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MiR-106a-5p targets PFKFB3 and improves sepsis through
regulating macrophage pyroptosis and inflammatory
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The enzyme 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase isoform 3 (PFKFB3) is a critical regulator of
glycolysis and plays a key role in modulating the inflammatory
response, thereby contributing to the development of inflamma-
tory diseases such as sepsis. Despite its importance, the develop-
ment of strategies to target PFKFB3 in the context of sepsis
remains challenging. In this study, we employed a miRNA-based
approach to decrease PFKFB3 expression. Through multiple
meta-analyses, we observed a downregulation of miR-106a-5p
expression and an upregulation of PFKFB3 expression in clinical
sepsis samples. These changes were also confirmed in blood
monocytes from patients with early sepsis and from a mouse
model of lipopolysaccharide (LPS)-induced sepsis.Overexpression
of miR-106a-5p significantly decreased the LPS-induced increase
in glycolytic capacity, inflammatory response, and pyroptosis in
macrophages. Mechanistically, we identified PFKFB3 as a direct
target protein of miR-106a-5p and demonstrated its essential role
in LPS-induced pyroptosis and inflammatory response in macro-
phages. Furthermore, treatment with agomir-miR-106a-5p
conferred a protective effect in an LPS mouse model of sepsis,
but this effect was attenuated inmyeloid-specific Pfkfb3 KOmice.
These findings indicate that miR-106a-5p inhibits macrophage
pyroptosis and inflammatory response in sepsis by regulating
PFKFB3-mediated glucose metabolism, representing a potential
therapeutic option for the treatment of sepsis.

Sepsis is a life-threatening clinical syndrome induced by
infection or injury, leading to the disruption of immune-
inflammation homeostasis and the occurrence of multiple
organ failure (1, 2). It can cause widespread cell and tissue
damage due to an excessive inflammatory response (3–5).
Macrophages, which regulate inflammation and immune bal-
ance, can overreact during sepsis, causing severe organ damage
(6–8). Modulating macrophage function to control aberrant
inflammatory responses is a useful strategy for improving the
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survival rates of sepsis, and holds great promise as a potential
early intervention in the clinical management of sepsis.

The interplay between macrophage phenotypes and cell
metabolism is increasingly recognized. In the initial stages of
sepsis, signals associated with pathogens redirect macrophage
metabolism from oxidative phosphorylation toward glycolysis
and the pentose phosphate pathway, bolstering the inflammatory
response (9–11). Glycolysis, a metabolic pathway, is facilitated by
several metabolic enzymes, among which 6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase 3 (PFKFB3) is a critical one
(12, 13). PFKFB3 expedites glycolysis by regulating and sustaining
the intracellular concentrations of fructose-2,6-bisphosphate,
which in turn allosterically activates 6-phosphofructokinase-1,
the principal rate-limiting enzyme of glycolysis (14, 15). PFKFB3
is found to be overexpressed in various cells implicated in sepsis,
including macrophages, neutrophils, endothelial cells, and
lung fibroblasts (13, 15, 16). A growing body of evidence suggests
that an increase in PFKFB3-driven glycolysis in immune cells is
intimately linked with the excessive inflammatory response
observed in sepsis (14, 17). Furthermore, the pharmacological
inhibition of glycolysis by targeting PFKFB3 has been associated
with a decrease in mortality, positioning PFKFB3 as a promising
therapeutic target formitigating excessive inflammation in sepsis.
Therefore, understanding how to regulate glycolysis reprog-
ramming and PFKFB3 expression could provide valuable insights
for improving sepsis treatments.

miRNAs, small noncoding RNAs, regulate gene expression
posttranscriptionally and have become significant tools in
sepsis treatment due to advancements in nucleic acid delivery
systems (18–20). MiR-106a-5p, a miRNA known for its tumor-
suppressive properties, has been associated with various dis-
eases including inflammatory bowel disease, acute cerebral
infarction, and liver fibrosis (21–23). It is considered a po-
tential biomarker for diagnosing these diseases and may in-
fluence their progression and treatment. However, the role of
miR-106a-5p in macrophages and its impact on sepsis im-
munity remains an open area of research.

In this study, we reanalyzed publicly available RNA-seq
datasets and identified miR-106a-5p as the most efficient
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The antisepsis effect of miR-106a-5p–PFKFB3 axis
human miRNA for abrogating PFKFB3 expression and inhib-
iting macrophage pyroptosis and inflammatory response in
sepsis. We then evaluated the therapeutic effect of miR-106a-
5p against sepsis and found that treatment with agomir-miR-
106a-5p, by reducing Pfkfb3 levels, was able to alleviate
macrophage pyroptosis, inflammatory response, and lung
injury in a lipopolysaccharide (LPS)-induced sepsis mouse
model. This study proposes, for the first time, an antiseptic
miRNA-based approach for targeting Pfkfb3 in vivo.

