  cells  undergo  rapid
glycolysis,  leading  to  reduced  glucose  and  increased  lactate
levels  in  adjacent  cells  (including  immune  cells)  [49].  As  a
result  of  extensive  glycolysis,  the  accumulation  of  lactate  in
the TME suppresses anti-tumor immune responses. Lactate is
a substrate for histone lactylation. Histone lactylation is a post-
translational  modification  that  regulates  gene  expression  by
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covalently  attaching  lactate  groups  to  lysine  residues  on
proteins. Lactylation plays a role in various physiological and
pathological  processes  [50].  AML  cells  use  lactate  as  a
metabolic  bypass  to  enhance  mitochondrial  respiration  and
maintain cell viability, which contributes to drug resistance in
AML  [51].  Elevated  tumor  glycolysis  levels  lead  to  an
immunosuppressive  tumor  microenvironment  by  reducing
the  function  of  effector  T  cells  [49].  Lactate  promotes  the
accumulation of PD-1-positive regulatory T cells (Treg cells),
which are  key immunosuppressive  components  in  the  tumor
microenvironment  of  AML  patients  [52].  Lactic  acid
upregulates  the  thymocyte  selection-associated  high  mobility
group box (TOX), leading to the exhaustion of CD8+ T cells in
AML [53]. In leukemia cells, the histone lactylation on the PD-
L1 promoter promotes the expression of PD-L1, which further
inhibits the activation of CD8+ T cells [54]. 

2.3    Clinical application value of glycolysis inhibitors
Clinically,  AML  is  mainly  diagnosed  by  evaluating  whether
the  proportion  of  blast  cells  in  bone  marrow  or  peripheral
blood  exceeds  20%,  analyzing  immunophenotype,  or
detecting specific chromosomal translocations.

More  than 97% of  AML cases  have  gene mutations.  These
molecular changes are related to the development of AML and
provide  key  insights  for  the  diagnosis  and  treatment  of
AML  [55].  These  mutations  drive  the  heterogeneity  of  AML
phenotypes  and  clinical  outcomes  [56].  Common  mutated
genes  include FLT3-ITD [57], NPM1 [58],  and CEBPA [59].
Understanding the relationship between AML gene mutations
and  glycolysis  is  essential  for  developing  metabolic  pathway
interventions targeting these mutations.

In  patients  with  cytogenetically  normal  AML  (CN-AML),
the level of glycolytic metabolites is negatively correlated with
patient  prognosis.  In  NPM1-mutated  AML,  glycolytic
enzymes promote autophagy and tumor proliferation [37, 60].
The combination of cytarabine and the glycolysis inhibitor 2-
DG  results  in  increased  tumor  cell  death,  indicating  that
glycolysis inhibitors can enhance the sensitivity of tumor cells
to  chemotherapy. In  vivo experiments  have  shown  that
inhibiting  the  expression  of  PKM2  and  LDHA  not  only
reduces  the  glycolytic  metabolism  of  leukemia  cells  but  also
impairs  the  proliferative  capacity  of  hematopoietic  cells  [61].
FLT3-ITD mutations increase glycolysis  levels  through AKT-
mediated  upregulation  of  HK2,  making  FLT3-ITD  mutant
leukemia  cells  highly  dependent  on  glycolysis.  Therefore,
glycolysis  inhibition  leads  to  severe  ATP  depletion  and
extensive  cell  death  in  FLT3-ITD  leukemia  cells.  Glycolysis
inhibitors  significantly  enhance  the  cytotoxic  effects  induced
by sorafenib inhibitors [62]. 

3    Research developments on aging in AML
 

3.1    Immunosenescence
 

3.1.1    Characteristics of immunosenescence

Immunosenescence  refers  to  age-related  disturbances  in  the
immune system, including thymic involution, reduced naive T
cell  populations,  impaired  functionality  of  memory  T  cells,
and decreased diversity in T cell antigen recognition, resulting
in a reduction of immune cell subsets and an overall decline in

immune function [63, 64].  Many diseases are associated with
immunosenescence,  which  affects  both  innate  and  adaptive
immunity.  T  cell  senescence  is  a  complex  process  involving
various  phenomena and characteristics.  The  accumulation of
dysfunctional  and  terminally  differentiated  T  cells  is  a
hallmark  of  T  cell  aging  [64].  The  terminally  differentiated
CD8+ effector  memory  CD45RA+ TEMRA cells  accumulate
during chronic viral  infections and exhibit certain features of
cellular  senescence;  however,  their  cell  cycle  arrest  is
reversible, distinguishing them from truly senescent cells [65].
The  proliferation  capacity  and  effector  functions  of  aged  T
cells are diminished, making them less effective at recognizing
and  killing  tumor  cells.  T  cell  senescence  impairs  the  body’s
immune  surveillance  capabilities,  weakening  the  ability  to
recognize and respond to pathogens, which hinders the timely
clearance of infections.  Furthermore,  changes in the cytokine
profile  secreted  by  aged  T  cells  may  also  influence  TME,
promoting tumor growth and metastasis  [66].  Aging leads to
the  redistribution  of  NK  cell  subsets,  indicating  that  the  NK
cell  population  undergoes  a  remodeling  process.  Telomere
shortening may result in dynamic changes in NK cells, leading
to reduced proliferation and production rates. Aging alters the
expression and function of NK cell receptors, impacting their
interactions  with  other  cells  and  diminishing  their  ability  to
initiate  adaptive  immune  responses  [67].  The  aging  process
results in changes in the distribution of mature B cell subsets,
leading to impaired activation upon stimulation [68]. 

3.1.2    Molecular mechanisms

In immunosenescence, metabolic and epigenetic mechanisms
play  crucial  roles  in  determining  the  fate  of  T  cell  subsets.  T
cells  gradually  enter  a  state  of  dysfunction,  undergoing
metabolic  reprogramming  and  epigenetic  remodeling  until
they  reach  senescence  or  even  apoptosis  [69].  Continuous
antigen-induced genomic or epigenomic damage leads to the
activation  of  p38,  ultimately  triggering  a  DNA  damage
response,  cell  proliferation  arrest,  and  autophagy  inhibition,
which  in  turn  induces  T  cell  senescence  [70].  MicroRNAs
(miRNAs)  mediate  chromatin  remodeling  and  release
inflammatory  mediators  in  immunosenescence  [71],  and
interfere  with  the  development  and  differentiation  of  T
cells [72], and B cells [73]. 

3.2    The  role  of  senescent  cells  in  the  AML
microenvironment
AML  is  a  hematological  malignancy  caused  by  clonal
proliferation  due  to  genetic  mutations,  which  is  more
common  in  elderly  patients  [74].  The  health  status  of  AML
patients varies with age. Compared to younger patients, older
patients  are  more  likely  to  experience  comorbidities,  adverse
cytogenetics,  higher  expression  of  multidrug  resistance,  and
poorer responses to chemotherapy [13]. Irreversible cell cycle
arrest,  while  maintaining viability  and metabolic  activity,  is  a
hallmark  of  cellular  senescence  [75].  The  persistent  presence
of  senescent  cells  in  tissues  and  organs  promotes
tumorigenesis [76]. Hematopoietic stem cells (HSCs) provide
a  lifelong  supply  of  various  mature  blood  cells  in  peripheral
blood and tissues. Over time, aging leads to somatic mutations
within  individual  HSC  clones,  conferring  a  proliferative
advantage  to  specific  clones.  This  age-related  clonal
hematopoiesis is common but carries a risk of transformation
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into hematological malignancies [77]. 

3.2.1    Senescence of MSC and the role of SASP in AML

Bone marrow aging is  closely associated with various cellular
dysfunctions,  including  hematopoietic  disorders,
susceptibility  to  hematological  malignancies,  and  the
progression of leukemia [78]. Mesenchymal stem cells (MSCs)
play  a  crucial  role  as  core  components  of  the  supportive
microenvironment in hematopoiesis. Although different types
of  leukemia  have  specific  genetic  defects,  alterations  in  the
bone  marrow  microenvironment  may  produce  similar
effects  [79].  The  increased  incidence  of  hematological
malignancies  with  aging  is  influenced  by  changes  in  the
microenvironment  [80].  Bone  marrow  mesenchymal  stromal
cells (BM-MSCs) are key regulators of hematopoietic stem cell
maintenance  and  fate  determination  [81].  The  accumulation
of aged BM-MSCs may promote the progression of precursor
hematological  disorders  to  overt  malignancies.  In  patients
with myelodysplastic syndromes (MDS) and AML, BM-MSCs
exhibit  elevated  levels  of  senescence-associated  secretory
phenotype (SASP) factors,  including interleukin-6 (IL-6)  and
tumor  necrosis  factor-alpha  (TNF-α)  [82].  The  increased
expression of SASP factors in the bone marrow and plasma of
MDS  patients  can  predict  OS  and  actively  promote  the
progression  from  MDS  to  AML.  Previous  reports  have
indicated  that  IL-6  can  promote  the  growth  of  the  AML  cell
line  HL-60.  Aged  BM-MSCs  exhibit  enhanced  survival  of
leukemia  cells  while  providing  reduced  support  for  normal
hematopoiesis  [83].  Aged  BM-MSCs  in  MDS  may  create  a
tolerant,  SASP-rich  microenvironment  for  leukemia  cells,
promoting  the  reprogramming  of  adjacent  cells  and  the
progression  from  MDS  to  AML  [84].  SASP  mediated  by
senescent  cells  promotes  the  occurrence  and  progression  of
AML  by  creating  a  pro-inflammatory  environment  in  the
bone  marrow  microenvironment,  SASP  may  influence  the
prognosis  of  AML  patients  by  reshaping  the  TME  [85].
Senescent T cells  induced by tumor cells  and Tregs possess  a
unique SASP that can secrete large amounts of cytokines, such
as  IL-6,  IL-8,  and  TNF,  through  autocrine  or  paracrine
mechanisms,  creating  an  immunosuppressive
microenvironment  that  induces  more  senescent  T cells  while
also  affecting  immune  and  tumor  cells  [86].  SASP  promotes
the  expansion  of  FOXP3+ Tregs  and  CD11b+Ly6GHi cell
populations,  leading  to  immune  evasion  and  suppression  of
tumor immune responses [87]. 

3.2.2    Immune senescence in AML

Cellular  senescence  plays  a  crucial  role  in  regulating  the
immune  environment  of  AML  and  influencing  treatment
outcomes  [88].  Senescent  cells  can  be  effectively  recognized
and  cleared  by  immune  cells,  being  replaced  by  healthy
cells  [89].  Due  to  age-related  immune  system  decline,  the
clearance  of  these  cells  is  impaired,  leading  to  immune  cell
recruitment  and  subsequent  functional  impairment.  The
immune  system  gradually  loses  its  ability  to  effectively
respond  to  pathogens  and  cancer  cells,  increasing
susceptibility  to  various  pathogens  and  the  risk  of  certain
cancers  [64, 90].  Detecting  immune  senescence  is  crucial  for
disease  detection  and  clinical  guidance.  The  proportion  of
most age-related immune cells begins to decline after the age

of 35, with significant changes observed in CD4+ T cells, CD8+

T cells, and γδ T cells, which are often associated with cancer
development  and  various  immune  deficiency  diseases  [91].
Dysfunction  of  T  cells  and  NK  cells,  such  as  the  aging  and
exhaustion  of  CD8+ and  CD4+ T  cells,  as  well  as  impaired
function  of  NK  and  γδ  T  cells,  is  critical  in  AML.  These
immune  abnormalities  are  closely  related  to  treatment
responses,  patient  prognosis,  and survival  rates  in AML [92].
An increased number of senescent T cells has been detected in
AML,  which  is  associated  with  a  reduced  likelihood  of
achieving  chemotherapy  response.  AML  progenitor  cells
actively  induce  CD8+ T  cell  senescence.  Senescent-like  bone
marrow  CD8+ T  cells  exhibit  impaired  cytotoxicity  against
autologous  AML  progenitor  cells,  and  their  proportion  is
negatively  correlated  with  OS  [93].  Reversing  immune
dysfunction  is  an  attractive  approach  for  AML  treatment.
Senescent  cells  release  danger  signals,  activate  interferon
signaling,  enhance  MHC  class  I  mechanisms,  and  present
senescence-associated  antigens,  effectively  activating  CD8+ T
cells. Inducing senescence in human primary cancer cells can
enhance the ability of anti-tumor CD8+ T lymphocytes. These
findings suggest that leveraging senescent cells could generate
an  effective,  protective  CD8+ T  cell-dependent  anti-tumor
immune response [94]. 

