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Abstract

Acute lung injury (ALI) is a severe condition characterized by an inflammatory response and increased vascular permeability, with its
pathological mechanisms closely associated with the dysfunction of vascular smooth muscle cells (VSMCs). The present study inves-
tigates the molecular mechanisms through which lactate dehydrogenase A (LDHA) influences the inflammatory response in ALI by
modulating VSMC metabolic reprogramming. It was observed that under pathological conditions, hypoxia and the inflammatory mi-
croenvironment significantly upregulate LDHA expression in lung VSMCs via the activation of the hypoxia-inducible factor (HIF) sig-
naling pathway. The LDHA-mediated Warburg effect not only provides energetic support to VSMCs but also exacerbates inflammatory
responses through both direct and indirect mechanisms. This review highlights the critical role of LDHA as a metabolic-inflammatory
nexus in ALI and offers a theoretical foundation for targeting LDHA to regulate metabolic reprogramming as a means to mitigate the
progression of ALI. Future research will further investigate the specific mechanisms by which LDHA regulates VSMC metabolic repro-
gramming and will seek to identify effective intervention strategies.
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1. Introduction

Acute lung injury (ALI) is characterized as an acute,
diffuse inflammatory condition of the lungs, precipitated
by a variety of intra- and extra-pulmonary pathogenic fac-
tors of non-cardiogenic origin. This condition can lead
to severe hypoxemia and acute respiratory failure, poten-
tially progressing to the critical illness, known as acute res-
piratory distress syndrome (ARDS). The reprogramming
of glucose metabolism is intricately associated with im-
mune responses and inflammatory processes. Study in-
dicates that sepsis link to hyperlactatemia; during septic
ALI macrophages recruited and activated by lipopolysac-
charides (LPS) exhibit enhanced glycolysis, which further
exacerbates the inflammatory response and worsens oxida-
tive stress, leading to progression of ALI and potentially
ARDS or even death, suggesting that glycolytic inhibition
is a potent anti-inflammatory strategy for the treatment of
ALI[1]. ARDS is a critical respiratory condition character-
ized by an unclear pathogenesis, a lack of effective pharma-
cological treatments, and a low quality of life and survival
rate for affected individuals. Currently, the incidence of
new ALI cases worldwide exceeds three million annually,
with clinical meta-analyses revealing a mortality rate of
43%. Furthermore, up to 50% of survivors experience sig-
nificant pulmonary dysfunction. Persistent inflammation,

coupled with the loss of vascular barrier integrity, results in
pulmonary edema and multiorgan dysfunction, which are
significant contributors to the elevated mortality associated
with ALI and ARDS. The pulmonary vascular system, due
to its extensive surface area, is particularly susceptible to
the activation of inflammatory responses. In the context
of ALI, the infiltration of inflammatory cells and the re-
lease of inflammatory mediators, along with increased tis-
sue metabolic activity, lead to a heightened demand for oxy-
gen. Additionally, inflammation-induced vasoconstriction
further diminishes oxygen supply to the affected regions of
the lung, resulting in hypoxemia. This hypoxic state subse-
quently triggers the overexpression of HIF, which directly
promotes the upregulation of LDHA and the degradation of
Inhibitor of kappa B zeta (IxkB-(). These molecular changes
contribute to the reprogramming of cellular metabolism and
the exacerbation of inflammatory responses.

Vascular endothelial cells (VECs) constitute a layer of
mononuclear cells situated between the bloodstream and the
vascular wall tissues. These cells are capable of secreting
a variety of vasoactive substances through autocrine, en-
docrine, and paracrine mechanisms, thereby playing cru-
cial roles in regulating vascular tone, inhibiting the pro-
liferation of smooth muscle cells, and modulating inflam-
matory responses within the vascular wall. The struc-
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tural and functional integrity of VECs is essential for the
maintenance of vascular wall function and lung homeosta-
sis. Under homeostatic conditions, VECs remain quies-
cent and exhibit antioxidant and anti-inflammatory prop-
erties. However, during inflammatory events, VECs par-
ticipate in the interplay between local and systemic im-
mune responses and serve as significant targets for inflam-
matory processes. This involvement can enhance innate
immune responses through the production and release of
cytokines and chemokines, including the activation of the
NF-«B signaling pathway and the pro-inflammatory factors
interleukin-6 (IL-6) and interleukin-8 (IL-8). The expres-
sion of pro-inflammatory factors such as IL-6, IL-8, and
monocyte chemotactic protein-1 (MCP-1) can be activated,
positioning VECs as a secondary a cascade of chain reac-
tions in response to inflammation [2].

