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Abstract. Liver fibrosis is a pathophysiologic manifesta-
tion of chronic liver disease and a precursor to cirrhosis
and hepatocellular carcinoma. Glycolysis provides inter-
mediate metabolites as well as energy support for cell
proliferation and phenotypic transformation in liver fibers.
6-Phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3
(PFKFB3) is a key activator of glycolysis and plays an
important role in the process of glycolysis. The role of
PFKFB3-mediated glycolysis in myocardial fibrosis, renal
fibrosis and pulmonary fibrosis has been demonstrated, and
the role of PFKFB3 in the activation of hepatic stellate cells
by aerobic glycolysis has been proven by relevant experi-
ments. The present study reviews the research progress on
the role and mechanism of action of PFKFB3-mediated
glycolysis in the progression of hepatic fibrosis to discuss the
role of PFKFB3-mediated glycolysis in hepatic fibrosis and
to provide new ideas for research on PFKFB3 as a target for
the treatment of hepatic fibrosis.
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1. Introduction

The prevalence of chronic liver disease is increasing world-
wide and liver disease is responsible for >2 million deaths per
year, or 4% of all deaths globally (1). Liver fibrosis is the main
pathological manifestation of chronic liver disease and is asso-
ciated with liver injury caused by alcohol, viral hepatitis, drugs,
toxins, nonalcoholic steatohepatitis (NASH) and autoimmune
diseases (2,3). It is a structural and functional destruction of
the liver caused by excessive deposition of extracellular matrix
(ECM) due to persistent chronic injury factors and inflamma-
tion (4). Liver fibrosis is the progression of chronic liver disease
and the process of liver fibrosis determines the progression of
chronic liver disease toward cirrhosis and hepatocellular carci-
noma (5). Current studies have confirmed that the reversibility
of liver fibrosis and cirrhosis may regress in certain cases (6,7).
The mechanism by which liver fibrosis occurs remains largely
elusive. Although research on the mechanisms of liver fibrosis
has made great progress and certain progress has been made
in the study of antifibrotic therapy, there are no effective drugs
for the treatment of liver fibrosis, and advanced liver fibrosis
can be treated only by liver transplantation (5,8).
6-Phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3
(PFKFB3) is a key glycolysis activator and PFKFB3
catalyzes the synthesis of fructose-2,6-bisphosphate
(F-2,6-BP). Phosphofructokinase 1 (PFK-1) is one of the
three rate-limiting enzymes of glycolysis and F-2,6-BP is
the most potent variant activator of PFK-1. PFKFB3 plays
an important role in the progression of fibrosis by triggering
aberrant glycolysis (9). In studies of myocardial fibrosis,
PFKFB3 is an important driver of endothelial mesenchymal
transition (EndoMT) and transforming growth factor-f31
(TGF-pB1) specifically increases PFKFB3 protein levels (9).
The use of PFKFB3 inhibitors reduces myocardial fibrosis
manifestations after myocardial infarction by modulating the
TGF-f1/SMAD?2/3 pathway (10). PFKFB3-driven glycolysis
reduces oxidized pentose phosphate pathway (PPP)-derived
NADPH to promote fibrosis progression and is critical for
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the development of EndoMT- and EndoMT-associated
cardiac fibrosis (9). In diabetic kidney disease (DKD), the
early growth response 1 (EGR1) transcription factor interacts
with TGF-f to increase ECM production, insulin-like growth
factor-binding protein 5 in endothelial cells increases the
expression of PFKFB3 through EGR1, and the enhancement
of PFKFB3-mediated glycolysis promotes DKD progres-
sion (11). Studies on the mechanism of renal fibrosis revealed
that the GMP-AMP synthase-interferon gene-stimulating
factor signaling pathway promotes the progression of renal
fibrosis after hypoxic exposure, and this effect is closely
related to PFKFB3-mediated glycolysis (12). In lung fibrosis,
lipopolysaccharide (LPS) significantly upregulates PFKFB3
expression, enhances aerobic glycolysis and promotes
collagen synthesis in lung fibroblasts by activating the
PI3K-Akt-mTOR/PFKFB3 pathway (13).

Fibrosis is a response to the repair of damaged tissue and
fibrotic tissue forms mainly due to the abnormal deposition of
the ECM secreted by myofibroblasts (14). During the repair of
damaged tissue, metabolic reprogramming of mesenchymal
cells occurs to provide energy for cell proliferation and raw
materials for cell generation (15). In liver fibrosis, the acti-
vation and proliferation of hepatic stellate cells (HSCs) is
critical (16). HSCs are activated when the liver is stimulated
by chronic injury or inflammation, or cytokines released by
hepatocytes, lymphocytes, Kupffer cells (KCs) and endothe-
lial cells (8). When HSCs are stimulated, activated quiescent
HSCs transdifferentiate into a myofibroblast phenotype with
high proliferative and migratory capacity that expresses ECM
components such as a-smooth muscle actin (a-SMA) and
collagen types I and II (8). The large amount of ECM secreted
by myofibroblasts accumulates in large quantities outside the
cell, causing remodeling of the liver structure, which is a key
factor in the development of liver fibrosis (5). Aerobic glycol-
ysis is an important metabolic pathway for activated HSCs
in liver fibrosis, a phenomenon similar to the Warburg effect
in cancer cells (17). Although glycolysis produces ATP less
efficiently, it can meet the energy and material requirements
of highly proliferative HSCs and the inhibition of aerobic
glycolysis may reduce the activation of HSCs and attenuate
liver fibrosis (3,18).

By reviewing the general properties of PFKFB3, the
relationship between PFKFB3 and glycolysis, the role of
PFKFB3-mediated glycolysis in liver fibers and the current
applications of PFKFB3, this paper discusses the control of
the process of liver fibrosis by inhibiting PFKFB3-mediated
glycolysis and thus provides a new approach for the treatment
of liver fibrosis.

2. Methodology

The studies cited in the present review were published
between 2011 and 2024, with the majority published between
2020 and 2024. All of the studies cited in the present review
were found in the PubMed database (https:/www.ncbi.nlm.
nih.gov) using the following key words: ‘PFKFB3’, ‘liver
fibrosis’, ‘glycolysis’, ‘hepatic stellate cells’, ‘metabolic
reprogramming’, ‘macrophages’, ‘lymphocytes’, ‘hepatic
sinusoidal endothelial cell’ and ‘endothelial mesenchymal
transition’.