3.2.3    Accumulation of  senescent  cells  in  AML and its  impact
on treatment

AML  progenitor  cells  promote  the  survival  and  proliferation
of  leukemia  cells  by  inducing  a  senescent  phenotype  in
stromal  cells  within  the  bone  marrow  microenvironment,
primarily  through  p16INK4a-driven  SASP.  Targeting  NOX2
to reduce stromal cell  senescence may improve the prognosis
of  AML  patients  [95].  Studies  have  found  that  ginsenoside
Rg1 can significantly inhibit the proliferation of CD34+CD38−

leukemia  stem  cells  derived  from  KG1a  AML  cells,  inducing
cellular  senescence  by  activating  the  SIRT1/TSC2  signaling
pathway  [96].  Gefitinib  affects  glutamine  metabolism  in
leukemia  cells  via  the  glutamine  transporter  SNAT1
(SLC38A1),  regulating  metabolic  pathways  such  as  the
tricarboxylic  acid  cycle  and  2-hydroxyglutarate,  resulting  in
reduced  ATP  production,  decreased  glutathione  synthesis,
and  increased  reactive  oxygen  species  levels,  thereby
promoting  cellular  senescence  [97].  753B  is  a  novel  BCL-
XL/BCL-2  protein  hydrolysis-targeting  chimera  (PROTAC)
that  targets  BCL-XL  in  senescent  cells  to  enhance
chemotherapy  efficacy  and  exhibits  significant  monotherapy
activity  across  different  AML  subtypes  [98].  Chemotherapy
can  induce  reversible  senescence  in  myeloid  leukemia  cells,
allowing  them  to  resist  drug  treatment  and  resume
proliferation  after  drug  removal,  although  they  retain
senescence-associated  phenotypes.  During  the  therapy-
induced  senescence  process,  the  lysosomal  pathway  is
upregulated,  promoting  the  survival  of  DA3/EPOR  cells.
Inhibiting  lysosomal  function  and  eliminating  therapy-
induced  senescent  cells  may  reduce  the  adverse  effects  of
SASP and lower the frequency of AML relapse [99] (Fig. 2) 

3.3    The  role  of  senescence-related  genes  in  the
prognosis of AML
In intermediate-risk AML (IRC-AML), characterized by a lack

5Aging Research

 

https://www.sciopen.com/journal/2957-8701

https://www.sciopen.com/journal/2957-8701
https://www.sciopen.com/journal/2957-8701
https://www.sciopen.com/journal/2957-8701


of specific genomic abnormalities, short telomere length (TL)
is  an  independent  adverse  prognostic  factor,  potentially
reflecting  the  link  between  genomic  instability  and  disease
progression  [100].  Most  senescence-associated  genes  (SAGs)
are  involved  in  mitochondrial  dysfunction  and  immune
senescence.  Among  the  seven  SAG  characteristics,  PTPN1,
DGAT1,  SOD1,  GSTP1,  and  NUDT1  are  risk  factors,  while
EMD and STK11 are protective factors. The 7-SAG signature
effectively predicts  OS in AML and serves as  an independent
prognostic  factor  for  AML  outcomes  [101].  Among  the
cellular  senescence-related  genes  (SRGs),  six  highly
upregulated and two significantly downregulated differentially
expressed  genes  were  identified.  The  SRG  signature  can
classify  AML  patients  with  differing  OS  outcomes.  AML
patients  with  higher  SRG  scores  exhibit  an
immunosuppressive  tumor  microenvironment,  which  may
hinder  the  immune  system’s  ability  to  eliminate  tumor  cells.
This  score  correlates  positively  with  the  infiltration  levels  of
M2  macrophages,  B  cells,  monocytes,  and  myeloid  dendritic
cells.  Furthermore,  the  high-scoring group exhibits  increased
levels  of  inflammatory  regulatory  factors  and  growth  factors,
along  with  markedly  elevated  levels  of  T  cell  exhaustion
markers  (including  PD-1,  CTLA-4,  and  LAG3),  confirming
that  T  cell  function  may  significantly  decline  as  senescence
progresses [88]. 

4    Conclusion
The five-year survival rate of AML patients is lower than 30%,
and 60% of these patients will relapse and eventually die of the
disease  [4].  Various  treatment  strategies  have  been  proposed
to  improve  the  clinical  prognosis  of  AML  patients,  but
combination chemotherapy remains the cornerstone of  AML
treatment [102].

The crucial role of the Warburg effect in tumors has driven

the  exploration  of  new  therapeutic  strategies.  The  high
expression  of  glycolytic  enzymes  and  excessive  products
during glycolysis may also promote tumor progression. In this
review,  we  discuss  the  important  roles  of  glycolytic  enzymes
and  their  products  in  regulating  AML  proliferation,  death,
drug sensitivity,  and altering the TME. The elevated levels  of
pyruvate  and  lactate  in  the  serum  of  AML  patients  are
associated  with  poorer  survival  and  can  aid  in  prognostic
assessment  [103].  Targeting  glycolytic  enzymes  can  inhibit
AML  progression,  thereby  improving  prognosis  and
prolonging the survival  time of  patients.  Inhibiting glycolysis
by suppressing glycolytic enzymes results in significant energy
loss and leukemia cell death [104]. Inhibiting HK2 with 2-DG
enhances  the  cytotoxicity  of  cytarabine  against  AML
cells  [103],  and  AML  cells  with  genetic  mutations  are  more
susceptible  to  2-DG  treatment  than  normal  hematopoietic
cells [105]. Therefore, glycolytic enzymes play a crucial role in
the  diagnosis  and  treatment  of  AML,  and  the  application  of
glycolytic  enzyme  inhibitors  is  a  promising  therapeutic
method.

Aging  is  a  continuous  challenge  for  humans  and  affects
health on multiple levels.  In terms of immunity,  the function
of senescent immune cells is impaired, leading to a decrease in
the  ability  to  clear  pathogens  and  an  acceleration  of  tumor
progression.  The cytokines  secreted by senescent  cells  can be
used  as  markers  for  diagnosis  and  prognosis.  Targeting
senescent  cells  may  effectively  alleviate  diseases.  The
treatment of elderly AML patients is challenging. Studying the
changes  in  immune  responses  related  to  physiological  age  is
crucial  for  developing  targeted  therapies  for  elderly  AML
patients.  The  characteristics  of  immunosenescence  affect
innate  and  adaptive  immunity.  The  aging  of  T  cells  affects
immune surveillance and TME. In AML, the dysfunction of T
cells and NK cells is related to treatment response and so on.
The  aging  of  hematopoietic  stem  cells  and  bone  marrow
mesenchymal  stem  cells  can  promote  disease  progression.
Senescent  cells  can  also  produce  anti-tumor  immune
responses. Some drugs can resist leukemia. Chemotherapy can
induce  reversible  aging  of  leukemia  cells.  Eliminating
senescent cells may improve treatment results. Certain genetic
characteristics  can  predict  the  prognosis  and  tumor
microenvironment  of  AML  and  provide  guidance  for
treatment. 

Author contributions
T.  C,  X.  A.  C.  and  C.  Y.  had  developed  the  concept,
synthesized  the  literature,  drafted  and  finalized  the
manuscript.  Y.  L.  and  L.  L.  collected  and  synthesized  the
literature, drafted the manuscript. J. F. and Z. Y. J. developed
the concept and finalized the manuscript. 

Acknowledgements
This  work  was  supported  by  the  National  Natural  Science
Foundation Project (No. 81974430); Major Talent Program of
Guangdong  Provincial  (No.  2019QN01Y490);
Undergraduates  Innovation  Programme  of  Jinan  University
(Nos.  202310559035  and  S202410559139);  Molecular
mechanism  of  tyrosine  phosphorylation  Activation  of  DNA-
binding  protein  1  to  regulate  tumor  cell  cycle:  Guangdong

 

Figure 2    The progression of AML with the participation of senescence.
Stromal cells expressing p16INK4a facilitate the survival and proliferation
of  leukemia  cells  via  the  senescence-associated  secretory  phenotype
(SASP). The drug Ginsenoside Rg1 propels cells into a senescent state by
activating the SIRT1/TSC2 signaling pathway; 753B is capable of boosting
the  efficacy  of  chemotherapy  for  AML  by  targeting  senescent  cells;
Gilteritinib induces leukemia cells to enter a senescent state by acting on
the glutamine transporter SNAT1 and associated metabolic pathways.

6 Aging Research

 

https://www.sciopen.com/journal/2957-8701

https://www.sciopen.com/journal/2957-8701
https://www.sciopen.com/journal/2957-8701
https://www.sciopen.com/journal/2957-8701


Natural  Science  Foundation  Project  (No.  2019A1515012037)
and  Guangdong  Provincial  Natural  Science  Foundation
project  (No.  2023A1515010578).  We  extend  our  gratitude  to
the  fund  for  providing  the  necessary  resources  and  financial
support that enabled the successful execution of this review. 