VECs are influenced by various factors that prompt
them to lose their original characteristics and undergo
significant alterations in polarity, morphology, and func-
tion. This process leads to their transformation into mes-
enchymal cells, such as fibroblasts and smooth muscle
cells, a phenomenon known as endothelial-to-mesenchymal
transition (EndMT) [3]. Pyruvate dehydrogenase kinase
(PDK) phosphorylates pyruvate dehydrogenase complex
(PDH) during EndMT, which inhibits the mitochondrial
catabolism of pyruvate in endothelial cells, resulting in the
reduction of endothelial pyruvate by lactate dehydrogenase
(LDH) reduces pyruvate from endothelial cells to lactate,
resulting in a paradigm shift in the energy metabolism of
VECs.

Abnormal communication between VECs and
VSMC:s is a critical factor in the initiation and progression
of vasculopathic alterations. In ALI, lung epithelial cells
and vascular endothelial cells leads to diffuse interstitial
and alveolar edema, progressive hypoxemia, and res-
piratory distress, which subsequently triggers hypoxic
pulmonary vasoconstriction (HPV) [4]. Although early
HPV is a protective immune response, persistent inflam-
mation and hypoxia can result in the hyperproliferation of
VSMCs, thickening of the vascular wall, and ultimately
the development of ARDS. Nitric oxide and carbon
monoxide in VECs indirectly induce vasodilation and
modulate the inflammatory response through crosstalk
between VECs and VSMCs, while also promoting the
proliferation and migration of VSMCs. The knockdown
of vesicle-associated membrane protein 3 (VAMP3) and
synaptosomal-associated protein 23 (SNAP23) in en-
dothelial cells has been shown to inhibit the proliferation,
migration, and phenotypic transformation of smooth
muscle cells co-cultured with endothelial cells. Further-
more, microRNA-126-3p secreted by endothelial cells
enhances the proliferation and dedifferentiated phenotype
of smooth muscle cells, contributing to the thickening of
the neointima in arterial vessels in murine models [5].

VSMCs are a highly differentiated cell type charac-
terized by the expression of various proteins associated
with vascular contraction, including smooth muscle myosin
heavy chain (SMMHC) and alpha-smooth muscle actin (a-
SMA). In their physiological state, VSMCs are referred to
as contractile VSMCs, which constitute approximately 90%
of the vascular mesenchymal layer and exhibit low capaci-
ties for proliferation, migration, and secretion. Despite their
high level of differentiation, VSMCs are not terminally dif-
ferentiated and retain significant phenotypic plasticity. In
response to inflammatory stimuli, there is a noted decrease
in the expression of contractile phenotypic proteins and
an increase in the expression of secretory phenotypic pro-
teins, such as Kruppel-like factor 4 (KLF4) and Osteopon-
tin (OPN). Consequently, these cells are classified as secre-
tory (synthetic) VSMCs, which do not participate in vaso-
constriction but instead play a role in regulating vascular
remodeling [6]. It also secretes a variety of inflammatory
factors, such as interleukins (ILs), tumor necrosis factor-«
(TNF-«), and monocyte chemotactic protein-1 (MCP-1).

During vascular injury, VSMCs migrate from the
mesentery to the intima in response to growth factors se-
creted by endothelial cells, resulting in intimal hyperpla-
sia and restenosis. To mitigate excessive proliferation, ni-
tric oxide (NO) and prostacyclin (PGI2) released by en-
dothelial cells inhibit the over-proliferation and migration
of VSMCs, thereby maintaining the stability of the ves-
sel wall. Furthermore, VSMCs may undergo phenotypic
transformation, adopting a myofibroblast-like phenotype
that is more conducive to tissue repair, characterized by en-
hanced proliferation and increased secretion of extracellu-
lar matrix (ECM). Consequently, investigating the interac-
tions between vascular smooth muscle cells and vascular
endothelial cells in the context of inflammatory responses
and cell proliferation during the development of ALI is an
effective way to ameliorate the adverse prognosis associ-
ated with ALI and to prevent vessel wall thickening.

2. Function and Expression of LDHA in
Vascular Smooth Muscle Cells

2.1 Biological Functions of LDHA

The human LDHA gene is localized on chromosome
11, 11p15.4, and encodes a protein containing 332 amino
acids, including 24 splice variants and several unknown
pseudogenes [7]. LDHA is expressed predominantly in
skeletal muscle and has a high affinity for pyruvate, pref-
erentially converting pyruvate to lactate while convert-
ing nicotinamide adenine dinucleotide (NADH) to NAD™
[8]. During conditions of hypoxia or high-intensity exer-
cise, skeletal muscle generates elevated levels of lactic acid
through the action of LDHA and subsequently releases it
into the bloodstream. This lactic acid is then transported
throughout the body, including to the lungs, via the circu-
latory system. In the lungs, smooth muscle cells uptake
lactic acid from the blood, utilizing it as an energy source.
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The clearance of lactate produced by skeletal muscle oc-
curs in the liver through the Cori cycle. Conversely, lactate
generated by VSMCs in the lungs exerts direct effects on
local immune cells, such as macrophages, and endothelial
cells, thereby establishing a positive feedback loop that ex-
acerbates the progression of ALI [9], which is important
for us to explore the relationship of lactate and LDHA, and
the inflammatory response, to the inflammatory response
in the lungs. Lactate and LDHA are intricately associated
with the inflammatory response in the lungs. Recent stud-
ies have demonstrated that the regulatory effects of LDHA
primarily manifest through transcriptional regulation, post-
transcriptional regulation, and post-translational modifica-
tions [10]. LDHA is mainly found in the cytoplasm, but it
is also present in the nucleus of some tumor cells. It has
been reported that tyrosine residues of LDHA appear in the
nucleus after phosphorylation, suggesting that LDHA may
have a unique function in gene transcription and RNA sta-
bility.