3. General characteristics of PFKFB3

The PFKFB3 protein is a homodimer of 520 amino acids with
a molecular weight of ~60 kDa (19). The monomeric structure
of PFKFB3 is divided into two functional domains within
the same polypeptide chain (20). The C-terminal domain of
PFKFB3 contains the bisphosphatase activity of the enzyme,
which catalyzes the hydrolysis and degradation of F-2,6-BP
to F-6-P and inorganic phosphate. The N-terminal domain
is responsible for the synthesis of F-2,6-BP from F-6-P and
adenosine triphosphate (ATP). The bifunctional PFKFB
family controls the steady-state intracellular concentra-
tion of F-2,6-BP (21). This family contains four isozymes,
PFKFBI-4 (22). Although the sequence homology of the
core catalytic domains of these isozymes is high (85%), they
have different properties in terms of their tissue expression
profiles, ratios of kinase/phosphatase activities, and responses
to protein kinase, hormones and growth factor signals (19,23).
PFKFB3 is the most important of the PFKFB. One of the
bifunctional isozymes encoded by the PFKFB3 gene has
the highest kinase:phosphatase activity ratio (710:1), which
maintains a high rate of glycolysis and thus provides high-rate
energy support (24).

PFKFB3 protein can be expressed ubiquitously in organ-
isms, with elevated expression levels in proliferating tissues,
transformed cells, solid tumors and leukemia cells (25). The
expression of the PFKFB3 protein is significantly upregulated
during the DNA synthesis phase of the mitotic cycle and in
tissues stimulated by injurious factors such as inflammation
and hypoxia (9). In addition to its involvement in the regulation
of glycolysis by modulating the synthesis and catabolism of
F-2.6-BP, PFKFB3 is also involved in the regulation of glucose
metabolism via the PPP (9). In the presence of excess reac-
tive oxygen species (ROS), PFKFB3 is inactivated, leading to
a shift in glucose utilization from glycolysis to the PPP (9).
This allows cancer cells to use glucose to synthesize anti-
oxidants, such as NADPH and glutathione, to reduce oxidative
stress-induced cellular damage (26).

The regulation of PFKFB3-mediated glycolysis can be
achieved by modulating the transcription and translation of
the PFKFB3 gene. In a previous study, activation of mamma-
lian target of rapamycin (mTOR) signaling was shown to
upregulate PFKFB3 gene transcription in a hypoxia-inducible
factor-1a-dependent manner (27). In addition, PFKFB3 mRNA
transcription is also directly regulated by the estrogen receptor
(ER), and estradiol promotes glucose uptake and glycolysis
in cells with ER by inducing PFKFB3 transcription (28).
Steroid receptor coactivator-2 and the progesterone receptor
have been shown to bind to the progesterone response element
within the PFKFB3 promoter, which activates transcription of
the PFKFB3 gene in human endometrial stromal cells (29).
Stimuli such as NaCl, H,0,, UV radiation and anisomycin
can regulate PFKFB3 transcription by binding to the serum
response element in the PFKFB3 promoter via serum response
factor (30). In addition to transcriptional control, during
mitosis, AMP-activated protein kinase (AMPK) signaling
promotes the translation of PFKFB3 mRNA by engaging
the cytoplasmic polyadenylation element in the 3'-untrans-
lated region (3'-UTR) of the PFKFB3 mRNA (31). Multiple
posttranslational modifications of PFKFB3 regulate glucose
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use, and PFKFB3 protein levels, subcellular localization and
activity are largely influenced by posttranslational modifica-
tions (32).

PFKFB3 protein and mRNA are highly expressed in
patients with prostate, gastric, colon and breast cancers and
play important roles in tumor cell proliferation, migration
and invasion in gastric, colon and breast cancers (19,33,34).
PFKFB3 is also involved in the regulation of neoangiogenesis
by promoting glycolysis in vascular endothelial cells, and the
upregulation of PFKFB3 mediates glycolytic reprogramming
in pulmonary fibrosis (13). Studies have shown that the use
of 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO), a
PFKFB3 inhibitor, or disruption of the PFKFB3 genome
inhibits PFKFB3-mediated glycolysis. Thus, the differentiation
of lung fibroblasts into myofibroblasts is suppressed, reducing
the profibrotic phenotype in myofibroblasts from patients with
idiopathic pulmonary fibrosis (35). In addition, in myocar-
dial infarction studies, PFKFB3 expression was found to be
significantly increased in the region of myocardial infarction.
Furthermore, the expression of collagen and fibronectin in the
heart was reduced and cardiac fibrosis was attenuated after
myocardial infarction after treatment with 3PO (10). PFKFB3
also promotes immune activation of vascular endothelial cells,
induces an acute inflammatory response and participates in
the formation of endothelial immune memory, leading to
long-term endothelial inflammatory injury, affecting the blood
supply of injured tissues and regulating the pathogenesis
of renal fibrosis (36). As a glucose metabolism-regulating
enzyme, the structural features of PFKFB3 determine its
role in the synthesis and hydrolysis of F-2,6-BP and F-6-P,
which are important intermediates of glucose metabolism.
Analyzing the role and mechanism of action of PFKFB3 in
glucose metabolism can provide new targets for the treatment
of glucose metabolism-related diseases.

4. Relationship between PFKFB3 and glycolysis

In normal cells, glycolysis converts glucose to pyruvate and
produces ATP, whichreduces NAD*to NADH (37). The conver-
sion of pyruvate to acetyl coenzyme A in the oxygen-rich state
enters the tricarboxylic acid cycle for oxidation to CO, and
H,0, the production of ATP and the final reduction of pyru-
vate to lactate in the anaerobic state (38). The metabolites of
glycolysis can enter the anabolic pathway to produce NADPH
and the raw materials needed for glycogen, lipid, nucleotide
and protein synthesis (38). Under oxygen enrichment, the
primary function of glycolysis is to produce intermediate
metabolites that provide source materials for biosynthetic
pathways, whereas under hypoxia, the primary role of glycol-
ysis is to provide ATP for cell survival (37). Tumor cells, even
under oxygen-rich conditions, exhibit high glycolytic activity
and produce lactate by activating lactate dehydrogenase and
inhibiting pyruvate metabolism in mitochondria (39). This
phenomenon was first observed by Otto H. Warburg in the
early twentieth century and is known as the Warburg effect
or aerobic glycolysis (40). A recent study suggested that under
aerobic conditions, both normal proliferating cells and cancer
cells increase metabolic flux through glycolysis and related
biosynthetic pathways (41). The process of cell proliferation
involves the de novo synthesis of macromolecules such as
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lipids and nucleotides, and intermediates of glycolysis are
precursors of these anabolic pathways (37).