Conflict of Interests
The author declared no conflict of interests in relation to this
research or its publication

References 

 Döhner,  H.,  Weisdorf,  D.  J.,  Bloomfield,  C.  D. Acute  myeloid
leukemia. New  England  Journal  of  Medicine, 2015, 373(12):
1136–1152. https://doi.org/10.1056/NEJMra1406184

[1]

 Siveen,  K.  S.,  Uddin,  S.,  Mohammad,  R.  M. Targeting  acute
myeloid  leukemia  stem  cell  signaling  by  natural  products.
Molecular Cancer, 2017, 16(1): 13. https://doi.org/10.1186/s12943-
016-0571-x

[2]

 Newell, L. F., Cook, R. J. Advances in acute myeloid leukemia. Bmj,
2021: n2026. https://doi.org/10.1136/bmj.n2026

[3]

 Siegel, R. L., Miller, K. D., Wagle, N. S., Jemal, A. Cancer statistics,
2023. CA: A Cancer Journal for Clinicians, 2023, 73(1): 17–48. https:
//doi.org/10.3322/caac.21763

[4]

 Short,  N. J.,  Rytting, M. E.,  Cortes,  J.  E. Acute myeloid leukaemia.
The  Lancet, 2018, 392(10147): 593–606. https://doi.org/10.1016/
S0140-6736(18)31041-9

[5]

 Vander  Heiden,  M.  G.,  Cantley,  L.  C.,  Thompson,  C.  B.
Understanding the Warburg effect: The metabolic requirements of
cell  proliferation. Science, 2009, 324(5930): 1029–1033. https://doi.
org/10.1126/science.1160809

[6]

 Zhang, Q. Q., Luo, Y. N., Qian, B. S., Cao, X. H., Xu, C. J., Guo, K.,
Wan, R. L., Jiang, Y. L., Wang, T. C., Mei, Z. Q. et al. A systematic
pan-cancer  analysis  identifies  LDHA  as  a  novel  predictor  for
immunological, prognostic, and immunotherapy resistance. Aging,
2024, 16(9): 8000–8018. https://doi.org/10.18632/aging.205800

[7]

 Han,  X.,  Ren,  C.  N.,  Lu,  C.,  Qiao,  P.  Y.,  Yang,  T.  T.,  Yu,  Z.  H.
Deubiquitination of MYC by OTUB1 contributes to HK2 mediated
glycolysis  and  breast  tumorigenesis. Cell  Death  &  Differentiation,
2022, 29(9): 1864–1873. https://doi.org/10.1038/s41418-022-00971-
8

[8]

 Angelin,  A.,  Gil-de-Gómez,  L.,  Dahiya,  S.,  Jiao,  J.,  Guo,  L.  L.,
Levine, M. H., Wang, Z. L., Quinn, W. J., Kopinski, P. K., Wang, L.
Q.  et  al. Foxp3  reprograms  T  cell  metabolism  to  function  in  low-
glucose,  high-lactate  environments. Cell  Metabolism, 2017, 25(6):
1282–1293.e7. https://doi.org/10.1016/j.cmet.2016.12.018

[9]

 Fischer, K., Hoffmann, P., Voelkl, S., Meidenbauer, N., Ammer, J.,
Edinger,  M.,  Gottfried,  E.,  Schwarz,  S.,  Rothe,  G.,  Hoves,  S.  et  al.
Inhibitory effect of tumor cell–derived lactic acid on human T cells.
Blood, 2007, 109(9): 3812–3819. https://doi.org/10.1182/blood-
2006-07-035972

[10]

 Song,  K.,  Li,  M.,  Xu,  X.  J.,  Xuan,  L.,  Huang,  G.  N.,  Liu,  Q.  F.
Resistance  to  chemotherapy  is  associated  with  altered  glucose
metabolism  in  acute  myeloid  leukemia. Oncology  Letters, 2016,
12(1): 334–342. https://doi.org/10.3892/ol.2016.4600

[11]

 Han,  H.  J.,  Choi,  K.,  Suh,  H.  S. Impact  of  aging on acute  myeloid
leukemia  epidemiology  and  survival  outcomes:  A  real-world,
population-based longitudinal cohort study. PLoS One, 2024, 19(5):
e0300637. https://doi.org/10.1371/journal.pone.0300637

[12]

 Appelbaum,  F.  R.,  Gundacker,  H.,  Head,  D.  R.,  Slovak,  M.  L.,
Willman, C. L., Godwin, J. E., Anderson, J. E., Petersdorf, S. H. Age
and acute myeloid leukemia. Blood, 2006, 107(9): 3481–3485. https:
//doi.org/10.1182/blood-2005-09-3724

[13]

 Koppenol,  W.  H.,  Bounds,  P.  L.,  Dang,  C.  V. Otto  Warburg’s
contributions  to  current  concepts  of  cancer  metabolism. Nature
Reviews  Cancer, 2011, 11(5): 325–337. https://doi.org/10.1038/
nrc3038

[14]

 Ganapathy-Kanniappan,  S.  Linking  tumor  glycolysis  and  immune
evasion  in  cancer:  Emerging  concepts  and  therapeutic
opportunities. Biochimica  et  Biophysica  Acta (BBA) - Reviews  on
Cancer, 2017,  1868(1):  212–220. https://doi.org/10.1016/j.
bbcan.2017.04.002

[15]

 Paul,  S.,  Ghosh, S.,  Kumar, S. Tumor glycolysis,  an essential  sweet
tooth  of  tumor  cells. Seminars  in  Cancer  Biology, 2022, 86:
1216–1230. https://doi.org/10.1016/j.semcancer.2022.09.007

[16]

 Mesbahi, Y., Trahair, T. N., Lock, R. B., Connerty, P. Exploring the
metabolic  landscape  of  AML:  From  haematopoietic  stem  cells  to
myeloblasts and leukaemic stem cells. Frontiers in Oncology, 2022,
12: 807266. https://doi.org/10.3389/fonc.2022.807266

[17]

 Gregory,  M.  A.,  D’Alessandro,  A.,  Alvarez-Calderon,  F.,  Kim,  J.,
Nemkov,  T.,  Adane,  B.,  Rozhok,  A.  I.,  Kumar,  A.,  Kumar,  V.,
Pollyea,  D.  A.  et  al. ATM/G6PD-driven  redox  metabolism
promotes  FLT3  inhibitor  resistance  in  acute  myeloid  leukemia.
Proceedings of the National Academy of Sciences of the United States
of  America, 2016, 113(43): E6669–E6678. https://doi.org/10.1073/
pnas.1603876113

[18]

 Chen,  L.,  Zhao,  H.  M.,  Wang,  C.,  Hu,  N. TUG1  knockdown
enhances  adriamycin  cytotoxicity  by  inhibiting  glycolysis  in
adriamycin-resistant acute myeloid leukemia HL60/ADR cells. RSC
Advances, 2019, 9(19): 10897–10904. https://doi.org/10.1039/
c9ra00306a

[19]

 Yu,  Y.  X.,  Jiang,  Y.  L.,  Glandorff,  C.,  Sun,  M.  Y. Exploring  the
mystery  of  tumor  metabolism:  Warburg  effect  and  mitochondrial
metabolism  fighting  side  by  side. Cellular  Signalling, 2024, 120:
111239. https://doi.org/10.1016/j.cellsig.2024.111239

[20]

 Lis,  P.,  Dyląg,  M.,  Niedźwiecka,  K.,  Ko,  Y.,  Pedersen,  P.,  Goffeau,
A.,  Ułaszewski,  S. The  HK2  dependent “Warburg  effect” and
mitochondrial  oxidative  phosphorylation  in  cancer:  Targets  for
effective  therapy  with  3-bromopyruvate. Molecules, 2016, 21(12):
1730. https://doi.org/10.3390/molecules21121730

[21]

 Irwin,  D.  M.,  Tan,  H.  R. Molecular  evolution  of  the  vertebrate
hexokinase  gene  family:  Identification  of  a  conserved  fifth
vertebrate  hexokinase  gene. Comparative  Biochemistry  and
Physiology  Part  D:  Genomics  and  Proteomics, 2008, 3(1):
96–107. https://doi.org/10.1016/j.cbd.2007.11.002

[22]

 Wilson,  J.  E.  Isozymes  of  mammalian  hexokinase:  Structure,
subcellular  localization  and  metabolic  function. The  Journal  of
Experimental  Biology, 2003,  206(pt  12):  2049–2057. https://doi.
org/10.1242/jeb.00241

[23]

 Purich,  D.  L.,  Fromm,  H.  J.,  Rudolph,  F.  B. The  hexokinases:
Kinetic,  physical,  and  regulatory  properties. Advances  in
Enzymology  and  Related  Areas  of  Molecular  Biology, 1973, 39:
249–326. https://doi.org/10.1002/9780470122846.ch4

[24]

 Liu,  B.  R.,  Lu,  Y.,  Taledaohan,  A.,  Qiao,  S.,  Li,  Q.  Y.,  Wang,  Y.  J.
The  promoting  role  of  HK  II  in  tumor  development  and  the
research progress of its inhibitors. Molecules, 2023, 29(1): 75. https:
//doi.org/10.3390/molecules29010075

[25]

 Krasnov,  G.  S.,  Dmitriev,  A.  A.,  Lakunina,  V.  A.,  Kirpiy,  A.  A.,
Kudryavtseva,  A.  V. Targeting  VDAC-bound  hexokinase  II:  A
promising  approach  for  concomitant  anti-cancer  therapy. Expert
Opinion  on  Therapeutic  Targets, 2013, 17(10): 1221–1233. https://
doi.org/10.1517/14728222.2013.833607

[26]

 Mathupala, S. P., Rempel, A., Pedersen, P. L. Glucose catabolism in
cancer  cells:  identification  and  characterization  of  a  marked
activation  response  of  the  type  II  hexokinase  gene  to  hypoxic
conditions. Journal  of  Biological  Chemistry, 2001, 276(46):
43407–43412. https://doi.org/10.1074/jbc.M108181200

[27]

 Xu, S. L., Herschman, H. R. A tumor agnostic therapeutic strategy
for  hexokinase  1–null/hexokinase  2–positive  cancers. Cancer
Research, 2019,  79(23):  5907–5914. https://doi.org/10.1158/0008-
5472.can-19-1789

[28]

 Thomas,  G.  E.,  Egan,  G.,  García-Prat,  L.,  Botham,  A.,  Voisin,  V.,
Patel, P. S., Hoff, F. W., Chin, J., Nachmias, B., Kaufmann, K. B. et
al. The metabolic  enzyme hexokinase  2  localizes  to  the  nucleus  in
AML  and  normal  haematopoietic  stem  and  progenitor  cells  to
maintain stemness. Nature Cell Biology, 2022, 24(6): 872–884. https:

[29]

7Aging Research

 