LDH is classified within the 2-hydroxy oxidoreduc-
tase family. In humans, LDH is encoded by three genes:
LDHA, LDHB, and LDHC. Notably, LDHC is specifically
expressed in testicular tissues, while LDHA and LDHB are
ubiquitously expressed across various tissues and are rec-
ognized as some of the most abundant proteins found in
the cytoplasm [11]. LDH functions as a homo- or heterote-
tramer composed of two subunits, LDHA (M) and LDHB
(H), which are encoded by the respective LDHA and LDHB
genes. Among the different isoforms, LDH-5 (4M) exhibits
the highest catalytic efficiency in the conversion of pyru-
vate to lactate [12].

The promoter region of the LDHA gene encompasses
multiple transcription factor binding sites and is subject
to regulation by various transcription factors. Hypoxia-
inducible factor-1 (HIF-1) interacts with the hypoxia-
responsive element (HRE) to activate LDHA expression.
Additionally, the proto-oncogene c-Myc forms a het-
erodimer with myc-associated factor X (MAX), which sub-
sequently binds to the E-box within the LDHA promoter,
thereby enhancing LDHA expression [12]. Furthermore,
forkhead box protein M1 (FOXM1) directly binds to the
LDHA promoter region, modulating the transcriptional reg-
ulation of the LDHA gene, a process that is crucial for aer-
obic glycolysis and tumorigenesis in patients with pancre-
atic cancer [13]. Moreover, KLF4 is involved in the regula-
tion of epithelial and mesenchymal gene expression, which
is significant for cell proliferation and differentiation. Re-
search indicates that KLF4 exhibits a negative correlation
with LDHA expression level [14].

LDHA was directly regulated by factors such as HIF-
1, c-Myc, FOXM1, and KLF4, suggesting that LDHA plays
a significant role in cellular phenotypic transformation, cell
proliferation, and apoptosis [15]. Additionally, the pro-
inflammatory effects exhibited by VSMCs in inflamma-
tory contexts, mediated by elevated lactate production, fur-
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ther underscore its critical involvement in cellular energy
metabolism. Nevertheless, research concerning the role of
LDHA in cell proliferation remains insufficient, revealing
numerous gaps in the current understanding. Investigating
how LDHA regulates inflammatory responses, cell prolifer-
ation, and vascularization in ALI is a novel and significant
area for future research.

2.2 LDHA Expression in Vascular Smooth Muscle Cells
and Its Regulatory Mechanism

Recombinant LDHA is a pivotal enzyme in the gly-
colytic pathway, significantly influencing the proliferation,
migration, and metabolic processes of VSMCs. The lactate
microenvironment generated by LDHA activity facilitates
the transition of VSMCs from a contractile phenotype to a
secretory phenotype, thereby enhancing their proliferation
and migration, as well as promoting the secretion of ECM.
This process contributes to the thickening of the vascular
wall and an increase in pulmonary vascular resistance [16].
The modifications of LDHA, specifically crotonylation and
monoubiquitination, were found to be elevated in prolifer-
ating VSMCs and neovascular endothelium. The crotony-
lation occurred at lysine 5 (K5), while monoubiquitination
was observed at lysine 76 (K76). The crotonylation at K5
enhanced LDHA activity and increased intracellular lactic
acid levels by facilitating its tetramer formation, thereby
promoting cellular growth. Conversely, the monoubiqui-
tination at K76 contributed to cell proliferation by mediat-
ing mitochondrial division and enhancing VSMC migration
[16,17].

In a mouse ALI model, the knockdown of LDHA in
VSMCs significantly decreased lung edema and neutrophil
infiltration while enhancing the oxygenation index [18].
Conversely, LDHA in lung VSMCs exacerbated alveolar
injury by promoting lactate accumulation, directly activat-
ing the NF-xB and signal transducer and activator of tran-
scription 3 (STAT3) pathways, and inducing the release of
pro-inflammatory factors such as IL-6 and TNF-« [19].