Hexokinase 2, phosphofructokinase 1 (PFK1), and
M2-type pyruvate kinase are three key enzymes of glycol-
ysis (42). Control of the glycolytic process can be achieved
through the regulation of key enzymes of glycolysis, and the
F-2,6-BP produced by PFKFB3 is the most potent metabolic
activator of PFK-1. Numerous studies have shown that the
regulation of cellular glycolytic flux can be achieved through
the intervention of transcriptional and translational processes,
as well as protein modification of PFKFB3 (22). Glycolysis
occurs mainly in the cytoplasm and the PFKFB3 protein in the
cytoplasm can be phosphorylated by different protein kinases.
Phosphorylated PFKFB3 activates PFK-1 and promotes an
increase in cellular glycolytic flux by facilitating the F-2,6-BP
transition (13,43). PFKFB3 in the cytoplasm contains a
nuclear localization signal (NLS) that transports PFKFB3
to the nucleus, where it regulates cell cycle progression and
DNA repair under specific conditions (44). However, when
the Lys472/473 site of the PFKFB3 protein is acetylated, NL.S
recognition is blocked and PFKFB3 is unable to move to the
nucleus, thus accumulating in the cytoplasm and promoting
an increase in cellular glycolysis (45). Similar to acetylation,
when the Argl31/134 sites of PFKFB3 are methylated, the
stability of the PFKFB3 protein increases and degradation
decreases, resulting in an increase in the cytoplasmic content of
PFKFB3 and thus promoting an increase in cellular glycolytic
flux (46,47). Therefore, by blocking the NLS of the PFKFB3
protein, the intranuclear translocation of PFKFB3 can be
prevented, thereby increasing its intracytoplasmic content and
enhancing cellular glycolysis (45). In addition, AMPK can
control glycolytic flux through the mitotic-specific promotion
of PFKFB3 translation and the phosphorylation of PFKFB3
at the Ser461 site (32). PFKFB3 is a key factor in the control
of glycolytic flux. Reducing PFKFB3 levels inhibits glucose
consumption, inhibits lactate production and promotes prema-
ture death of mitotic cells (31). PPP is a glucose metabolic
pathway that parallels glycolysis, converting glucose-6-phos-
phate (G-6-P) to ribulose 5-phosphate and producing NADPH
and raw materials for the synthesis of ribulose 5-phosphate,
and the inhibition of PFKFB3 shifts glucose metabolism
from the glycolytic flux to PPP (26). ROS induce inactivation
of PFKFB3, shifting metabolism from glycolysis to the PPP
and promoting NAPDH production and ROS detoxifica-
tion (48,49). A study has shown that in HSCs, the cytoplasmic
polyadenylation element (CPE) of the 3'-UTR of PFKFB3
mRNA recruits CPE-binding protein (CPEB), which promotes
the translation of PFKFB3 mRNA and that the upregulation of
PFKFB3 through the CPEB4-PFKFB3 pathway can promote
glycolysis in HSCs (22). In addition, the Fascin (a prometastatic
actin-bundling protein) Yesl-associated transcriptional regu-
lator-PFKFB3 signaling pathway can also increase glycolytic
flux in tumor cells and promote tumor invasion and metastasis
by promoting PFKFB3 transcription (Figs. 1 and 2) (50,51).

5. Relationships between PFKFB3-mediated glycolysis and
liver fibrosis

Occurrence and regulation of liver fibrosis. Liver fibrosis is a
dynamic developmental process. This process mainly involves
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Figure 1. Functions of PFKFB3 in cells. The PFKFB3 protein is mainly located in the cytoplasm. In the cytoplasm, PFKFB3 is phosphorylated by a series of
kinase proteins and promotes glycolysis by modulating and maintaining the production of F-2,6-BP to allosterically activate the glycolytic enzyme PFK-1.
Cytoplasmic PFKFB3 contains an NLS, allowing it to traffic to the nucleus, where it participates in controlling cell cycle progression and DNA repair in
specific contexts. However, acetylation prevents NLS recognition and promotes PFKFB3 cytoplasmic retention. PFKFB3 S-glutathionylation and ubiqui-
tination are also important factors in the mechanism of PFKFB3. Glutathionylation and ubiquitination inactivate PFKFB3 and lead to a shift in glucose
utilization from glycolysis to the PPP. PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3; NLS, nuclear localization signal; PPP, pentose
phosphate pathway; MCTs, monocarboxylate transporters; GLUTSs, glucose transporters; F-2,6-BP, fructose-2,6-bisphosphate; PFK-1, phosphofructokinase 1;
ATP, adenosine triphosphate; NADPH, nicotinamide adenine dinucleotide; R-5-P, ribose 5-phosphate.

chronic hepatocellular injury, damage to the epithelial or
endothelial barrier, the release of inflammatory cytokines,
the recruitment of bone marrow-derived inflammatory cells,
the production of TGF-p by macrophages, the activation of
hepatic myofibroblasts, the overproduction of ECM [mainly
collagen type I (COL1A1), and the formation of fibrous
scarring (7,15). Current research on liver fibrosis focuses on
the reversal of liver fibrosis. Numerous clinical studies have
shown that liver fibrosis is reversible in human patients and
animal models (52,53). After removal of chronic liver injury
factors, regression of liver fibrosis is associated with decreased
production of proinflammatory or profibrotic cytokines,
increased collagenolytic activity, disappearance of hepatic
myofibroblasts, inhibition of ECM production and dissolu-
tion of fibrous scarring (7,54). During liver injury, HSCs
are activated and transdifferentiate into collagen-producing
myofibroblasts (16). In chronic liver disease, profibrotic fibro-
blasts are present, and an imbalance between profibrotic and
antifibrotic mechanisms leads to overactivation of HSCs and
accumulation of ECM (55,56). The liver enters an antifibrotic
phase, or profibrotic phase dependent on the regulation mainly
by nonparenchymal cells, such as KCs and other immune
cells (57). Hepatocyte apoptosis and damage-associated

molecular patterns (DAMPs) not only directly activate HSCs
but also induce the recruitment and activation of lymphocytes
and macrophages (58). These cells produce proinflammatory
and profibrotic cytokines that promote the activation of HSCs
to transdifferentiate into myofibroblasts (54). Matrix metal-
loproteinases (MMPs) are antifibrotic factors and certain
macrophages can produce MMPs involved in the regression
of liver fibrosis (59,60). Different cytokines are involved in the
regulation of liver fibrosis through different signaling pathways.
Current studies have shown that the TGF-f, platelet-derived
growth factor (PDGF) and inflammatory vesicle (NLR
family pyrin domain containing 3)-Caspasel pathways and
WNT/B-linker protein signaling are the key signaling pathways
associated with the activation of HSCs and the progression of
liver fibrosis (61-64). TGF-1 plays a key role in the activation
of HSCs and is secreted by a variety of cells, including hepa-
tocytes, KCs, hepatic sinusoidal endothelial cells, bile duct
epithelial cells and HSCs (65). TGF-p1 promotes the synthesis
of ECM by HSCs while also inhibiting MMP synthesis and
thus ECM degradation (66). PDGF is the strongest mitogen
in HSCs and TGF-B1 can stimulate the expression of the
PDGEF receptor in HSCs, thereby enhancing the role of PDGF
and promoting HSC proliferation (67). TGF-f can also drive
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Figure 2. Glycolytic cycle. Glycolysis is an ancient metabolic pathway that converts glucose into pyruvate. GLUTs transfer proteins located on the cell
membrane and uptake extracellular glucose. Cytoplasmic glucose is phosphorylated by HK, the first rate-limiting enzyme of glycolysis, to form G-6-P.
G-6-P is then rearranged into F-6-P by glucose phosphate isomerase. F-6-P is then irreversibly converted to F-1,6-BP under the catalysis of PFK-1, the main
rate-limiting enzyme of glycolysis. F-2,6-BP, a product of the reaction catalyzed by PFKFB3, is the most potent positive allosteric effector. Then, following a
series of reversible enzymatic reactions, F-1,6-BP is converted to PFKFB3, which is the most potent positive allosteric effector of PFK-1. In addition, NADH
and ATP are generated in these reactions. Finally, PEP is phosphorylated by PK, the third rate-limiting enzyme of glycolysis, to form pyruvate and a molecule
of ATP. In the absence of oxygen, pyruvate is converted to lactate under the catalysis of LDH. Lactate is then transported extracellularly through MCTs. In the
presence of oxygen, pyruvate enters the mitochondria for the TCA cycle. GLUTS, glucose transporters; HK, hexokinase; G-6-P, glucose 6-phosphate; PFKFB3,
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3; PEP, phosphoenolpyruvate; PK, pyruvate kinase; LDH, lactate dehydrogenase; MCTs, monocarbox-
ylate transporters; TCA, tricarboxylic acid; GDL-6-P, 6-phosphogluconolactone; G6PD, glucose-6-phosphate dehydrogenase; NADPH, nicotinamide adenine
dinucleotide; R-5-P, ribose-5-phosphate; PPP, pentose phosphate pathway; HK, hexokinase 2; F-6-P, fructose-6-phosphate; PFK-1, phosphofructokinase 1;