https://www.sciopen.com/journal/2957-8701

https://doi.org/10.1056/NEJMra1406184
https://doi.org/10.1056/NEJMra1406184
https://doi.org/10.1186/s12943-016-0571-x
https://doi.org/10.1186/s12943-016-0571-x
https://doi.org/10.1186/s12943-016-0571-x
https://doi.org/10.1186/s12943-016-0571-x
https://doi.org/10.1186/s12943-016-0571-x
https://doi.org/10.1186/s12943-016-0571-x
https://doi.org/10.1186/s12943-016-0571-x
https://doi.org/10.1186/s12943-016-0571-x
https://doi.org/https://doi.org/10.1136/bmj.n2026
https://doi.org/10.3322/caac.21763
https://doi.org/10.3322/caac.21763
https://doi.org/10.3322/caac.21763
https://doi.org/10.1016/S0140-6736(18)31041-9
https://doi.org/10.1016/S0140-6736(18)31041-9
https://doi.org/10.1016/S0140-6736(18)31041-9
https://doi.org/10.1016/S0140-6736(18)31041-9
https://doi.org/10.1016/S0140-6736(18)31041-9
https://doi.org/10.1016/S0140-6736(18)31041-9
https://doi.org/10.1016/S0140-6736(18)31041-9
https://doi.org/10.1126/science.1160809
https://doi.org/10.1126/science.1160809
https://doi.org/10.1126/science.1160809
https://doi.org/https://doi.org/10.18632/aging.205800
https://doi.org/10.1038/s41418-022-00971-8
https://doi.org/10.1038/s41418-022-00971-8
https://doi.org/10.1038/s41418-022-00971-8
https://doi.org/10.1038/s41418-022-00971-8
https://doi.org/10.1038/s41418-022-00971-8
https://doi.org/10.1038/s41418-022-00971-8
https://doi.org/10.1038/s41418-022-00971-8
https://doi.org/10.1038/s41418-022-00971-8
https://doi.org/10.1016/j.cmet.2016.12.018
https://doi.org/10.1016/j.cmet.2016.12.018
https://doi.org/10.1182/blood-2006-07-035972
https://doi.org/10.1182/blood-2006-07-035972
https://doi.org/10.1182/blood-2006-07-035972
https://doi.org/10.1182/blood-2006-07-035972
https://doi.org/10.1182/blood-2006-07-035972
https://doi.org/10.1182/blood-2006-07-035972
https://doi.org/10.1182/blood-2006-07-035972
https://doi.org/10.1182/blood-2006-07-035972
https://doi.org/10.3892/ol.2016.4600
https://doi.org/10.3892/ol.2016.4600
https://doi.org/10.1371/journal.pone.0300637
https://doi.org/10.1371/journal.pone.0300637
https://doi.org/10.1182/blood-2005-09-3724
https://doi.org/10.1182/blood-2005-09-3724
https://doi.org/10.1182/blood-2005-09-3724
https://doi.org/10.1182/blood-2005-09-3724
https://doi.org/10.1182/blood-2005-09-3724
https://doi.org/10.1182/blood-2005-09-3724
https://doi.org/10.1182/blood-2005-09-3724
https://doi.org/10.1182/blood-2005-09-3724
https://doi.org/10.1182/blood-2005-09-3724
https://doi.org/10.1038/nrc3038
https://doi.org/10.1038/nrc3038
https://doi.org/10.1038/nrc3038
https://doi.org/https://doi.org/10.1016/j.bbcan.2017.04.002
https://doi.org/https://doi.org/10.1016/j.bbcan.2017.04.002
https://doi.org/10.1016/j.semcancer.2022.09.007
https://doi.org/10.1016/j.semcancer.2022.09.007
https://doi.org/10.3389/fonc.2022.807266
https://doi.org/10.3389/fonc.2022.807266
https://doi.org/10.1073/pnas.1603876113
https://doi.org/10.1073/pnas.1603876113
https://doi.org/10.1073/pnas.1603876113
https://doi.org/10.1039/c9ra00306a
https://doi.org/10.1039/c9ra00306a
https://doi.org/10.1039/c9ra00306a
https://doi.org/10.1016/j.cellsig.2024.111239
https://doi.org/10.1016/j.cellsig.2024.111239
https://doi.org/10.3390/molecules21121730
https://doi.org/10.3390/molecules21121730
https://doi.org/10.1016/j.cbd.2007.11.002
https://doi.org/10.1016/j.cbd.2007.11.002
https://doi.org/https://doi.org/10.1242/jeb.00241
https://doi.org/https://doi.org/10.1242/jeb.00241
https://doi.org/10.1002/9780470122846.ch4
https://doi.org/10.1002/9780470122846.ch4
https://doi.org/10.3390/molecules29010075
https://doi.org/10.3390/molecules29010075
https://doi.org/10.3390/molecules29010075
https://doi.org/10.1517/14728222.2013.833607
https://doi.org/10.1517/14728222.2013.833607
https://doi.org/10.1517/14728222.2013.833607
https://doi.org/10.1074/jbc.M108181200
https://doi.org/10.1074/jbc.M108181200
https://doi.org/https://doi.org/10.1158/0008-5472.can-19-1789
https://doi.org/https://doi.org/10.1158/0008-5472.can-19-1789
https://doi.org/https://doi.org/10.1158/0008-5472.can-19-1789
https://doi.org/https://doi.org/10.1158/0008-5472.can-19-1789
https://doi.org/https://doi.org/10.1158/0008-5472.can-19-1789
https://doi.org/https://doi.org/10.1158/0008-5472.can-19-1789
https://doi.org/https://doi.org/10.1158/0008-5472.can-19-1789
https://doi.org/10.1038/s41556-022-00925-9
https://doi.org/10.1038/s41556-022-00925-9
https://www.sciopen.com/journal/2957-8701
https://www.sciopen.com/journal/2957-8701
https://www.sciopen.com/journal/2957-8701


//doi.org/10.1038/s41556-022-00925-9
 Seiler,  K.,  Humbert,  M.,  Minder,  P.,  Mashimo,  I.,  Schläfli,  A.  M.,
Krauer, D., Federzoni, E. A., Vu, B., Moresco, J. J., Yates, J. R. et al.
Hexokinase  3  enhances  myeloid  cell  survival via non-glycolytic
functions. Cell Death & Disease, 2022, 13(5): 448. https://doi.org/10.
1038/s41419-022-04891-w

[30]

 Kim,  N.  H.,  Cha,  Y.  H.,  Lee,  J.,  Lee,  S.  H.,  Yang,  J.  H.,  Yun,  J.  S.,
Cho, E. S.,  Zhang, X. L.,  Nam, M., Kim, N. et al. Snail reprograms
glucose  metabolism  by  repressing  phosphofructokinase  PFKP
allowing  cancer  cell  survival  under  metabolic  stress. Nature
Communications, 2017, 8: 14374. https://doi.org/10.1038/
ncomms14374

[31]

 Luo, X. D., Zheng, D. T., Zheng, R. H., Wang, C. Y., Xu, L. H., Tan,
H.  The  platelet  isoform  of  phosphofructokinase  in  acute  myeloid
leukemia:  Clinical  relevance  and  prognostic  implication. Blood,
2018, 132(Supplement 1): 5251. https://doi.org/10.1182/blood-2018-
99-113786

[32]

 Qing, Y., Dong, L.,  Gao, L.,  Li,  C. Y., Li,  Y. C., Han, L.,  Prince, E.,
Tan,  B.,  Deng,  X.  L.,  Wetzel,  C.  et  al.  R-2-hydroxyglutarate
attenuates  aerobic  glycolysis  in  leukemia  by  targeting  the
FTO/m6A/PFKP/LDHB  axis. Molecular  Cell, 2021,  81(5):
922–939.e9. https://doi.org/10.1016/j.molcel.2020.12.026

[33]

 Wong,  N.,  De  Melo,  J.,  Tang,  D.  M. PKM2,  a  central  point  of
regulation  in  cancer  metabolism. International  Journal  of  Cell
Biology, 2013, 2013: 242513. https://doi.org/10.1155/2013/242513

[34]

 Huang, Y. X., Chen, L. M., Xie, J. Y., Han, H., Zhu, B. F., Wang, L.
J.,  Wang,  W.  J. High expression of  PKM2 was  associated with the
poor  prognosis  of  acute  leukemia. Cancer  Management  and
Research, 2021, 13: 7851–7858. https://doi.org/10.2147/cmar.
s331076

[35]

 Wu,  H.  J.,  Zhao,  H.  M.,  Chen,  L. Deoxyshikonin  inhibits  viability
and  glycolysis  by  suppressing  the  Akt/mTOR  pathway  in  acute
myeloid leukemia cells. Frontiers in Oncology, 2020, 10: 1253. https:
//doi.org/10.3389/fonc.2020.01253

[36]

 Wang,  L.,  Yang,  L.  Y.,  Yang,  Z.  L.,  Tang,  Y.  T.,  Tao,  Y.,  Zhan,  Q.,
Lei,  L.,  Jing,  Y.  P.,  Jiang,  X.  K.,  Jin,  H.  J.  et  al. Glycolytic  enzyme
PKM2  mediates  autophagic  activation  to  promote  cell  survival  in
NPM1-mutated  leukemia. International  Journal  of  Biological
Sciences, 2019, 15(4): 882–894. https://doi.org/10.7150/ijbs.30290

[37]

 Zahra,  K.,  Dey,  T.,  Ashish,  Mishra,  S.  P.,  Pandey,  U. Pyruvate
kinase  M2  and  cancer:  The  role  of  PKM2  in  promoting
tumorigenesis. Frontiers in Oncology, 2020, 10: 159. https://doi.org/
10.3389/fonc.2020.00159

[38]

 Xia, L., Jiang, Y., Zhang, X. H., Wang, X. R., Wei, R., Qin, K., Lu, Y.
SUMOylation  disassembles  the  tetrameric  pyruvate  kinase  M2  to
block  myeloid  differentiation  of  leukemia  cells. Cell  Death  &
Disease, 2021, 12: 101. https://doi.org/10.1038/s41419-021-03400-9

[39]

 Lei, H., Yang, L., Wang, Y. Y., Zou, Z. H., Liu, M., Xu, H. Z., Wu,
Y.  L. JOSD2  regulates  PKM2  nuclear  translocation  and  reduces
acute  myeloid  leukemia  progression. Experimental  Hematology  &
Oncology, 2022, 11(1): 42. https://doi.org/10.1186/s40164-022-
00295-w

[40]

 Kim, S., Koh, J., Song, S. G., Yim, J., Kim, M., Keam, B., Kim, Y. T.,
Kim,  J.,  Chung,  D.  H.,  Jeon,  Y.  K. High  tumor  hexokinase-2
expression  promotes  a  pro-tumorigenic  immune
microenvironment  by  modulating  CD8+/regulatory  T-cell
infiltration. BMC Cancer, 2022, 22(1): 1120. https://doi.org/10.1186
/s12885-022-10239-6

[41]

 Lin, J. C., Fang, W. S., Xiang, Z., Wang, Q. Q., Cheng, H. P., Chen,
S. M., Fang, J., Liu, J., Wang, Q., Lu, Z. M. et al. Glycolytic enzyme
HK2  promotes  PD-L1  expression  and  breast  cancer  cell  immune
evasion. Frontiers  in  Immunology, 2023, 14: 1189953. https://doi.
org/10.3389/fimmu.2023.1189953

[42]

 Wang, X., Liang, C., Yao, X., Yang, R. H., Zhang, Z. S., Liu, F. Y., Li,
W.  Q.,  Pei,  S.  H.,  Ma,  J.,  Xie,  S.  Q.  et  al. PKM2-induced  the
phosphorylation  of  histone  H3  contributes  to  EGF-mediated  PD-
L1  transcription  in  HCC. Frontiers  in  Pharmacology, 2020, 11:
577108. https://doi.org/10.3389/fphar.2020.577108

[43]

 Yin, L., Shi, J.  Y., Zhang, J. F., Lin, X. Y., Jiang, W. H., Zhu, Y. C.,[44]

Song,  Y.,  Lu,  Y.  L.,  Ma,  Y.  X. PKM2  is  a  potential  prognostic
biomarker  and  related  to  immune  infiltration  in  lung  cancer.
Scientific  Reports, 2023, 13: 22243. https://doi.org/10.1038/s41598-
023-49558-4
 Damasceno,  L.  E.  A.,  Prado,  D.  S.,  Veras,  F.  P.,  Fonseca,  M.  M.,
Toller-Kawahisa,  J.  E.,  Rosa,  M.  H.,  Públio,  G.  A.,  Martins,  T.  V.,
Ramalho,  F.  S.,  Waisman,  A.  et  al. PKM2  promotes  Th17  cell
differentiation  and  autoimmune  inflammation  by  fine-tuning
STAT3 activation. Journal of Experimental Medicine, 2020, 217(10):
e20190613. https://doi.org/10.1084/jem.20190613

[45]

 Angiari,  S.,  Runtsch,  M.  C.,  Sutton,  C.  E.,  Palsson-McDermott,  E.
M.,  Kelly,  B.,  Rana,  N.,  Kane,  H.,  Papadopoulou,  G.,  Pearce,  E.  L.,
Mills, K. H. G. et al. Pharmacological activation of pyruvate kinase
M2  inhibits  CD4+ T  cell  pathogenicity  and  suppresses
autoimmunity. Cell  Metabolism, 2020, 31(2): 391–405.e8. https://
doi.org/10.1016/j.cmet.2019.10.015