Metabolic reprogramming of vascular smooth mus-
cle cells is a crucial component of the vascular remodeling
process. LDHA plays a significant role in this context by
facilitating glycolysis and lactate production, thereby sup-
plying the necessary energy and metabolic intermediates.
The restoration of mitochondrial function has been shown
to normalize hypoxia-induced oxidative stress and mitigate
the inflammatory response in murine models by decreas-
ing excessive lactate accumulation and correcting abnormal
glycolytic activity [20]. Furthermore, the overexpression
of LDHA has been confirmed in human vascular smooth
muscle cell lines, promoting a transition to a synthetic phe-
notype. Conversely, the knockdown of LDHA results in
reduced proliferation and lactate production in human coro-
nary artery smooth muscle cells (HACSMCs) [19].
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3. Mechanisms of LDHA Regulation of
Metabolic Reprogramming in Vascular
Smooth Muscle

Energy metabolism serves as a crucial regulator of
cellular function and is significantly altered when tissues
and cells experience pathological changes. Under normal
physiological conditions, cells are efficiently supplied with
adenosine triphosphate (ATP) through glycolysis and ox-
idative phosphorylation. One molecule of glucose can yield
a net production of 36 ATP molecules, which provide the
necessary energy for various cellular activities. In hypoxic
conditions, cells are unable to utilize oxidative phosphory-
lation effectively for ATP production; instead, they resort to
aerobic glycolysis facilitated by M2-type pyruvate kinase
(PKM2) and LDHA, resulting in a net production of only
2 ATP molecules. Concurrently, LDHA sustains aerobic
glycolysis by regenerating NADT from NADH. Although
aerobic glycolysis is less efficient, it occurs at a rate that is
approximately 100 times faster than oxidative phosphoryla-
tion, thereby meeting the short-term energy demands of the
cell in the absence of adequate oxygen, albeit at the cost of
increased glucose consumption and lactate production. No-
tably, certain cell types, including activated immune cells,
tumor cells, and infected cells, adopt an aerobic glycolytic
pathway to convert glucose to lactate even under normoxic
conditions. This metabolic shift signifies a change in cel-
lular function and signaling pathways and is commonly re-
ferred to as the Warburg effect [21].

Acute injury leads to an insufficient supply of oxy-
gen to lung tissue, prompting VSMCs to depend primar-
ily on LDHA-mediated glycolysis for energy production,
rather than on mitochondrial oxidative phosphorylation.
This metabolic reprogramming represents a crucial adap-
tive mechanism for VSMCs to manage oxidative stress and
inflammation. In conditions of hypoxia, hypoxia-inducible
factor 1 alpha (HIF1«) exhibits sensitivity to fluctuations
in oxygen levels and serves as the active subunit of the
HIF. Under hypoxic conditions, HIF-1a becomes more
stable and, upon translocating to the nucleus, it dimer-
izes with the oxygen-independent HIF-18/ARNT to initi-
ate the expression of downstream target genes. However,
the lactate-mediated response to sustained hypoxia appears
to be functionally independent of HIF-1¢, as it involves the
NDRG family member 3 (NDRG3) [22]. Similar to HIF 1,
NDRG3 undergoes degradation in a prolyl hydroxylase do-
main 2 (PHD2)/von Hippel-Lindau (VHL)-dependent man-
ner under normoxic conditions. However, during pro-
longed hypoxia, NDRG3 is protected from degradation
through its binding to lactate. The resultant increase in
NDRGS3 levels, independent of HIF 1« activates the RAF-
ERK signaling pathway, which regulates hypoxia-related
pathophysiological responses, including inflammation and
angiogenesis. Furthermore, both pharmacological and ge-
netic inhibition of LDHA restricts NDRG3 protein accu-
mulation in a dose-dependent manner. Lactate is capa-

ble of reversing these effects without influencing HIF 1«
protein levels. Recent studies have identified endogenous
branched-chain a-keto acids (BCKAs) as newly discovered
inhibitors of PHD2, which aerobically activate HIF 1« sig-
naling in normal VSMCs. This process involves a positive
feedback loop in which BCKAs stimulate HIF1«, leading
to increased expression of LDHA. The resultant production
of lactate is anticipated to lower cellular pH, thereby en-
hancing the production of L-2-hydroxyglutarate (L2HG),
which subsequently inhibits PHD2 activity. This inhibi-
tion further amplifies HIF 1« activity under aerobic condi-
tions. HIFl« plays a unique and complex role in regulat-
ing VSMC function across various vascular beds. Specifi-
cally, BCKAs inhibit PHD2 activity, activate HIF 1 « signal-
ing, enhance glycolytic activity, and facilitate the transition
of pulmonary arterial smooth muscle cells (PASMCs) to a
synthetic phenotype. Collectively, these mechanisms con-
tribute to vascular dysfunction, including the development
of pulmonary arterial hypertension (PAH) [23,24].