F-1,6-BP, fructose-1,6-bisphosphate; F-2,6-BP, fructose-2,6-bisphosphate; ADP, adenosine diphosphate; ATP, adenosine triphosphate.

the activation of HSCs in a Smad2- or Smad3-dependent
manner (68). In addition, connective tissue growth factor and
IL-13 promote COL1A1 expression in activated HSCs through
a TGF-pl-independent pathway (69). During the progression
of hepatic fibrosis, the control of hepatic fibrotic processes can
be achieved by regulating the cells and cytokines involved in
hepatic fibrosis-related processes. Cellular glycolysis provides
energy and raw materials for cell proliferation and cytokine
release (3). By controlling glycolysis in cells involved in liver
fibrosis, glycolysis may regulate the liver fibrosis process
and provide a new way of treating liver fibrosis. During the
progression of hepatic fibrosis, the control of hepatic fibrotic
processes can be achieved by regulating the cells and cyto-
kines involved in hepatic fibrosis-related processes. Cellular
glycolysis provides energy and raw materials for cell prolif-
eration and cytokine release (3). By controlling glycolysis in
cells involved in liver fibrosis, glycolysis may regulate the liver
fibrosis process and provide a new way of treating liver fibrosis
(Fig. 3).

Role of PFKFB3-mediated glycolysis in liver fibrosis cells

PFKFB3-mediated regulation of glycolysis in HSCs in liver
fibrosis. HSCs in the normal liver are quiescent, nonprolif-
erative, periportal, hepatic sinusoidal cells (70). During liver

injury, HSCs are activated and transdifferentiate into myofi-
broblasts with contractile and proliferative properties (16).
Activated HSCs produce many myofibroblasts and large
amounts of ECM components, such as collagen types I, III and
IV, fibronectin, laminin, proteoglycans and proinflammatory
factors (70). Activated HSCs express high levels of a-SMA
and tissue inhibitor of metalloproteinase 1, which promotes
phenotypic switching of HSCs and facilitates the progression of
fibrosis (56). In advanced fibrosis, the contraction of numerous
activated HSCs and myofibroblasts promotes hepatic sinusoidal
contraction, which affects the blood flow and nutrient exchange
while accelerating hepatic dysfunction (70,71). Fibrosis
regression is associated with the inactivation and apoptosis
of HSCs and myofibroblasts (72,73). The regulation of HSC
death is an important mechanism to resolve hepatic fibrosis,
and tumor necrosis factor (TNF)-related apoptosis-inducing
ligand-mediated apoptosis of HSCs has been associated with
the improvement of hepatic fibrosis (74). The activation of
HSCs is characterized by accelerated cell proliferation and
increased ECM secretion, with aerobic glycolysis providing
the substances and energy required for cell proliferation and
phenotypic transformation (64,75).

A study by Mejias et al (22) suggested that PFKFB3 protein
expression is higher in hepatic fibrotic tissues than in normal
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Figure 3. PFKFB3-mediated glycolysis regulates liver fibrosis. In liver fibrosis, substances such as collagen I/I1I/IV and a-SMA are produced after HSCs are
activated, which promotes the accumulation of ECM in the liver and promotes the formation of liver fibrosis. HSCs can also secrete ICAM-1 and VCAM-1
to interact with immune cells and promote the formation of fibrosis. M1 macrophages can promote the progression of inflammation in the liver, promote the
formation of liver fibrosis, and some macrophages can also show anti-inflammatory properties and secrete IL10, TGF-§ and MMP to promote the degradation
of ECM and the regression of liver fibrosis. Hepatic sinusoidal endothelial cells can undergo capillary vascularization to promote the formation of liver fibrosis,
and can also secrete proinflammatory factors to promote the activation of HSCs and promote the formation of liver fibrosis. PFKFB3-mediated glycolysis
regulates liver fibrosis by regulating the biosynthesis and proliferation activation of LSECs, HSCs, lymphocytes and macrophages in liver fibrosis. PFKFB3,
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3; SMA, smooth muscle actin; HSC, hepatic stellate cell; ECM, extracellular matrix; ICAM, intracel-
lular adhesion molecule; VCAM, vascular cell adhesion molecule; LSEC, liver sinusoidal endothelial cells; IL-6, interleukin 6; TGF-f, transforming growth
factor ; IL-17, interleukin 17; PI3K-Akt, phosphoinositide 3-kinase-Akt; TIMPI, tissue inhibitor of metal protease 1; TNF-a, tumor necrosis factor o ; M1,
proinflammatory macrophages; TGF-f, transforming growth factor §; LMO7, LIM domain only 7; JMJD3, jumonji structural domain-containing protein 3;

M2, anti-inflammatory macrophages; MMP, matrix metalloproteinases; DAMP, damage-associated patterns of hepatocyte release.

livers and that PFKFB3-positive cells accumulate mainly in
oxygen-rich fibrotic liver regions, supporting the abnormally
high rate of glycolysis in activated HSCs. 3PO significantly
reduces F-2,6-BP in LX2 human HSCs, markedly attenuates
LX2 glycolytic flux and inhibits LX2 activation (22). Of note,
this phenomenon suggests that PFKFB3 overexpression in
liver fibrosis causes activated HSCs to undergo a high rate
of glycolysis without the induction of a hypoxic environ-
ment. Mechanistically, PFKFB3 promotes the translation of
PFKFB3 mRNA through the binding of the RNA-binding
protein CPEB4 to the CPE within the 3'-UTR of the PFKFB3
mRNA, increasing the PFKFB3 content and thus enhancing
glycolysis in HSCs (22). This study revealed that the increase
in PFKFB3 protein-mediated glycolytic flux is an important
feature of HSC activation in liver fibrosis and that the upregu-
lation of PFKFB3 accelerates the onset of glycolysis in HSCs,
provides biosynthetic raw materials and fuels for the prolifera-
tion, activation and phenotypic transformation of HSCs, and
accelerates the process of liver fibrosis. In liver regeneration
(LR) studies, after partial hepatectomy (PHx), HSCs exhib-
ited high glycolytic metabolic flux and increased PFKFB3
expression in the liver and cells, and LR after PHx involved
the activation of PFKFB3 in HSCs, as well as an increase in
PFKFB3 to promote the production of the glycolysis product
lactic acid, which promotes the proliferation of HSCs through

the p38/ERK MAPK signaling pathway (76). In addition, the
use of PDGF increased the protein levels of PFKFB3, the
extracellular acidification rate (ECAR) and lactate in LX2 cells
and decreased PFKFB3 expression. It significantly reduced
the PDG-induced ECAR and lactate production, which
contrasts with the findings of previous studies on pulmonary
artery smooth muscle cells. Smooth muscle cells treated with
PDGF exhibited a significant increase in PFKFB3 expression
(Table I) (76,77).