[46]

 Chen, M. X., Liu, H., Li, Z., Ming, A. L., Chen, H. L. Mechanism of
PKM2  affecting  cancer  immunity  and  metabolism  in  Tumor
Microenvironment. Journal  of  Cancer, 2021, 12(12):
3566–3574. https://doi.org/10.7150/jca.54430

[47]

 Palsson-McDermott,  E.  M.,  Dyck,  L.,  Zasłona,  Z.,  Menon,  D.,
McGettrick, A. F., Mills, K. H. G., O’Neill, L. A. Pyruvate kinase M2
is required for the expression of the immune checkpoint PD-L1 in
immune  cells  and  tumors. Frontiers  in  Immunology, 2017, 8:
1300. https://doi.org/10.3389/fimmu.2017.01300

[48]

 Kim, S., Jang, J. Y., Koh, J., Kwon, D., Kim, Y. A., Paeng, J. C., Ock,
C. Y., Keam, B., Kim, M., Kim, T. M. et al. Programmed cell death
ligand-1-mediated  enhancement  of  hexokinase  2  expression  is
inversely related to T-cell effector gene expression in non-small-cell
lung  cancer. Journal  of  Experimental  &  Clinical  Cancer  Research,
2019, 38(1): 462. https://doi.org/10.1186/s13046-019-1407-5

[49]

 Zhang, D., Tang, Z. Y., Huang, H., Zhou, G. L., Cui, C., Weng, Y. J.,
Liu,  W.  C.,  Kim,  S.,  Lee,  S.,  Perez-Neut,  M.  et  al. Metabolic
regulation of gene expression by histone lactylation. Nature, 2019,
574(7779): 575–580. https://doi.org/10.1038/s41586-019-1678-1

[50]

 Monteith, A. J., Ramsey, H. E., Silver, A. J., Brown, D., Greenwood,
D., Smith, B. N., Wise, A. D., Liu, J.,  Olmstead, S. D., Watke, J.,  et
al. Lactate utilization enables metabolic escape to confer resistance
to  BET  inhibition  in  acute  myeloid  leukemia. Cancer  Research,
2024, 84(7): 1101–1114. https://doi.org/10.1158/0008-5472.CAN-
23-0291

[51]

 Zhang, Y. N., Huang, Y. T., Hong, Y., Lin, Z. J., Zha, J., Zhu, Y. W.,
Li,  Z.  F.,  Wang,  C.  Y.,  Fang,  Z.  H.,  Zhou,  Z.  W. et  al. Lactate acid
promotes  PD-1+  Tregs  accumulation  in  the  bone  marrow  with
high  tumor  burden  of  Acute  myeloid  leukemia. International
Immunopharmacology, 2024, 130: 111765. https://doi.org/10.1016/j.
intimp.2024.111765

[52]

 Chen, Y., Feng, Z. X., Kuang, X. Y., Zhao, P., Chen, B. Q., Fang, Q.,
Cheng,  W.  W.,  Wang,  J.  S.  Increased  lactate  in  AML  blasts
upregulates  TOX  expression,  leading  to  exhaustion  of  CD8+

cytolytic  T  cells. American  Journal of Cancer  Research, 2021,
11(11): 5726–5742.

[53]

 Huang, Z. W., Zhang, X. N., Zhang, L., Liu, L. L., Zhang, J. W., Sun,
Y.  X.,  Xu,  J.  Q.,  Liu,  Q.,  Long,  Z.  J. STAT5  promotes  PD-L1
expression  by  facilitating  histone  lactylation  to  drive
immunosuppression  in  acute  myeloid  leukemia. Signal
Transduction  and  Targeted  Therapy, 2023, 8: 391. https://doi.org/
10.1038/s41392-023-01605-2

[54]

 De  Kouchkovsky,  I.,  Abdul-Hay,  M. ‘Acute  myeloid  leukemia:  A
comprehensive  review  and  2016  update’. Blood  Cancer  Journal,
2016, 6(7): e441. https://doi.org/10.1038/bcj.2016.50

[55]

 Bullinger,  L.,  Döhner,  K.,  Bair,  E.,  Fröhling,  S.,  Schlenk,  R.  F.,
Tibshirani,  R.,  Döhner,  H.,  Pollack,  J.  R. Use  of  gene-expression
profiling  to  identify  prognostic  subclasses  in  adult  acute  myeloid
leukemia. New  England  Journal  of  Medicine, 2004, 350(16):
1605–1616. https://doi.org/10.1056/nejmoa031046

[56]

 Alshamleh,  I.,  Kurrle,  N.,  Makowka,  P.,  Bhayadia,  R.,  Kumar,  R.,
Süsser,  S.,  Seibert,  M.,  Ludig,  D.,  Wolf,  S.,  Koschade,  S.  E.  et  al.
PDP1  is  a  key  metabolic  gatekeeper  and  modulator  of  drug

[57]

8 Aging Research

 

https://www.sciopen.com/journal/2957-8701

https://doi.org/10.1038/s41556-022-00925-9
https://doi.org/10.1038/s41556-022-00925-9
https://doi.org/10.1038/s41556-022-00925-9
https://doi.org/10.1038/s41556-022-00925-9
https://doi.org/10.1038/s41556-022-00925-9
https://doi.org/10.1038/s41556-022-00925-9
https://doi.org/10.1038/s41556-022-00925-9
https://doi.org/10.1038/s41419-022-04891-w
https://doi.org/10.1038/s41419-022-04891-w
https://doi.org/10.1038/s41419-022-04891-w
https://doi.org/10.1038/s41419-022-04891-w
https://doi.org/10.1038/s41419-022-04891-w
https://doi.org/10.1038/s41419-022-04891-w
https://doi.org/10.1038/s41419-022-04891-w
https://doi.org/10.1038/s41419-022-04891-w
https://doi.org/10.1038/s41419-022-04891-w
https://doi.org/10.1038/ncomms14374
https://doi.org/10.1038/ncomms14374
https://doi.org/10.1038/ncomms14374
https://doi.org/https://doi.org/10.1182/blood-2018-99-113786
https://doi.org/https://doi.org/10.1182/blood-2018-99-113786
https://doi.org/https://doi.org/10.1182/blood-2018-99-113786
https://doi.org/https://doi.org/10.1182/blood-2018-99-113786
https://doi.org/https://doi.org/10.1182/blood-2018-99-113786
https://doi.org/https://doi.org/10.1182/blood-2018-99-113786
https://doi.org/https://doi.org/10.1182/blood-2018-99-113786
https://doi.org/https://doi.org/10.1016/j.molcel.2020.12.026
https://doi.org/10.1155/2013/242513
https://doi.org/10.1155/2013/242513
https://doi.org/10.2147/cmar.s331076
https://doi.org/10.2147/cmar.s331076
https://doi.org/10.2147/cmar.s331076
https://doi.org/10.3389/fonc.2020.01253
https://doi.org/10.3389/fonc.2020.01253
https://doi.org/10.3389/fonc.2020.01253
https://doi.org/10.7150/ijbs.30290
https://doi.org/10.7150/ijbs.30290
https://doi.org/10.3389/fonc.2020.00159
https://doi.org/10.3389/fonc.2020.00159
https://doi.org/10.3389/fonc.2020.00159
https://doi.org/10.1038/s41419-021-03400-9
https://doi.org/10.1038/s41419-021-03400-9
https://doi.org/10.1038/s41419-021-03400-9
https://doi.org/10.1038/s41419-021-03400-9
https://doi.org/10.1038/s41419-021-03400-9
https://doi.org/10.1038/s41419-021-03400-9
https://doi.org/10.1038/s41419-021-03400-9
https://doi.org/10.1038/s41419-021-03400-9
https://doi.org/10.1186/s40164-022-00295-w
https://doi.org/10.1186/s40164-022-00295-w
https://doi.org/10.1186/s40164-022-00295-w
https://doi.org/10.1186/s40164-022-00295-w
https://doi.org/10.1186/s40164-022-00295-w
https://doi.org/10.1186/s40164-022-00295-w
https://doi.org/10.1186/s40164-022-00295-w
https://doi.org/10.1186/s40164-022-00295-w
https://doi.org/10.1186/s12885-022-10239-6
https://doi.org/10.1186/s12885-022-10239-6
https://doi.org/10.1186/s12885-022-10239-6
https://doi.org/10.1186/s12885-022-10239-6
https://doi.org/10.1186/s12885-022-10239-6
https://doi.org/10.1186/s12885-022-10239-6
https://doi.org/10.1186/s12885-022-10239-6
https://doi.org/10.1186/s12885-022-10239-6
https://doi.org/10.1186/s12885-022-10239-6
https://doi.org/10.3389/fimmu.2023.1189953
https://doi.org/10.3389/fimmu.2023.1189953
https://doi.org/10.3389/fimmu.2023.1189953
https://doi.org/10.3389/fphar.2020.577108
https://doi.org/10.3389/fphar.2020.577108
https://doi.org/10.1038/s41598-023-49558-4
https://doi.org/10.1038/s41598-023-49558-4
https://doi.org/10.1038/s41598-023-49558-4
https://doi.org/10.1038/s41598-023-49558-4
https://doi.org/10.1038/s41598-023-49558-4
https://doi.org/10.1038/s41598-023-49558-4
https://doi.org/10.1038/s41598-023-49558-4
https://doi.org/10.1038/s41598-023-49558-4
https://doi.org/10.1084/jem.20190613
https://doi.org/10.1084/jem.20190613
https://doi.org/10.1016/j.cmet.2019.10.015
https://doi.org/10.1016/j.cmet.2019.10.015
https://doi.org/10.1016/j.cmet.2019.10.015
https://doi.org/10.7150/jca.54430
https://doi.org/10.7150/jca.54430
https://doi.org/10.3389/fimmu.2017.01300
https://doi.org/10.3389/fimmu.2017.01300
https://doi.org/10.1186/s13046-019-1407-5
https://doi.org/10.1186/s13046-019-1407-5
https://doi.org/10.1186/s13046-019-1407-5
https://doi.org/10.1186/s13046-019-1407-5
https://doi.org/10.1186/s13046-019-1407-5
https://doi.org/10.1186/s13046-019-1407-5
https://doi.org/10.1186/s13046-019-1407-5
https://doi.org/10.1186/s13046-019-1407-5
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1158/0008-5472.CAN-23-0291
https://doi.org/10.1158/0008-5472.CAN-23-0291
https://doi.org/10.1158/0008-5472.CAN-23-0291
https://doi.org/10.1158/0008-5472.CAN-23-0291
https://doi.org/10.1158/0008-5472.CAN-23-0291
https://doi.org/10.1158/0008-5472.CAN-23-0291
https://doi.org/10.1158/0008-5472.CAN-23-0291
https://doi.org/10.1158/0008-5472.CAN-23-0291
https://doi.org/10.1016/j.intimp.2024.111765
https://doi.org/10.1016/j.intimp.2024.111765
https://doi.org/10.1016/j.intimp.2024.111765
https://doi.org/10.1038/s41392-023-01605-2
https://doi.org/10.1038/s41392-023-01605-2
https://doi.org/10.1038/s41392-023-01605-2
https://doi.org/10.1038/s41392-023-01605-2
https://doi.org/10.1038/s41392-023-01605-2
https://doi.org/10.1038/s41392-023-01605-2
https://doi.org/10.1038/s41392-023-01605-2
https://doi.org/10.1038/s41392-023-01605-2
https://doi.org/10.1038/s41392-023-01605-2
https://doi.org/https://doi.org/10.1038/bcj.2016.50
https://doi.org/10.1056/nejmoa031046
https://doi.org/10.1056/nejmoa031046
https://www.sciopen.com/journal/2957-8701
https://www.sciopen.com/journal/2957-8701
https://www.sciopen.com/journal/2957-8701


resistance  in  FLT3-ITD-positive  acute  myeloid  leukemia.
Leukemia, 2023, 37(12): 2367–2382. https://doi.org/10.1038/s41375-
023-02041-5
 Falini,  B.,  Martelli,  M. P.,  Bolli,  N.,  Sportoletti,  P.,  Liso,  A.,  Tiacci,
E.,  Haferlach,  T. Acute  myeloid  leukemia  with  mutated
nucleophosmin (NPM1): Is it a distinct entity. Blood, 2011, 117(4):
1109–1120. https://doi.org/10.1182/blood-2010-08-299990