Research has demonstrated that the supplementation
of lactate in growth medium enhances the synthetic phe-
notype of VSMCs derived from human induced pluripo-
tent stem cells [25]. Furthermore, lactate promotes the po-
larization of alternatively activated macrophages exhibit-
ing an anti-inflammatory (M2-like) phenotype. These
macrophages play a crucial role in angiogenesis and tissue
remodeling, as well as stimulating the release of vascular
endothelial growth factor from endothelial cells, thereby fa-
cilitating wound healing and tumor-associated angiogenesis
[26-29].

4. Effect of LDHA-Regulated Metabolic
Reprogramming of Vascular Smooth Muscle
on the Inflammatory Response to ALI

4.1 Pathophysiologic Processes of the Inflammatory
Response to ALI

The etiology of ALI/ARDS has not been fully defined,
and its pathogenesis encompassing a range of direct and
indirect risk factors. It is widely acknowledged that un-
controlled inflammation, either localized within the lungs
or systemic, constitutes the primary mechanism underlying
ALI/ARDS. The principal contributors to this inflammatory
response include biological, chemical, and physical factors.
@ Biological stimuli, such as bacteria or viruses that in-
vade the lungs, induce inflammation through their prolif-
eration within the host, the production of toxins, and their
antigenic properties. Pathogen-associated molecular pat-
terns (PAMPs), including LPS, unmethylated CpG DNA,
and RNA derived from pathogens, interact with various sur-
face and intracellular pattern recognition receptors (PRRs)
present on immune cells. These receptors encompass Toll-
like receptors, nucleotide oligomerization domain-like re-
ceptors (NLRs), and C-type lectins (which recognize end
products of late glycosylation). The engagement of these
PRRs activates the expression and secretion of inflamma-
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tory mediators, such as interleukin-1 (IL-1), tumor necro-
sis factor (TNF), and reactive oxygen species. @ Chemical
or physical stimuli, such as lung tissue damage resulting
from the inhalation of noxious gases, radiation, and contu-
sion, lead to the production of damage-associated molecu-
lar patterns (DAMPs). These include heat shock proteins
(HSP), high mobility group protein B1 (HMGB-1), uric
acid, and extracellular ATP. In ALI, the hypoxic and in-
flammatory microenvironment of the lung significantly up-
regulates the expression in lung VSMC through the activa-
tion of signaling pathways, including HIF-1a. This local-
ized upregulation facilitates the rapid production of ATP via
enhanced glycolysis, commonly referred to as the while si-
multaneously generating lactate to maintain NAD™ regen-
eration, thereby supporting cell survival and function. Con-
currently, DAMPs bind to receptors such as the receptor for
advanced glycation end products (RAGE), triggering recep-
tor expressed on myeloid cells (TREM), and various ion
channels. This interaction prompts immune cells to clear
dead cells, activate pro-inflammatory pathways, and result
in the secretion of pro-inflammatory factors and other me-
diators. An overreaction of the immune system to foreign
invasions can lead to the synthesis and secretion of exces-
sive cytokines, culminating in a cytokine storm. This phe-
nomenon results in the attack of normal cells, ultimately
triggering a systemic inflammatory response, organ failure,
and potentially death.

4.2 Direct Effects of LDHA on the Inflammatory Response

During glycolysis, NADH engages with the Rossman
folding domain of LDHA, and through the catalytic activity
of LDHA and the thermodynamic stabilization of free rad-
ical intermediates, electrons are transferred from NADH to
oxygen-containing compounds at an accelerated rate. This
process leads to the production of increased levels of oxy-
gen radicals, which may contribute to oxidative damage and
cytotoxicity, as well as to the promotion of inflammatory
responses [10], It also promotes T-cell effector function by
increasing acetylation and transcription of IFNG, thus high-
lighting the key role of LDH in inflammation [17]. The ap-
plication of (S)-N-Hydroxy-3-(4-methoxybenzylsulfonyl)-
2,2-dimethylchroman-4-carboxamide (FX11), an inhibitor
of LDHA, in chondrocytes resulted in a significant reduc-
tion in the expression of the inflammatory factors IL-6 and
matrix metalloproteinase-13 (MMP13). Although IxB-(
functions as an inhibitor of NF-xB, but the modulation of
NF-xB by IL-13 was not impeded by the administration of
the LDHA inhibitor. This phenomenon can be attributed to
the dual mode of transcriptional regulation governing [xB-
¢. Specifically, IL-13 influences the mRNA transcription
of Nfkbiz (which encodes the 1kB-( protein) through the
1xB kinase 2 (IKK2) pathway, while LDHA is involved in
the post-translational stabilization of IxB-(. Notably, FX11
does not impact the transcription of the Nfkbiz gene; rather,
it enhances the production of the encoded protein, which
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subsequently contributes to the inhibition of inflammatory
responses [18]. The analysis of single-cell transcriptome
sequencing conducted on the retina and lymph nodes of
mice with autoimmune uveitis revealed that the inhibition
of LDHA could restore the imbalance between effector T
cells (Teff) and regulatory T cells (Treg) during inflamma-
tory conditions. In the context of acute inflammation, the
application of specific LDHA inhibitors significantly di-
minished the population of neutrophils and reactive oxygen
species (ROS)-producing neutrophils in the bloodstream,
while also effectively suppressed LPS-induced NF-«xB ac-
tivation of NF-xB in lung epithelial cells. These findings
suggest a potential role for LDHA in the pathophysiology of
sepsis-associated ARDS. Post-translational modifications
such as phosphorylation, enhance the enzymatic activity of
LDHA and facilitate energy metabolism in VSMC, further
exacerbating the inflammatory response [30]. LDHA pro-
motes the expression of inflammatory factors by destabiliz-
ing the IxB-( protein. Furthermore, it directly activates im-
mune cells, which in turn triggers inflammatory responses.
Preliminary evidence indicates that the signaling pathway
linked to LDHA is significantly involved in enhancing the
inflammatory response (Fig. 1).