PFKFB3-mediated regulation of glycolysis in hepatic
macrophages in liver fibrosis. Hepatic macrophages play
important roles in hepatic inflammation and fibrosis and
consist mainly of liver-resident KCs and bone marrow-derived
monocytes (78). Control of inflammatory progression and
macrophage activation in liver injury is critical for regulating
the development of liver fibrosis (56). Macrophages can be
categorized as proinflammatory macrophages. Macrophages
can be divided into proinflammatory macrophages (M1) and
immunomodulatory cells (M2). M1 macrophages are char-
acterized by the expression of proinflammatory cytokines
(TNF-a, IL-1p and IL-6), whereas M2 macrophages express
anti-inflammatory mediators (IL-4) (79). M1 and M2 macro-
phages coexist and play different roles at different stages
of liver fibrosis. Proinflammatory factors stimulate KCs to
polarize to the M1 phenotype, secrete proinflammatory factors
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Table I. Role of PFKFB3-mediated glycolysis in liver fibrosis cells.

Mechanism of

Cell type Role of cells in liver fibrosis PFKFB3-mediated regulation of glycolysis (Refs.)

HSC Produces extracellular matrix components Promotes lactate production, HSC activation (22,70,71,76)
as well as pro-inflammatory factors that ~ and the p38/ERK MAPK/PFKFB3 signaling
promote hepatic sinusoidal contraction. pathway for cell proliferation.

Macrophage M1 is pro-inflammatory and promotes the c¢-Rel/PFKFB3 and miR-193a-3p/PFKFB3 are (78,79,81,
activation of HSCs. M2 is involved in the regulation of inflammation and 84,85,87,88)
anti-inflammatory and produces MMP, fibrosis. The LMO7/PFKFB3/IMJD3 axis
which is involved in the regression of regulates M 1. Regulates lactate levels in the
fibrosis. environment in which M2 is located.

Lymphocyte  Secretion of pro-fibrotic factors and PI3K/Akt/PFKFB3 regulates lymphocyte (91-98.100)
amplification of tissue damage. proliferation. Involved in the regulation of

CD4* T metabolism; a decrease in the
PFKFB3:G6PD ratio pushes cells toward
the pentose phosphate pathway.

Endothelial Secretion of vasoactive substances, Promotes CXCLI1 expression and pro-vascular (115-118)

cells of the modulation of immunity and activation signaling. Increases endothelial-to-mesenchymal

liver sinusoids of HSCs; maintenance of HSC transition-related vascular remodeling. Inhibition
quiescent phenotype in healthy liver. of PFKFB3 quiesces proliferating endothelial cells.

Myofibroblast Not present in normal liver, activated Downregulation of PFKFB3 inhibits (119-122)

in liver injury.

TGF-p-induced activation of myofibroblast cells.

PFKFB3 expression is regulated by fibroblast
positive feedback.

PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3; HSC, hepatic stellate cell; miR, microRNA; CXCL1, C-X-C motif
chemokine ligand 1; ECM, extracellular matrix; ERK, extracellular regulated protein kinases; MAPK, mitogen-activated protein kinases; M1,
proinflammatory macrophages; M2, anti-inflammatory macrophages; MMP, matrix metalloproteinases; LMO7, LIM domain only 7; JMJD3,
jumonji structural domain-containing protein 3; G6PD, glucose-6-phosphate dehydrogenase; TGF-p, TGF-f3, transforming growth factor f3.

and ROS, and promote the recruitment of other immune cells
to induce an inflammatory cascade response that further
accelerates hepatic injury, whereas M2 KCs mediate inflam-
mation abatement and participate in tissue remodeling through
the secretion of immunomodulatory mediators (80). In the
early stages of liver injury, proinflammatory macrophages
play an important role, the recruitment of proinflammatory
cells drives liver inflammation and the reciprocal stimulation
of inflammatory cells and HCSs promotes the progression
of liver fibrosis (79,81,82). Activated macrophages secrete
cytokines to promote the activation of HSCs, which subse-
quently produce IL-6 and other cytokines that perpetuate
profibrotic macrophage activity (81,82). During liver injury,
certain macrophages exhibit anti-inflammatory features; these
macrophages respond to IL-10, IL-4 and IL-13 and secrete
anti-inflammatory mediators such as IL-10 and TGF-f.
Certain macrophages exhibit a pro-wound healing phenotype
characterized by the production of MMPs, which are involved
in matrix degradation and regression of fibrosis (79,81).

In recent years, metabolic studies have revealed that
specific metabolic pathways of macrophages are closely
related to their phenotype and function and that in the physi-
ological state, macrophages use oxidative phosphorylation as
their main metabolic pathway (83). In physiological states,
macrophages use oxidative phosphorylation as their main

metabolic pathway (83). In the early stage of liver injury, when
macrophages are stimulated by inflammation, the metabo-
lism of proinflammatory macrophages (M1) is dominated
by glycolysis, which meets the energy demands of the rapid
inflammatory response, whereas anti-inflammatory macro-
phages (M2) are more dependent on mitochondrial oxidative
phosphorylation (OXPHOS) (84). PFKFB3, a key regulator of
macrophage glycolysis, is upregulated in macrophages after
LPS stimulation and promotes proinflammatory cytokine
production (85). A study by Leslie et al (86) revealed that
damage to c-Rel, an NF-«kB activator, promotes the expres-
sion of PFKFB3 in macrophages and that c-Rel/PFKFB3
is involved in the regulation of metabolism required for
inflammatory and fibrotic activities in macrophages.
Fuhrman and Briine (87) reported that microRNA-193a-3p
promotes Akt phosphorylation and that upregulation in human
macrophages during hypoxia-induced glycolysis, PFKFB3
activation promotes glycolysis. Zhang et al (88) suggested that
endothelial cell deletion of PFKFB3 reduces lactate, a product
of glycolysis, and that the environment in which macrophages
live is reduced in terms of lactate and fails to maintain the
M2-like macrophage phenotype, which in turn inhibits tissue
repair. Duan et al (85) suggested that LIM domain only 7
(LMOY7) binds to and induces the ubiquitination and degra-
dation of PFKFB3 and that LMO7 is downregulated in M1
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macrophages. PFKFB3 is required for the expression of the
histone demethylase Jumonji structural domain-containing
protein 3 (JMJD3), and the LMO7/PFKFB3/IMJD3 axis
plays a key role in regulating macrophage function (85).
The progression of M1-mediated hepatic fibrosis is further
regulated via the regulation of PFKFB3-mediated glycolysis
in M1 macrophages (84,85). In addition, although OXPHOS
is the main mode of action in the metabolism of M2 cells,
lactate production by PFKFB3-mediated glycolysis in endo-
thelial cells can regulate the lactate level of the environment
in which M2 cells are located by shuttling lactate between
cells, modulating the role of M2 cells in the process of liver
fibrosis (84,88).