[58]

 Georgi,  J.  A.,  Stasik,  S.,  Kramer,  M.,  Meggendorfer,  M.,  Röllig,  C.,
Haferlach,  T.,  Valk,  P.,  Linch,  D.,  Herold,  T.,  Duployez,  N.  et  al.
Prognostic impact of CEBPA mutational subgroups in adult AML.
Leukemia, 2024, 38(2): 281–290. https://doi.org/10.1038/s41375-
024-02140-x

[59]

 Qian,  X.,  Li,  X.  J.,  Cai,  Q.  S.,  Zhang,  C.  B.,  Yu,  Q.  J.,  Jiang,  Y.  H.,
Lee, J. H., Hawke, D., Wang, Y. G., Xia, Y. et al. Phosphoglycerate
kinase  1  phosphorylates  Beclin1  to  induce  autophagy. Molecular
Cell, 2017, 65(5): 917–931.e6. https://doi.org/10.1016/j.molcel.2017.
01.027

[60]

 Wang, Y. H., Israelsen, W. J.,  Lee, D. J.,  Yu, V. W. C., Jeanson, N.
T., Clish, C. B., Cantley, L. C., Vander Heiden, M. G., Scadden, D.
T. Cell-state-specific  metabolic  dependency  in  hematopoiesis  and
leukemogenesis. Cell, 2014, 158(6): 1309–1323. https://doi.org/10.
1016/j.cell.2014.07.048

[61]

 Ju,  H.  Q.,  Zhan,  G.,  Huang,  A.,  Sun,  Y.,  Wen,  S.,  Yang,  J.,  Lu,  W.
H.,  Xu,  R.  H.,  Li,  J.,  Li,  Y.  et  al. ITD  mutation  in  FLT3  tyrosine
kinase promotes Warburg effect and renders therapeutic sensitivity
to glycolytic inhibition. Leukemia, 2017, 31(10): 2143–2150. https:/
/doi.org/10.1038/leu.2017.45

[62]

 Kurd, N. S., Robey, E. T-cell selection in the thymus: A spatial and
temporal  perspective. Immunological  Reviews,  2016,  271(1):
114–126. https://doi.org/10.1111/imr.12398 https://doi.org/10.1111
/imr.12398

[63]

 Mittelbrunn,  M.,  Kroemer,  G. Hallmarks  of  T  cell  aging. Nature
Immunology, 2021, 22(6): 687–698. https://doi.org/10.1038/s41590-
021-00927-z

[64]

 Salumets, A., Tserel, L., Rumm, A. P., Türk, L., Kingo, K., Saks, K.,
Oras,  A.,  Uibo,  R.,  Tamm,  R.,  Peterson,  H.  et  al. Epigenetic
quantification  of  immunosenescent  CD8+ TEMRA cells  in  human
blood. Aging Cell, 2022, 21(5): e13607. https://doi.org/10.1111/acel.
13607

[65]

 Zhao,  Y.  J.,  Shao,  Q.  X.,  Peng,  G.  Y. Exhaustion  and  senescence:
Two  crucial  dysfunctional  states  of  T  cells  in  the  tumor
microenvironment. Cellular & Molecular Immunology, 2020, 17(1):
27–35. https://doi.org/10.1038/s41423-019-0344-8

[66]

 Gayoso,  I.,  Sanchez-Correa,  B.,  Campos,  C.,  Alonso,  C.,  Pera,  A.,
Casado,  J.  G.,  Morgado,  S.,  Tarazona,  R.,  Solana,  R.
Immunosenescence of human natural killer cells. Journal of Innate
Immunity, 2011, 3(4): 337–343. https://doi.org/10.1159/000328005

[67]

 Bulati,  M.,  Caruso,  C.,  Colonna-Romano,  G. From  lymphopoiesis
to  plasma  cells  differentiation,  the  age-related  modifications  of  B
cell  compartment  are  influenced  by “inflamm-ageing”. Ageing
Research  Reviews, 2017, 36: 125–136. https://doi.org/10.1016/j.arr.
2017.04.001

[68]

 Desdín-Micó,  G.,  Soto-Heredero,  G.,  Aranda,  J.  F.,  Oller,  J.,
Carrasco,  E.,  Gabandé-Rodríguez,  E.,  Blanco,  E.  M.,  Alfranca,  A.,
Cussó, L., Desco, M. et al. T cells with dysfunctional mitochondria
induce  multimorbidity  and  premature  senescence. Science, 2020,
368(6497): 1371–1376. https://doi.org/10.1126/science.aax0860

[69]

 Liu, X., Mo, W., Ye, J., Li, L. Y., Zhang, Y. P., Hsueh, E. C., Hoft, D.
F.,  Peng,  G.  Y. Regulatory  T  cells  trigger  effector  T  cell  DNA
damage  and  senescence  caused  by  metabolic  competition. Nature
Communications, 2018, 9: 249. https://doi.org/10.1038/s41467-017-
02689-5

[70]

 Xu, S. J., Chen, J. H., Chang, S., Li, H. L. The role of miRNAs in T
helper  cell  development,  activation,  fate  decisions  and  tumor
immunity. Frontiers in Immunology, 2024, 14: 1320305. https://doi.
org/10.3389/fimmu.2023.1320305

[71]

 Hui, K. Y., Dong, C. H., Hu, C. X., Li, J. W., Yan, D. Y., Jiang, X. D.
VEGFR affects miR-3200-3p-mediated regulatory T cell senescence
in  tumour-derived  exosomes  in  non-small  cell  lung  cancer.

[72]

Functional & Integrative Genomics, 2024, 24(2): 31. https://doi.org/
10.1007/s10142-024-01305-2
 Xiao, C. C., Calado, D. P., Galler, G., Thai, T. H., Patterson, H. C.,
Wang,  J.,  Rajewsky,  N.,  Bender,  T.  P.,  Rajewsky,  K. MiR-150
controls B cell differentiation by targeting the transcription factor c-
myb. Cell, 2016, 165(4): 1027. https://doi.org/10.1016/j.cell.2016.04.
056

[73]

 Stubbins,  R.  J.,  Francis,  A.,  Kuchenbauer,  F.,  Sanford,  D.
Management  of  acute  myeloid  leukemia:  A  review  for  general
practitioners  in  oncology. Current  Oncology, 2022, 29(9):
6245–6259. https://doi.org/10.3390/curroncol29090491

[74]

 Childs,  B.  G.,  Durik,  M.,  Baker,  D.  J.,  van  Deursen,  J.  M. Cellular
senescence  in  aging  and  age-related  disease:  From mechanisms  to
therapy. Nature Medicine, 2015, 21(12): 1424–1435. https://doi.org/
10.1038/nm.4000

[75]

 Ray,  D.,  Yung,  R. Immune  senescence,  epigenetics  and
autoimmunity. Clinical Immunology, 2018, 196: 59–63. https://doi.
org/10.1016/j.clim.2018.04.002

[76]

 Jaiswal,  S.,  Fontanillas,  P.,  Flannick,  J.,  Manning,  A.,  Grauman,  P.
V., Mar, B. G., Coleman, L., Mermel, C. H., Burtt, N., Chavez, A., et
al. Age-related  clonal  hematopoiesis  associated  with  adverse
outcomes. New  England  Journal  of  Medicine, 2014, 371(26):
2488–2498. https://doi.org/10.1056/NEJMoa1408617

[77]

 Ye,  L.,  Tian,  C.,  Li,  Y.,  Pan,  H.,  Hu,  J.  X.,  Shu,  L.  P.,  Pan,  X.  H.
Hematopoietic aging: Cellular, molecular, and related mechanisms.
Chinese Medical Journal, 2023, 137(11): 1303–1312. https://doi.org/
10.1097/cm9.0000000000002871

[78]

 Ruiz-Aparicio,  P.  F.,  Vernot,  J.  P. Bone  marrow  aging  and  the
leukaemia-induced senescence of mesenchymal stem/stromal cells:
Exploring  similarities. Journal  of  Personalized  Medicine, 2022,
12(5): 716. https://doi.org/10.3390/jpm12050716

[79]

 Rozhok,  A.  I.,  Salstrom,  J.  L.,  DeGregori,  J. Stochastic  modeling
indicates  that  aging  and  somatic  evolution  in  the  hematopoietic
system are driven by non-cell-autonomous processes. Aging, 2014,
6(12): 1033–1048. https://doi.org/10.18632/aging.100707

[80]

 Crippa, S., Bernardo, M. E. Mesenchymal stromal cells: Role in the
BM  niche  and  in  the  support  of  hematopoietic  stem  cell
transplantation. HemaSphere, 2018, 2(6): e151. https://doi.org/10.
1097/hs9.0000000000000151

[81]

 Boada, M., Echarte, L., Guillermo, C., Diaz, L., Touriño, C., Grille,
S.  5-Azacytidine  restores  interleukin  6-increased  production  in
mesenchymal  stromal  cells  from  myelodysplastic  patients.
Hematology,  Transfusion  and  Cell  Therapy, 2021,  43(1):  35–42.
https://doi.org/10.1016/j.htct.2019.12.002

[82]

 Su,  Y.  C.,  Li,  S.  C.,  Wu,  Y.  C.,  Wang,  L.  M.,  Clifford  Chao,  K.  S.,
Liao,  H.  F. Resveratrol  downregulates  interleukin-6-stimulated
sonic  hedgehog  signaling  in  human  acute  myeloid  leukemia.
Evidence-Based  Complementary  and  Alternative  Medicine, 2013,
2013: 547430. https://doi.org/10.1155/2013/547430

[83]

 Plakhova,  N.,  Panagopoulos,  V.,  Vandyke,  K.,  Zannettino,  A.  C.
W.,  Mrozik,  K.  M. Mesenchymal  stromal  cell  senescence  in
haematological malignancies. Cancer and Metastasis Reviews, 2023,
42(1): 277–296. https://doi.org/10.1007/s10555-022-10069-9

[84]

 Li, M. F., Zhang, D. H., Wang, L. S., Yue, C. F., Pang, L. J., Guo, Y.
M.,  Yang,  Z.  G. Construction  and  validation  of  a  SASP-related
prognostic  signature  in  patients  with  acute  myeloid  leukaemia.
Journal  of  Cellular  and  Molecular  Medicine, 2024, 28(16):
e70017. https://doi.org/10.1111/jcmm.70017

[85]