4.3 LDHA Indirectly Influences the Inflammatory
Response Through Lactate Production

Under normoxia, LDHA is a key enzyme associated
with aerobic glycolysis that contributes to lactate produc-
tion in cancer cells [31,32], tumor cells convert 69—80%
of glucose into lactate; while under hypoxia, the conver-
sion efficiency reaches 90%. Lactate, the end product of
glycolysis, was once considered a metabolic waste prod-
uct, but current research suggests that lactate has a vari-
ety of important biological functions. Lactate serves a cru-
cial physiological function by facilitating the exchange be-
tween lactate-producing and lactate-consuming cells within
the body. It has been identified as an amplifier of in-
flammation, with its accumulation exacerbating the inflam-
matory response. Elevated levels of LDH activity can
impair immune cell functionality, while high concentra-
tions of lactate may diminish the efficacy of effector T
cells and promote the production of interleukin-17 (IL-17)
by Cluster of Differentiation 4 (CD4%) T cells through
the PKM2/STAT3 signaling pathway [33]; Inhibition of
LDHA activity in macrophages downregulates the expres-
sion of pro-inflammatory cytokines, inducible nitric oxide
synthase (iNOS), and other anti-inflammatory effects [34].
During ALIL hyperlactatemia arises as a consequence of
the upregulation of anaerobic glycolysis, which is activated
by an inadequate supply of oxygen. Anaerobic glycoly-
sis refers to the metabolic conversion of glucose to lactate,
a process regulated by various rate-limiting glycolytic en-
zymes, including LDHA. A recent study has demonstrated
that the inhibition of the glycolytic pathway using the in-
hibitor PFKFB3, specifically 3-(3-pyridyl)-1-(4-pyridyl)-
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Fig. 1. LDHA affects the inflammatory response in acute lung injury by modulating metabolic reprogramming in vascular

smooth muscle. ATP, adenosine triphosphate; NAD™, Nicotinamide Adenine Dinucleotide (oxidized form); HIF-1a, hypoxia-inducible
factor-1 alpha; KLF4, Kruppel-like factor 4; NF-KB, Nuclear Factor Kappa-light-chain-enhancer of Activated B cells; TLR4, Toll-like
Receptor 4; LPS, lipopolysaccharides; a-SMA, alpha-smooth muscle actin; SM-22«, Smooth Muscle Protein 22-Alpha; GNE-140,

dihydropyrimidine derivative 14; VSMCs, vascular smooth muscle cells.

2-propen-1-one (3PO), results in reduced glucose uptake
and inhibits the flux of glycolysis to lactate. This interven-
tion effectively obstructs the energy source for VSMCs and
has been identified as a promising strategy for preventing
sepsis-associated ALI [9] (Table 1, Ref. [10,17,18,31-39]).

5. Therapeutic Strategies Targeting
LDHA-Regulated Metabolic
Reprogramming in Vascular Smooth Muscle
and Future Research Directions and
Challenges

The etiology of ALI is multifaceted, resulting in dam-
age to alveolar epithelial cells and vascular endothelial
cells. This condition triggers an inflammatory response
and induces persistent hypoxemia, ultimately leading to
the development of ARDS, and the high mortality asso-
ciated with ALI has garnered significant attention within
the medical community. LDHA is a crucial metabolic en-
zyme that regulates hypoxemia during the progression of
ALI It induces alterations in the energy metabolism of
VSMCs and provides energy for cellular proliferation and
differentiation through aerobic glycolysis. Additionally,

LDHA promotes the repair of damaged tissues, vasocon-
striction, endothelial-mesenchymal transition, cell prolifer-
ation, and migration, while also generating reactive oxy-
gen species that further exacerbate inflammatory responses.
LDHA serves not only as an enzyme involved in energy
metabolism but also as a protein factor that regulates var-
ious biological processes. It is recognized as an impor-
tant biomarker and potential therapeutic target for ALI,
ARDS, tumor development, and poor prognosis. Conse-
quently, comprehensive research into the pro-inflammatory
and metabolic functions of LDHA, along with the iden-
tification of novel genes that synergistically interact with
LDHA, will significantly enhance the foundational theoret-
ical understanding of ALI pathogenesis.