PFKFB3-mediated regulation of glycolysis in lymphocytes
in liver fibrosis. Chronic liver injury induces the production of
proinflammatory factors and leukocyte infiltration in the suben-
dothelial space (16). Inhibition of hepatic lymphocyte recruitment
reduces the fibrogenic response (89,90). In fibrosis, myofi-
broblasts secrete cytokines such as IL-6, hepatocyte growth
factor and TGF-p to promote lymphocyte migration (89).
Type 2 T-helper cells participate in fibrosis development by
stimulating profibrotic gene expression in myofibroblasts and the
synthesis of immunomodulatory mediators in macrophages (91).
IL-17-producing CD4+ T cells and regulatory T cells (Tregs) have
also been identified as effector cells in hepatic fibrogenesis (89).
IL-17 expression is upregulated in hepatic fibrotic tissues and
promotes proinflammatory cytokine expression, liver injury and
fibrosis (92). Increased Treg populations are observed in patients
with liver fibrosis, which may further promote fibrosis through
the secretion of IL-8 and EGFR (89,93,94). Lymphocytes may
promote fibrosis by secreting profibrotic cytokines or amplifying
tissue damage (95).

The process of lymphocyte proliferation activation
requires the coordination of cell signaling cascades and meta-
bolic enzymes to express and secrete inflammatory factors, a
process that involves aerobic glycolysis in lymphocytes (96). In
proliferating T lymphocytes, the energy and raw materials for
cell proliferation are derived mainly from glycolysis (96,97).
Lymphocyte activation is associated with an increase in the
level of intracellular F-2,6-BP, which is the most potent metabo-
tropic activator of PFK-1, and PFKFB3 regulates F-2,6-BP
levels (98). A study by Simon-Molas et al (99) revealed that the
regulation of glycolysis during lymphocyte proliferation and
activation could be achieved via PFKFB3 regulation through
the PI3K-Akt signaling pathway in activated T lymphocytes.
In activated CD4" T cells, which were fed mainly by glycolysis
and oxidative phosphorylation, PFKFB3 is involved in regu-
lating the metabolic pattern of activated CD4* T cells (100).
A decrease in the ratio of PFKFB3 to G6PD pushes the cells
toward the pentose phosphate pathway (100). Lymphocytes play
a profibrotic role in hepatic fibrosis by secreting proinflamma-
tory factors and interacting with endothelial cells to promote
tissue damage (92). PFKFB3-mediated glycolysis regulates
lymphocyte activation and modulates the pattern of cellular
metabolic reprogramming, which in turn regulates the secre-
tion of inflammatory factors by lymphocytes and is involved
in the regulation of fibrosis-associated diseases (100). Previous
studies have shown that PFKFB3-mediated glycolysis has an
important role in liver fibrosis (22). However, whether the
involvement of PFKFB3 in the regulation of fibrosis is related