 Liu, X., Hoft, D. F., Peng, G. Y. Senescent T cells within suppressive
tumor  microenvironments:  Emerging  target  for  tumor
immunotherapy. Journal  of  Clinical  Investigation, 2020, 130(3):
1073–1083. https://doi.org/10.1172/jci133679

[86]

 Ruhland, M. K., Loza, A. J.,  Capietto, A. H., Luo, X. M., Knolhoff,
B. L., Flanagan, K. C., Belt, B. A., Alspach, E., Leahy, K., Luo, J. Q.
et  al. Stromal  senescence  establishes  an  immunosuppressive
microenvironment  that  drives  tumorigenesis. Nature
Communications, 2016, 7: 11762. https://doi.org/10.1038/
ncomms11762

[87]

 Mao, Y., Xu, J. W., Xu, X. J., Qiu, J. Y., Hu, Z. Y., Jiang, F., Zhou, G.[88]

9Aging Research

 

https://www.sciopen.com/journal/2957-8701

https://doi.org/10.1038/s41375-023-02041-5
https://doi.org/10.1038/s41375-023-02041-5
https://doi.org/10.1038/s41375-023-02041-5
https://doi.org/10.1038/s41375-023-02041-5
https://doi.org/10.1038/s41375-023-02041-5
https://doi.org/10.1038/s41375-023-02041-5
https://doi.org/10.1038/s41375-023-02041-5
https://doi.org/10.1038/s41375-023-02041-5
https://doi.org/10.1182/blood-2010-08-299990
https://doi.org/10.1182/blood-2010-08-299990
https://doi.org/10.1182/blood-2010-08-299990
https://doi.org/10.1182/blood-2010-08-299990
https://doi.org/10.1182/blood-2010-08-299990
https://doi.org/10.1182/blood-2010-08-299990
https://doi.org/10.1182/blood-2010-08-299990
https://doi.org/10.1182/blood-2010-08-299990
https://doi.org/10.1038/s41375-024-02140-x
https://doi.org/10.1038/s41375-024-02140-x
https://doi.org/10.1038/s41375-024-02140-x
https://doi.org/10.1038/s41375-024-02140-x
https://doi.org/10.1038/s41375-024-02140-x
https://doi.org/10.1038/s41375-024-02140-x
https://doi.org/10.1038/s41375-024-02140-x
https://doi.org/10.1038/s41375-024-02140-x
https://doi.org/10.1016/j.molcel.2017.01.027
https://doi.org/10.1016/j.molcel.2017.01.027
https://doi.org/10.1016/j.molcel.2017.01.027
https://doi.org/10.1016/j.cell.2014.07.048
https://doi.org/10.1016/j.cell.2014.07.048
https://doi.org/10.1016/j.cell.2014.07.048
https://doi.org/10.1038/leu.2017.45
https://doi.org/10.1038/leu.2017.45
https://doi.org/10.1038/leu.2017.45
https://doi.org/10.1111/imr.12398
https://doi.org/10.1111/imr.12398
https://doi.org/10.1111/imr.12398
https://doi.org/10.1038/s41590-021-00927-z
https://doi.org/10.1038/s41590-021-00927-z
https://doi.org/10.1038/s41590-021-00927-z
https://doi.org/10.1038/s41590-021-00927-z
https://doi.org/10.1038/s41590-021-00927-z
https://doi.org/10.1038/s41590-021-00927-z
https://doi.org/10.1038/s41590-021-00927-z
https://doi.org/10.1038/s41590-021-00927-z
https://doi.org/10.1111/acel.13607
https://doi.org/10.1111/acel.13607
https://doi.org/10.1111/acel.13607
https://doi.org/10.1038/s41423-019-0344-8
https://doi.org/10.1038/s41423-019-0344-8
https://doi.org/10.1038/s41423-019-0344-8
https://doi.org/10.1038/s41423-019-0344-8
https://doi.org/10.1038/s41423-019-0344-8
https://doi.org/10.1038/s41423-019-0344-8
https://doi.org/10.1038/s41423-019-0344-8
https://doi.org/10.1038/s41423-019-0344-8
https://doi.org/10.1159/000328005
https://doi.org/10.1159/000328005
https://doi.org/10.1016/j.arr.2017.04.001
https://doi.org/10.1016/j.arr.2017.04.001
https://doi.org/10.1016/j.arr.2017.04.001
https://doi.org/https://doi.org/10.1126/science.aax0860
https://doi.org/10.1038/s41467-017-02689-5
https://doi.org/10.1038/s41467-017-02689-5
https://doi.org/10.1038/s41467-017-02689-5
https://doi.org/10.1038/s41467-017-02689-5
https://doi.org/10.1038/s41467-017-02689-5
https://doi.org/10.1038/s41467-017-02689-5
https://doi.org/10.1038/s41467-017-02689-5
https://doi.org/10.1038/s41467-017-02689-5
https://doi.org/10.3389/fimmu.2023.1320305
https://doi.org/10.3389/fimmu.2023.1320305
https://doi.org/10.3389/fimmu.2023.1320305
https://doi.org/10.1007/s10142-024-01305-2
https://doi.org/10.1007/s10142-024-01305-2
https://doi.org/10.1007/s10142-024-01305-2
https://doi.org/10.1007/s10142-024-01305-2
https://doi.org/10.1007/s10142-024-01305-2
https://doi.org/10.1007/s10142-024-01305-2
https://doi.org/10.1007/s10142-024-01305-2
https://doi.org/10.1007/s10142-024-01305-2
https://doi.org/10.1007/s10142-024-01305-2
https://doi.org/10.1016/j.cell.2016.04.056
https://doi.org/10.1016/j.cell.2016.04.056
https://doi.org/10.1016/j.cell.2016.04.056
https://doi.org/10.3390/curroncol29090491
https://doi.org/10.3390/curroncol29090491
https://doi.org/10.1038/nm.4000
https://doi.org/10.1038/nm.4000
https://doi.org/10.1038/nm.4000
https://doi.org/10.1016/j.clim.2018.04.002
https://doi.org/10.1016/j.clim.2018.04.002
https://doi.org/10.1016/j.clim.2018.04.002
https://doi.org/10.1056/NEJMoa1408617
https://doi.org/10.1056/NEJMoa1408617
https://doi.org/10.1097/cm9.0000000000002871
https://doi.org/10.1097/cm9.0000000000002871
https://doi.org/10.1097/cm9.0000000000002871
https://doi.org/10.3390/jpm12050716
https://doi.org/10.3390/jpm12050716
https://doi.org/10.18632/aging.100707
https://doi.org/10.18632/aging.100707
https://doi.org/10.1097/hs9.0000000000000151
https://doi.org/10.1097/hs9.0000000000000151
https://doi.org/10.1097/hs9.0000000000000151
https://doi.org/https://doi.org/10.1016/j.htct.2019.12.002
https://doi.org/10.1155/2013/547430
https://doi.org/10.1155/2013/547430
https://doi.org/10.1007/s10555-022-10069-9
https://doi.org/10.1007/s10555-022-10069-9
https://doi.org/10.1007/s10555-022-10069-9
https://doi.org/10.1007/s10555-022-10069-9
https://doi.org/10.1007/s10555-022-10069-9
https://doi.org/10.1007/s10555-022-10069-9
https://doi.org/10.1007/s10555-022-10069-9
https://doi.org/10.1007/s10555-022-10069-9
https://doi.org/10.1111/jcmm.70017
https://doi.org/10.1111/jcmm.70017
https://doi.org/10.1172/jci133679
https://doi.org/10.1172/jci133679
https://doi.org/10.1038/ncomms11762
https://doi.org/10.1038/ncomms11762
https://doi.org/10.1038/ncomms11762
https://www.sciopen.com/journal/2957-8701
https://www.sciopen.com/journal/2957-8701
https://www.sciopen.com/journal/2957-8701


P. Comprehensive  analysis  for  cellular  senescence-related
immunogenic  characteristics  and  immunotherapy  prediction  of
acute  myeloid  leukemia. Frontiers  in  Pharmacology, 2022, 13:
987398. https://doi.org/10.3389/fphar.2022.987398
 Roninson,  I. Tumor  cell  senescence  in  cancer  treatment. Cancer
Research, 2003, 63(11): 2705–2715.

[89]

 Yousefzadeh,  M.  J.,  Flores,  R.  R.,  Zhu,  Y.,  Schmiechen,  Z.  C.,
Brooks,  R. W.,  Trussoni,  C. E.,  Cui,  Y. X.,  Angelini,  L.,  Lee,  K. A.,
McGowan,  S.  J.  et  al. An  aged  immune  system  drives  senescence
and ageing of solid organs. Nature, 2021, 594(7861): 100–105. https:
//doi.org/10.1038/s41586-021-03547-7

[90]

 Sun, H. Q., Kang, X., Chen, X. C., Cai, L. L., Li, Y. R., Yu, J. H., Wu,
C.,  Deng,  X.  L. Immunosenescence evaluation of  peripheral  blood
lymphocyte  subsets  in  957 healthy adults  from 20 to  95  years  old.
Experimental  Gerontology, 2022, 157: 111615. https://doi.org/10.
1016/j.exger.2021.111615

[91]

 Tang, L., Wu, J. H., Li, C. G., Jiang, H. W., Xu, M., Du, M. Y., Yin,
Z. N., Mei, H., Hu, Y. Characterization of immune dysfunction and
identification  of  prognostic  immune-related  risk  factors  in  acute
myeloid  leukemia. Clinical  Cancer  Research, 2020, 26(7):
1763–1772. https://doi.org/10.1158/1078-0432.CCR-19-3003

[92]

 Rutella, S., Vadakekolathu, J., Mazziotta, F., Reeder, S., Yau, T. O.,
Mukhopadhyay,  R.,  Dickins,  B.,  Altmann,  H.,  Kramer,  M.,  Knaus,
H.  A.  et  al. Immune dysfunction signatures  predict  outcomes  and
define  checkpoint  blockade–unresponsive  microenvironments  in
acute  myeloid  leukemia. Journal  of  Clinical  Investigation, 2022,
132(21): e159579. https://doi.org/10.1172/jci159579

[93]

 Marín,  I.,  Boix,  O.,  García-Garijo,  A.,  Sirois,  I.,  Caballé,  A.,
Zarzuela,  E.,  Ruano,  I.,  Attolini,  C.  S.  O.,  Prats,  N.,  López-
Domínguez,  J.  et  al. Cellular  senescence  is  immunogenic  and
promotes  antitumor  immunity. Cancer  Discovery, 2023, 13(2):
410–431. https://doi.org/10.1158/2159-8290.CD-22-0523

[94]

 Abdul-Aziz, A. M., Sun, Y., Hellmich, C., Marlein, C. R., Mistry, J.,
Forde, E., Piddock, R. E., Shafat, M. S., Morfakis, A., Mehta, T. et al.
Acute  myeloid  leukemia  induces  protumoral  p16INK4a-driven
senescence  in  the  bone  marrow  microenvironment. Blood, 2019,
133(5): 446–456. https://doi.org/10.1182/blood-2018-04-845420

[95]

 Tang,  Y.  L.,  Zhang,  C.  G.,  Liu,  H.,  Zhou,  Y.,  Wang,  Y.  P.,  Li,  Y.,
Han, Y.  J.,  Wang, C. L. Ginsenoside Rg1 inhibits  cell  proliferation
and  induces  markers  of  cell  senescence  in  CD34+CD38–leukemia
stem  cells  derived  from  KG1α  acute  myeloid  leukemia  cells  by
activating  the  sirtuin  1  (SIRT1)/tuberous  sclerosis  complex  2
(TSC2)  signaling  pathway. Medical  Science  Monitor, 2020, 26:
e918207. https://doi.org/10.12659/msm.918207