Numerous studies have substantiated the efficacy of
various LDHA inhibitors in models of lung injury and tu-
mors. FX11, a competitive inhibitor of NADH, has been
shown to reduce bacterial load and inhibit necrotic lesions
in the lungs of tuberculosis-infected mice by impeding
glycolysis [40]. Furthermore, its nanocarrier formulation
(FX11@TPEG-WS,) targets mitochondria and enhances
antitumor efficacy when used in conjunction with acoustic
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Table 1. LDHA affects inflammation in both direct and indirect ways.

Modes of action ~ Machanisms Concrete content Reference
Direct effect * NADH-LDHA interaction * During glycolysis, it promotes electron transfer, increases oxygen [10,35]
radical production, and enhances oxidative killing and inflamma-
tory responses.
 T-cell effector function promo- < Increased acetylation and transcription of interferon-y (IFNG) to [17,36]
tion enhance T-cell effector function; inhibition of LDHA to rescue ef-
fector T-cell (Teff)/regulatory T-cell (Treg) imbalance under inflam-
mation.
« Inflammatory factor regulation + The LDHA inhibitor FX11 significantly inhibited IL-6 and [18,37]
MMP13 expression, increased 1xB-¢ protein production, and sup-
pressed inflammation; it inhibited 1xB-( protein stability, enhanced
inflammatory factor expression, and exacerbated inflammation.
* Immunocytosis * Direct activation of immune cells promotes their inflammatory re- [38]
sponse; macrophages produce LDHA-containing exocysts that pro-
mote glycolysis and inhibit macrophage infiltration, reducing in-
flammation.
Indirect effect « Lactic acid production and ef- e+ Promotes massive conversion of glucose to lactate, and lactate ac- [31,32]
fects cumulation amplifies the inflammatory response.
» Suppression of immune cell «Increased LDH activity suppresses immune cell function, and high [33,39]
function concentrations of lactate decrease effector T cell activity and pro-
mote IL-17 production by CD47 T cells.
* Anti-inflammatory effect * Inhibition of LDHA activity down-regulates pro-inflammatory [34,37]

factors and iNOS expression and exerts anti-inflammatory effects.

NADH, nicotinamide adenine dinucleotide; LDHA, lactate dehydrogenase A; FX11, (S)-N-Hydroxy-3-(4-methoxybenzylsulfonyl)-2,2-
dimethylchroman-4-carboxamide; IL-6, interleukin-6; MMP13, matrix metalloproteinase-13; IxB-¢, Inhibitor of kappa B zeta; CD4™,

Cluster of Differentiation 4; iNOS, inducible nitric oxide synthase.

kinetic therapy [41]. In combination with metformin, FX11
activates the AMPKa axis, thereby inducing apoptosis in
pancreatic cancer cells [42]. Dihydropyrimidine deriva-
tive 14 (GNE-140) demonstrated significant inhibitory ac-
tivity against human lactate dehydrogenase A (hLDHA)
within the low micromolar range (IC5g = 0.48 pM) [43].
It effectively blocked glycolysis-dependent histone lactyla-
tion (H3K18la) in a model of PM2.5-induced pulmonary
fibrosis, down-regulated the TGF-3/Smad2/3 (Mothers
Against Decapentaplegic Homolog 2/3) and VEGFA (Vas-
cular Endothelial Growth Factor A)/ERK signaling path-
ways, and mitigated inflammation and fibrosis [44]. Addi-
tionally, N-hydroxyindole derivatives (NHI-Glc-2), in con-
junction with PDK1 (3-Phosphoinositide-Dependent Pro-
tein Kinase-1) inhibitors, facilitate metabolic reprogram-
ming of lung adenocarcinoma from glycolysis to oxida-
tive phosphorylation by targeting critical nodes of gly-
colysis, thereby synergistically inhibiting the AKT (AKT
Serine/Threonine Kinase)/mTOR and RAS (Rat Sarcoma
virus oncogene homolog)/ERK pathways [45]. Further-
more, oxaloacetate, a competitor at the pyruvate site, en-
hances CD8" T-cell infiltration in a non-small cell lung
cancer (NSCLC) model [43]. Cotton-phenol derivatives ex-
hibit non-selective inhibition of LDH and reduce collagen
deposition in bleomycin-induced lung fibrosis [43]. Nat-
ural products such as curcumin and gallocatechin gallate
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(EGCQG) have emerged as promising drug candidates show-
ing efficacy as LDHA inhibitors and in overcoming EGFR-
TKI resistance, especially in cancer therapy [46]. Despite
the demonstrated efficacy of these compounds in preclin-
ical models, no LDHA inhibitors have progressed to clin-
ical trials. This limitation is primarily attributed to issues
related to target selectivity, pharmacokinetic deficiencies,
and toxicity risks. Therefore, structural optimization strate-
gies, such as the nanocarrierization of FX11 [41], along
with combination therapy approaches, are essential to en-
hance the translational potential of these compounds.