to its involvement in the regulation of lymphocyte glycolysis in
the liver has not been addressed. PFKFB3-mediated glycolysis
regulates lymphocyte function (101), which, in combination
with the role of lymphocytes in liver fibrosis, may provide new
insights for further exploration of whether PFKFB3-mediated
glycolysis is involved in the regulation of liver fibrosis by
modulating the metabolism of lymphocytes (Table I).
PFKFB3 mediates the regulation of hepatic sinusoidal
endothelial cell glycolysis in liver fibrosis. Liver sinusoidal
endothelial cells (LSECs) are the gateway to the liver and play
an important role in the etiopathogenesis of liver fibrosis by
generating pathologic blood vessels involved in hepatic tissue
repair and inflammation (102). LSECs secrete vasoactive
substances involved in the regulation of vascular tone and
act as apoptotic cells to regulate immune dynamic homeo-
stasis (103). During liver injury, LSECs go through phenotypic
and functional changes and undergo capillarization into
hepatic sinusoids, which have provasoconstrictive, proinflam-
matory and prothrombinogenic functions (104). During liver
fibrosis, hepatic fibrosis enhances angiogenesis and hepatic
angiogenesis exacerbates hepatic fibrosis (105). As the capil-
larization of LSECs allows the proper oxidation of hepatocytes
to be dysregulated, apoptosis and necrosis occur, leading to
the secretion of DAMPs (106). DAMP- and LSEC-derived
factors activate HSCs, and activated HSCs produce excess
ECM and promote fibrosis (107). During chronic hepatitis C
virus infection, LSECs maintain their phenotype and capil-
lary action is induced only in the initial stages of fibrosis (108).
The main features of NASH are inflammation, steatosis,
hepatocellular injury and fibrosis (109). LSECs also undergo
capillarization in the early stages of nonalcoholic fatty liver
disease (NAFLD) (110). Dysfunctional LSECs affect the state
of intrahepatic microcirculation, resulting in increased hepatic
vascular resistance, which leads to portal hypertension and
steatosis, and contributes to the progression of NAFLD to
NASH (111). Dysfunctional LSECs also produce profibrotic
molecules, such as TGF-f3, which promote the activation of
HSCs, thereby increasing ECM production and endothelial
vasoconstriction in the hepatic sinusoids and accelerating the
development of liver fibrosis (112). LSECs in healthy livers
maintain a quiescent HSC phenotype, which is lost in capillar-
ized LSECs (105). A recent study has shown that myofibroblasts
in fibrotic diseases can originate from endothelial cells and
acquire a mesenchymal phenotype through EndoMT (113).
The TGF-f-Smad signaling pathway is the most important
transduction pathway regulated by EndoMT (114). The
TGF-B-Smad signaling pathway is the most important pathway
for EndoMT regulation (114). EndoMT also occurs in patients
with cirrhosis and in experimental mice with liver fibrosis.
Prevention of the TGF-f-Smad signaling pathway reduces
EndoMT and attenuates the development of liver fibrosis (113).
In a study by Greuter et al (115), liver fibrosis was
attenuated in a mouse model of carbon tetrachloride-induced
liver fibrosis after treatment with the PFKFB3 inhibitor
3PO. Mechanistically, during liver fibrosis, glycolysis
promotes C-X-C motif chemokine ligand 1 expression by
altering nuclear pores and increasing NF-kB translocation.
Furthermore, glycolytic enzymes promote inflammation,
fibrosis and portal hypertension by secreting vascular signals
in stiffness-induced vessels (115). Edema and inflammation
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lead to increased stiffness of hepatic tissue and promote
hepatic fibrosis (116). Liver stiffness induces the recruitment
of glycolytic enzymes, particularly PFK-1, to focal adhe-
sions, and glycolysis is increased in cells with endothelial cell
migration and angiogenesis (115). Glycolytic enzymes are
involved in vascular secretory signaling induced by vascular
stiffness in hepatic sinusoidal endothelial cells and may serve
as drug targets in early liver disease (115). In studies of renal
fibrosis, PFKFB3-mediated increases in glycolysis can drive
EndoMT in renal capillary endothelial secretions (117). The
glycolysis-mediated TGF-B-Smad pathway has also been
shown to induce EndoMT in a study on vascular remodeling,
where inhibition of PFKFB3 activity was observed to affect
EndoMT-related arterial remodeling (114). PFKFB3 plays an
important role in manipulating endothelial phenotypic changes
and PFKFB3-driven glycolysis is involved in pathologic angio-
genesis by affecting vascular sprouting as well as endothelial
proliferation and migration (9). Wei et al (113) also suggested
that high mobility group box 1 induces EndoMT in LSECs
but only in the ECM of umbilical vein endothelial cells, but
there is no study on whether LSECs can also differentiate into
myofibroblasts, to the best of our knowledge. The inhibition of
PFKFB3 was shown to quench proliferating endothelial cells
to maintain phenotypic homeostasis (118). Although most find-
ings concerning PFKFB3 have been reported in the context of
vascular sprouting manipulations, these events also suggest a
potential role for PFKFB3 in the control of EndoMT, consid-
ering that endothelial cells are largely dependent on glycolysis
to support cell growth and differentiation (9). By inhibiting
PFKFB3-mediated glycolysis, the capillarization of LSECs,
generation of vascular secretory signals and EndoMT, and
activation of HSCs can be reduced, thereby reducing hepatic
inflammation, fibrosis and portal hypertension (Table I).
PFKFB3 regulates glycolysis in myofibroblasts in liver
fibrosis. Myofibroblasts are not present in the normal liver;
however, myofibroblast activation occurs in chronic liver
injury (119). The activation of myofibroblasts is an important
part of the hepatic fibrosis mechanism and resident hepatic
mesenchymal stromal cells, activated HSCs and activated
portal fibroblasts are the main contributors of myofibroblasts
in fibrotic livers (119,120). TGF-f is a key factor in myofi-
broblast activation, and in a recent study on fibrosis, it was
shown that glycolysis can be inhibited by downregulating the
expression of PFKFB3, thereby ameliorating TGF-f-induced
myofibroblast activation (121). Mechanistically, studies in
both pulmonary and renal fibrosis suggest that the inhibition
of PFKFB3, which reduces the level of the glycolytic product
lactate, reduces myofibroblast activation, and activated
fibroblasts positively regulate the expression of PFKFB3 via
feedback, increasing the cellular glycolytic flux (122). Recent
studies have revealed the important role of myofibroblast acti-
vation in hepatic fibrosis and certain studies have investigated
the mechanism of PFKFB3-regulated myofibroblasts in renal
fibrosis, pulmonary fibrosis and myocardial fibrosis (122-125);
however, to the best of our knowledge, there are no specific
studies on the mechanism of PFKFB3-mediated glycolysis
in hepatic fibrosis and the related pathways. According to the
current study of glycolysis in liver fibrosis, PFKFB3-mediated
glycolysis may promote myofibroblast activation in liver
fibrosis by regulating the lactate content in cells. TGF-f3, an
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important regulator of liver fibrosis, is also a key factor in
myofibroblast activation; thus, it is not clear whether the regu-
latory pathways of PFKFB3-mediated glycolysis and TGF-f§
are relevant to the activation of myofibroblasts in liver fibrosis.
However, further studies are needed to confirm the role of
myofibroblast activation in liver fibrosis (Table I) (121,126).

6. Prospects for PFKFB3-mediated glycolysis

PFKFB3 is an important regulator of key enzymes of
glycolysis, and with recent studies on glycolysis in disease,
selective inhibition of PFKFB3 in disease has attracted the
attention of researchers (19). PFKFB3 is closely related to
cancer development, cancer cell proliferation, vascular invasive-
ness, drug resistance and the tumor microenvironment; thus,
more studies on the application of PFKFB3 in cancer have
been conducted (21,127). PFKFB3 inhibitors can effectively
regulate glycolysis in tumor cells, tumorigenesis, prolifera-
tion and therapy, providing new ideas for the development of
chemotherapeutic drugs (127). Studies on the role of PFKFB3
in tumor drug resistance and the tumor microenvironment
have revealed that PFKFB3 is associated with resistance to
rectal cancer treatment with oryzaplatin and that synergistic
PFKFB3 inhibition therapy with carboplatin and paclitaxel in
drug-resistant cell lines of gynecological cancers can reduce
tumor weight (128,129). In addition, PFKFB3 is strongly
associated with bone marrow endothelial progenitor cell injury
after chemotherapy and radiotherapy and may be a potential
therapeutic target for myelosuppressive injury in the treatment
of myelosuppression after chemoradiotherapy (130). In addition
to its application in tumor therapy, recent studies have revealed
that PFKFB3 is a specific indicator of tumor recurrence in
patients with colon cancer, which may provide a reference for
the prognosis and treatment of patients with colon cancer (131).
PFKFB3 is widely expressed in tissues and PFKFB3-mediated
glycolysis plays an important role in the genesis, development
and treatment of other diseases in addition to tumorigenesis
and therapeutic development. Recent studies have shown that
the hypoxia-inducible factor 1a-PFKFB3 pathway plays an
important role in diabetes mellitus and diabetic retinopathy and
that the use of PFKFB3 inhibitors impairs retinal neovascular-
ization. In addition, PFKFB3 has been demonstrated to have a
variety of potential protective mechanisms in the treatment of
neovascular ophthalmopathies; therefore, the use of targeted
PFKFB inhibitors may provide a new direction for exploring
therapeutic targets for neovascular ophthalmopathy (132,133).
PFKFB3-driven glycolytic reprogramming has been found to
be strongly associated with an excessive inflammatory response
and high mortality in patients with sepsis in studies of infec-
tious diseases; therefore, the use of PFKFB3 inhibitors alone,
or in combination, offers new combinatorial therapeutic targets
for the treatment of sepsis and related complications (134,135).
In autoimmune diseases, increased PFKFB3 expression has
been found to promote the development of inflammatory bowel
disease, and the use of the PFKFB3 inhibitor PFK15 effectively
reduces the infiltration of immune cells in the colon and the
severity of colitis, which provides new ideas for the exploration
of therapeutic agents for inflammatory bowel disease (136).
In rheumatoid arthritis (RA), the expression level of PFKFB3
plays different roles in different cells. Inhibition of PFKFB3
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expression in fibroblast-like synoviocytes in RA may be effec-
tive in ameliorating RA symptoms through the inhibition of
glycolysis, but forced overexpression of PFKFB3 in T cells
from patients with RA restores glycolytic flux and protects
against excessive apoptosis. Thus, using PFKFB3 inhibitors to
target PFKFB3-mediated glycolysis to treat RA is possible, but
the choice of treatment modality and dosage requires further
investigation (137).