[96]

 Zavorka Thomas, M. E., Lu, X., Talebi, Z., Jeon, J. Y., Buelow, D. R.,
Gibson,  A.  A.,  et  al. Gilteritinib  inhibits  glutamine  uptake  and

[97]

utilization  in  FLT3-ITD-positive  AML. Molecular  Cancer
Therapeutics, 2021, 20(11): 2207–2217. https://doi.org/10.1158/
1535-7163.MCT-21-0071
 Jia, Y. N., Han, L. N., Ramage, C. L., Wang, Z., Weng, C. C., Yang,
L., Colla, S., Ma, H., Zhang, W. G., Andreeff, M. et al. Co-targeting
BCL-XL  and  BCL-2  by  PROTAC  753B  eliminates  leukemia  cells
and enhances efficacy of chemotherapy by targeting senescent cells.
Haematologica, 2023, 108(10): 2626–2638. https://doi.org/10.3324/
haematol.2022.281915

[98]

 Miller, D., Kerkhofs, K., Abbas-Aghababazadeh, F., Madahar, S. S.,
Minden,  M.  D.,  Hébert,  J.,  Haibe-Kains,  B.,  Bayfield,  M.  A.,
Benchimol,  S. Heterogeneity  in  leukemia  cells  that  escape  drug-
induced  senescence-like  state. Cell  Death  &  Disease, 2023, 14(8):
503. https://doi.org/10.1038/s41419-023-06015-4

[99]

 Gu, R.  X.,  Cao,  J.  J.,  Wei,  S.  N.,  Gong,  X.  Y.,  Wang,  Y.,  Mi,  Y.  C.,
Zhang,  J.  P.,  Qiu,  S.  W.,  Rao,  Q.,  Wang,  M.  et  al. Evaluation  of
pretreatment  telomere  length  as  a  prognostic  marker  in
intermediate-risk acute myeloid leukemia. International Journal of
Laboratory Hematology, 2021, 43(6): 1510–1515. https://doi.org/10.
1111/ijlh.13665

[100]

 Ke, P., Zhu, Q., Xu, T., Yang, X. F., Wang, Y., Qiu, H. Y., Wu, D. P.,
Bao,  X.  B.,  Chen,  S.  N. Identification  and  validation  of  a  7-genes
prognostic  signature  for  adult  acute  myeloid  leukemia  base  on
aging-related genes. Aging, 2023, 15(12): 5826–5853. https://doi.org
/10.18632/aging.204843

[101]

 Thomas,  D.,  Majeti,  R. Biology  and  relevance  of  human  acute
myeloid  leukemia  stem  cells. Blood, 2017, 129(12):
1577–1585. https://doi.org/10.1182/blood-2016-10-696054

[102]

 Chen, W. L., Wang, J. H., Zhao, A. H., Xu, X., Wang, Y. H., Chen,
T.  L.,  Li,  J.  M.,  Mi,  J.  Q.,  Zhu,  Y.  M.,  Liu,  Y.  F.  et  al.  A  distinct
glucose  metabolism  signature  of  acute  myeloid  leukemia  with
prognostic  value. Blood, 2014,  124(10):  1645–1654.
https://doi.org/10.1182/blood-2014-02-554204

[103]

 Antar,  A.,  Kharfan-Dabaja,  M.  A.,  Mahfouz,  R.,  Bazarbachi,  A.
Sorafenib  maintenance  appears  safe  and  improves  clinical
outcomes  in  FLT3-ITD  acute  myeloid  leukemia  after  allogeneic
hematopoietic  cell  transplantation. Clinical  Lymphoma  Myeloma
and Leukemia, 2015, 15(5): 298–302. https://doi.org/10.1016/j.clml.
2014.12.005

[104]

 Larrue, C., Saland, E., Vergez, F., Serhan, N., Delabesse, E., Mansat-
De Mas, V., Hospital, M. A., Tamburini, J., Manenti, S., Sarry, J. E.
et  al. Antileukemic  activity  of  2-deoxy-d-glucose  through
inhibition  of  N-linked  glycosylation  in  acute  myeloid  leukemia
with FLT3-ITD or c-KIT mutations. Molecular  Cancer
Therapeutics, 2015, 14(10): 2364–2373. https://doi.org/10.1158/
1535-7163.mct-15-0163

[105]

10 Aging Research

 

https://www.sciopen.com/journal/2957-8701

https://doi.org/10.3389/fphar.2022.987398
https://doi.org/10.3389/fphar.2022.987398
https://doi.org/10.1038/s41586-021-03547-7
https://doi.org/10.1038/s41586-021-03547-7
https://doi.org/10.1038/s41586-021-03547-7
https://doi.org/10.1038/s41586-021-03547-7
https://doi.org/10.1038/s41586-021-03547-7
https://doi.org/10.1038/s41586-021-03547-7
https://doi.org/10.1038/s41586-021-03547-7
https://doi.org/10.1038/s41586-021-03547-7
https://doi.org/10.1038/s41586-021-03547-7
https://doi.org/10.1016/j.exger.2021.111615
https://doi.org/10.1016/j.exger.2021.111615
https://doi.org/10.1016/j.exger.2021.111615
https://doi.org/10.1158/1078-0432.CCR-19-3003
https://doi.org/10.1158/1078-0432.CCR-19-3003
https://doi.org/10.1158/1078-0432.CCR-19-3003
https://doi.org/10.1158/1078-0432.CCR-19-3003
https://doi.org/10.1158/1078-0432.CCR-19-3003
https://doi.org/10.1158/1078-0432.CCR-19-3003
https://doi.org/10.1158/1078-0432.CCR-19-3003
https://doi.org/10.1158/1078-0432.CCR-19-3003
https://doi.org/10.1172/jci159579
https://doi.org/10.1172/jci159579
https://doi.org/10.1158/2159-8290.CD-22-0523
https://doi.org/10.1158/2159-8290.CD-22-0523
https://doi.org/10.1158/2159-8290.CD-22-0523
https://doi.org/10.1158/2159-8290.CD-22-0523
https://doi.org/10.1158/2159-8290.CD-22-0523
https://doi.org/10.1158/2159-8290.CD-22-0523
https://doi.org/10.1158/2159-8290.CD-22-0523
https://doi.org/10.1158/2159-8290.CD-22-0523
https://doi.org/10.1182/blood-2018-04-845420
https://doi.org/10.1182/blood-2018-04-845420
https://doi.org/10.1182/blood-2018-04-845420
https://doi.org/10.1182/blood-2018-04-845420
https://doi.org/10.1182/blood-2018-04-845420
https://doi.org/10.1182/blood-2018-04-845420
https://doi.org/10.1182/blood-2018-04-845420
https://doi.org/10.1182/blood-2018-04-845420
https://doi.org/10.12659/msm.918207
https://doi.org/10.12659/msm.918207
https://doi.org/10.1158/1535-7163.MCT-21-0071
https://doi.org/10.1158/1535-7163.MCT-21-0071
https://doi.org/10.1158/1535-7163.MCT-21-0071
https://doi.org/10.1158/1535-7163.MCT-21-0071
https://doi.org/10.1158/1535-7163.MCT-21-0071
https://doi.org/10.1158/1535-7163.MCT-21-0071
https://doi.org/10.1158/1535-7163.MCT-21-0071
https://doi.org/10.1158/1535-7163.MCT-21-0071
https://doi.org/10.1158/1535-7163.MCT-21-0071
https://doi.org/10.3324/haematol.2022.281915
https://doi.org/10.3324/haematol.2022.281915
https://doi.org/10.3324/haematol.2022.281915
https://doi.org/10.1038/s41419-023-06015-4
https://doi.org/10.1038/s41419-023-06015-4
https://doi.org/10.1038/s41419-023-06015-4
https://doi.org/10.1038/s41419-023-06015-4
https://doi.org/10.1038/s41419-023-06015-4
https://doi.org/10.1038/s41419-023-06015-4
https://doi.org/10.1038/s41419-023-06015-4
https://doi.org/10.1038/s41419-023-06015-4
https://doi.org/10.1111/ijlh.13665
https://doi.org/10.1111/ijlh.13665
https://doi.org/10.1111/ijlh.13665
https://doi.org/10.18632/aging.204843
https://doi.org/10.18632/aging.204843
https://doi.org/10.18632/aging.204843
https://doi.org/10.1182/blood-2016-10-696054
https://doi.org/10.1182/blood-2016-10-696054
https://doi.org/10.1182/blood-2016-10-696054
https://doi.org/10.1182/blood-2016-10-696054
https://doi.org/10.1182/blood-2016-10-696054
https://doi.org/10.1182/blood-2016-10-696054
https://doi.org/10.1182/blood-2016-10-696054
https://doi.org/10.1182/blood-2016-10-696054
https://doi.org/https://doi.org/10.1182/blood-2014-02-554204
https://doi.org/https://doi.org/10.1182/blood-2014-02-554204
https://doi.org/https://doi.org/10.1182/blood-2014-02-554204
https://doi.org/https://doi.org/10.1182/blood-2014-02-554204
https://doi.org/https://doi.org/10.1182/blood-2014-02-554204
https://doi.org/https://doi.org/10.1182/blood-2014-02-554204
https://doi.org/https://doi.org/10.1182/blood-2014-02-554204
https://doi.org/10.1016/j.clml.2014.12.005
https://doi.org/10.1016/j.clml.2014.12.005
https://doi.org/10.1016/j.clml.2014.12.005
https://doi.org/10.1158/1535-7163.mct-15-0163
https://doi.org/10.1158/1535-7163.mct-15-0163
https://doi.org/10.1158/1535-7163.mct-15-0163
https://doi.org/10.1158/1535-7163.mct-15-0163
https://doi.org/10.1158/1535-7163.mct-15-0163
https://doi.org/10.1158/1535-7163.mct-15-0163
https://doi.org/10.1158/1535-7163.mct-15-0163
https://doi.org/10.1158/1535-7163.mct-15-0163
https://doi.org/10.1158/1535-7163.mct-15-0163
https://www.sciopen.com/journal/2957-8701
https://www.sciopen.com/journal/2957-8701
https://www.sciopen.com/journal/2957-8701

	1 Introduction
	2 The role of glycolysis in AML
	2.1 The role of rate-limiting enzymes in glycolysis in AML
	2.1.1 HK2
	2.1.2 PFK-1
	2.1.3 PKM2

	2.2 The metabolite Lactate is involved in the immunosuppression of AML
	2.2.1 The role of glycolytic enzymes in immunosuppression and evasion
	2.2.2 The role of lactate in the AML tumor microenvironment

	2.3 Clinical application value of glycolysis inhibitors

	3 Research developments on aging in AML
	3.1 Immunosenescence
	3.1.1 Characteristics of immunosenescence
	3.1.2 Molecular mechanisms

	3.2 The role of senescent cells in the AML microenvironment
	3.2.1 Senescence of MSC and the role of SASP in AML
	3.2.2 Immune senescence in AML
	3.2.3 Accumulation of senescent cells in AML and its impact on treatment

	3.3 The role of senescence-related genes in the prognosis of AML

	4 Conclusion
	Author contributions
	Acknowledgements
	Conflict of Interests
	References