The comprehensive investigation of the LDHA regu-
latory network is crucial for addressing the challenges as-
sociated with clinical translation. Clarifying the role of
LDHA in modulating endothelial inflammation and per-
meability via the lactate-NF-xB/STAT3 axis [47], in con-
junction with spatial metabolomics, is expected to signif-
icantly enhance our understanding of endothelial-vascular
smooth muscle interactions in ALI. Moreover, examin-
ing the interaction between LDHA and cyclic GMP-AMP
synthase (cGAS)-STING, particularly the mechanism by
which FX11 induces cGAS to bolster anti-tumor immunity,
as well as its association with the human tumor suppres-
sor FLCN (Folliculin), will provide valuable insights into
the regulation of glycolysis and mitochondrial metabolic
transitions [43,48]. This exploration aims to elucidate the
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mechanisms underlying the interplay between metabolism
and immunity. We propose the development of human-
ized lung-like organoids and the application of a single-
cell multi-omics platform to investigate the cell-specific
effects of LDHA on macrophage polarization, epithelial-
mesenchymal transition (EMT), and T-cell depletion [44,
49]. Inhibition of LDHA has been demonstrated to mod-
ulate the reactive oxygen species (ROS)/AMP-activated
protein kinase (AMPK)/mechanistic target of rapamycin
(mTOR) and HIF-1« signaling networks, thereby facili-
tating the formulation of synergistic strategies in conjunc-
tion with immunotherapeutics, such as anti-PD-1 (Pro-
grammed Cell Death Protein 1) agents, or epigenetic drugs,
including histone deacetylase (HDAC) inhibitors [42,43,
45,49]. Furthermore, we aim to optimize these combi-
nations by designing dual-targeted inhibitors that concur-
rently target LDHA and pyruvate kinase M2 (PKM2) to
mitigate metabolic compensation [46]. Additionally, we
will develop lung-targeted smart delivery systems, such as
glutathione-responsive vesicles [50], and identify synthetic
lethal targets through CRISPR screening. This research
presents a novel framework for metabolic-immune inter-
ventions in the context of lung diseases.

6. Conclusions

ALI represents a critical inflammatory disorder char-
acterized by elevated mortality rates, primarily resulting
from dysregulated metabolism in VSMCs and sustained
inflammatory responses. This review aims to clarify the
significant function of LDHA in the metabolic reprogram-
ming of VSMCs and the enhancement of inflammatory pro-
cesses during ALI In the context of hypoxia and inflam-
mation, LDHA expression is increased through the HIF-
1« signaling pathway, thereby facilitating the Warburg ef-
fect. This metabolic alteration not only supports ATP gen-
eration but also intensifies inflammation through two dis-
tinct mechanisms. Firstly, LDHA directly contributes to
oxidative stress via the interaction between NADH and
LDHA, activates NF-xB/STAT3 signaling pathways, and
destabilizes 1kB-(, which leads to an increased release
of pro-inflammatory cytokines such as IL-6 and TNF-c.
Secondly, lactate produced by LDHA indirectly exacer-
bates inflammation by inhibiting immune cell functional-
ity, promoting IL-17 secretion in CD4™ T cells, and driving
macrophage polarization towards pro-inflammatory pheno-
types. Experimental approaches to inhibit LDHA, such as
the use of FX11, have demonstrated a reduction in lung
edema, neutrophil infiltration, and lactate levels, underscor-
ing its potential as a therapeutic target. Additionally, post-
translational modifications of LDHA, including crotony-
lation and ubiquitination, further influence VSMC prolif-
eration, migration, and vascular remodeling. Despite en-
couraging results from preclinical studies, the translation
of LDHA inhibitors into clinical practice faces challenges
related to selectivity and toxicity. Future investigations

should prioritize the optimization of LDHA-targeted thera-
pies through the use of nanocarrier delivery systems, dual-
target inhibitors (e.g., LDHA/PKM2), and combinatorial
approach has with immunotherapies. Furthermore, em-
ploying multi-omics strategies to investigate LDHA’s role
in metabolic-immune interactions and vascular-endothelial
dynamics will enhance our comprehension of ALI patho-
genesis and facilitate the development of innovative inter-
ventions to address this life-threatening condition.
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