In the study of fibrotic diseases, PFKFB3-mediated glycol-
ysis also plays an important role in the pathogenesis of renal
fibrosis, pulmonary fibrosis, myocardial fibrosis and peritoneal
fibrosis. In the pathogenesis of renal fibrosis, PFKFB3 drives
renal fibrosis by promoting histone lactylation-mediated acti-
vation of the NF-kB family (138). PFKFB3-mediated lactate, a
glycolytic product of PFKFB3, promotes the activation of renal
fibroblasts and the subsequent development of renal fibrosis;
therefore, inhibition of PFKFB3 may be a new strategy for
the treatment of chronic kidney disease (124). In studies of
idiopathic pulmonary fibrosis, anirutinib was found to exert
an effective antifibrotic effect through the downregulation of
PCBP3, reduction in PFKFB3 translation and inhibition of
glycolysis in myofibroblasts, and anirutinib may constitute a
novel and effective candidate for the treatment of pulmonary
fibrosis (122). In this study, metformin was also shown to
inhibit PFKFB3-mediated aerobic glycolysis by modulating
the AMPK/mTOR pathway, thereby reducing collagen
synthesis in lung fibroblasts, providing a new reference for
exploring therapeutic agents for pulmonary fibrosis (139).
In a study of pulmonary fibrosis treatment, silymarin (SIN)
was shown to inhibit PFKFB3-mediated glycolysis and thus
inhibit the activation of lung fibroblasts; thus, SIN, a PFKFB3
inhibitor, has become a promising antifibrotic agent for pulmo-
nary fibrosis in clinical practice (123). In myocardial fibrosis,
PFKFB3-mediated glycolysis promotes EndoMT and the use
of PFKFB3 inhibitors such as salvianolic acid C may have
therapeutic potential to counteract the EndoMT-associated
fibrotic response through metabolic modulation (9). Studies
of post-myocardial infarction myocardial fibrosis revealed
that OTU deubiquitinase 4 upregulated PFKFB3 to promote
post-myocardial infarction cardiac fibrosis and that the inhibi-
tion of PFKFB3 helps ameliorate ischemia-induced cardiac
fibrosis; therefore, the use of PFKFB3 inhibitors may provide
a new therapeutic option for the treatment of post-myocardial
infarction cardiac fibrosis (125). Studies on the role of PFKFB3
in peritoneal fibrosis have revealed that high glucose (HG)
induces peritoneal epithelial-mesenchymal transition (EMT)
and hyper glycolysis in cells and that peritoneal fibrosis is
accompanied by increased phosphorylation of STAT3 and
increased expression of PFKFB3. HG/STAT3/PFKFB3
may contribute to the progression of peritoneal fibrosis by
regulating fibrosis and angiogenesis, and the use of PFKFB3
inhibitors attenuates HG-induced peritoneal EMT. Thus,
targeting PFKFB3 inhibitors may offer a new possibility for
delaying the treatment of peritoneal fibrosis in patients on
peritoneal dialysis (140).

Owing to the widespread expression of PFKFB3 in a
wide range of diseases, PFKFB3 serves as an important
target for disease treatment, and to date, numerous novel
compounds have been designed, synthesized and evaluated
for their PFKFB3 inhibitory activity (141). 3PO, a traditional

PFKFB3 inhibitor, has not been further evaluated in clinical
trials because of its poor solubility and selectivity, although
its antitumor efficacy has been demonstrated in numerous cell
and animal experiments (127). PFK15 is a 3PO derivative and
has better selectivity than 3PO (142). PFK15 has been shown
to exhibit antitumor activity in a variety of tumor models
and synergistic antitumor effects have been observed when
PFK15 is combined with phenelzine (141,143). PFK158, a
derivative of PFK15, is a specific inhibitor of PFKFB3 that
exhibits broad antitumor activity in models of breast, ovarian,
lung, myeloma, glioblastoma, melanoma, pancreatic and colon
cancers, significantly inhibiting tumor growth (141). PFK158
is the first PFKFB3 inhibitor evaluated in humans and the first
of its kind in a phase I clinical trial (no. NCT02044861) (144).
In addition to the three PFKFB3 inhibitors, there are phenoxy-
indole, biaryl sulfonamide, aminoquinoxaline, benzopyrone,
pyridazinone, pyrrolopyrimidinone, benzindole and peptide
derivatives, which are PFKFB3 inhibitors based on the
modification of the structure of PFKFB3 and its ligands (141).
Compounds 53 and 55 also act as PFKFB3 inhibitors (141).
Despite the wide variety of PFKFB3 inhibitors, only one has
entered the clinical stage, but with the continuous develop-
ment of PFKFB3 inhibitors and the discovery of their roles in
different diseases, PFKFB3 has promising applications in the
diagnosis, treatment and determination of disease prognosis.

7. Conclusion

Liver fibrosis is a special manifestation of chronic liver disease
and numerous studies have suggested that treatment of liver
fibrosis can reverse liver fibrosis, which is highly important
for the treatment of chronic liver disease with improved
prognosis (56). In recent years, the metabolic reprogramming
of cells has been a hot research topic. The process of liver
fibrosis involves the proliferation and activation of various
cells, phenotypic transformation and the secretion of related
cytokines, which require glycolysis to provide intermediate
metabolites and energy support for the proliferation and
activation of cells (18). PFKFB3 synthesizes and hydrolyzes
F-2.6-BP to regulate PFK-1, a key enzyme in glycolysis. By
studying the role of PFKFB3-mediated glycolysis in cells
involved in hepatic fibrosis and the related mechanisms, the
present review explored interventions for hepatic fibrosis
through the regulation of PFKFB3-mediated glycolysis. At
present, there are more relevant studies on the mechanism
of liver fibrosis, but to the best of our knowledge, no studies
have investigated the overall mechanism of liver fibrosis, and
PFKFB3-mediated glycolysis plays an important role in a wide
range of cells involved in liver fibrosis, including HSCs, hepatic
sinusoidal endothelial cells, lymphoid cells, macrophages and
myofibroblasts (7). PFKFB3 promotes glycolysis in different
cells through different mechanisms and thus participates in
the regulation of the liver fibrosis process, and a wide range of
PFKFB3 inhibitors are currently available for the therapeutic
application of PFKFB3 inhibitors in the treatment of a variety
of diseases (141). In addition, it may be possible to intervene
in the expression of the PFKFB3 gene and the target of the
PFKFB3 protein to explore the therapeutic mechanisms of
liver fibrosis; in summary, PFKFB3 is a promising target for
the future treatment of liver fibrosis.
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