Results

The expression levels of PFKFB3 and miR-106a-5p are
oppositely regulated in sepsis

In our pursuit of an antiseptic miRNA-based strategy for
targeting PFKFB3, we initially utilized the TARGETSCAN
database to identify miRNA molecules, derived from both
humans and mice, which could potentially target PFKFB3
(Table S1). Subsequently, we conducted a meta-analysis of
various types of studies using the Gene Expression Omnibus
(GEO) database (Fig. S1 and Table S2). This led us to identify
the top 13 miRNAs that exhibited the most significant
downregulated expression changes in clinical sepsis samples,
among which miR-106a-5p showed the most significant
decrease (Figs. 1A and S2A). Interestingly, the meta-analysis
data also revealed an increased abundance of PFKFB3 in
sepsis (Figs. 1A and S2B). Comparing these 13 downregulated
miRNAs with the miRNAs identified using the TARGETS-
CAN database; we found that miR-106a-5p was the only
miRNA with the potential to target PFKFB3 in sepsis
(Fig. S2C). Further analysis by four target prediction softwares
(TARGETSCAN, https://www.targetscan.org/; MIRDB,
https://mirdb.org/; PITA and MIRANDA, https://tools4mirs.
org/) suggested that PFKFB3 might indeed be a potential
target of miR-106a-5p.

To validate these findings, we isolated monocytes from blood
samples of eight patients in the early stages of sepsis, as well as
from matched controls. We observed a decrease in the mRNA
level of miR-106a-5p in the monocytes of sepsis patients when
compared to healthy controls. Conversely, the PFKFB3 level
exhibited a significant increase (Fig. 1B). Along with these
changes, the mRNA levels of inflammatory mediators such as
tumor necrosis factor-a (Tnf-a), chemokine ligand 2 (Ccl2),
interleukin-6 (Il-6), interleukin-1b (Il-1b), and nitric oxide
synthase 2 (Nos2) also demonstrated a marked elevation in the
sepsis group (Fig. 1,C andD). Using a LPS-inducedmacrophage
inflammation model, we found that LPS treatment reduced the
mRNA level of miR-106a-5p, while simultaneously stimulated
themRNA level of Pfkfb3 in bothmurine bonemarrow–derived
macrophages (BMDMs) and RAW264.7 cells (Fig. 1E). These
results suggest that the levels of miR-106a-5p and PFKFB3 are
oppositely regulated in septic macrophages.

MiR-106a-5p negatively regulates Pfkfb3 in macrophages

To clarify how miR-106a-5p regulates Pfkfb3 expression in
macrophages, we manipulated the expression levels of both
miR-106a-5p and Pfkfb3 using a miR-106a-5pmimic and Pfkfb3
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siRNA (siPfkfb3) in BMDM and RAW264.7 cells (Fig. 2A). We
observed that overexpression of miR-106a-5p significantly
inhibited the expression of Pfkfb3 at both mRNA and protein
levels in BMDMs and RAW264.7 cells (Fig. 2, B and C). Our
bioinformatics analysis identified a miRNA response element
within the 30-UTR of Pfkfb3. To validate the target specificity of
miR-106a-5p, we employed luciferase reporter assays using both
the WT 30-UTR of Pfkfb3 and a mutant (mut) variant of Pfkfb3,
which carries a modification at the miR-106a-5p binding site
(Fig. 2D). Our findings revealed that miR-106a-5p significantly
diminished the reporter activity of wt-Pfkfb3 30-UTR in HEK-
293T, RAW264.7, and BMDM cells in a dose-dependent
manner (Fig. 2E). However, the reporter activity of mut-Pfkfb3
30-UTR remained unaffected by miR-106a-5p overexpression
(Fig. 2, D and E). Collectively, these results indicate that miR-
106a-5p downregulates Pfkfb3 expression by directly binding
to the 30-UTR of Pfkfb3 mRNA.
MiR-106a-5p suppresses glycolysis in inflammatory
macrophages through Pfkfb3 inhibition

Accumulating evidence has demonstrated that inflamma-
tory macrophages exhibit a high level of PFKFB3-mediated
glycolysis (13, 17). Thus, we examined the effect of miR-
106a-5p on the glycolysis capacity of macrophages by
measuring the extracellular acidification rate (ECAR) through
Seahorse Extracellular Flux analysis. Our findings revealed that
LPS treatment significantly augmented glycolysis and glyco-
lytic capacity in BMDM and RAW264.7 cells (Fig. 3, A and B).
Notably, overexpression of miR-106a-5p or knockdown of
Pfkfb3 significantly reduced glycolytic metabolism in LPS-
treated cells (Fig. 3, A and B). Using a 2-Deoxy-2- [(7-nitro-
2,1,3-benzoxadiazol-4-yl)amino]-D-glucose–based assay, we
found that transfection with either miR-106a-5p mimic or
siPfkfb3 resulted in a significant suppression of glucose uptake
in LPS-treated BMDMs and RAW264.7 cells (Fig. 3C). In
addition, under energy stress conditions induced by serum
depletion, LPS treatment markedly increased ATP production
in both BMDM and RAW264.7 cells. However, this effect was
negated by either miR-106a-5p mimic or siPfkfb3 treatment
(Fig. 3D). Together, these findings suggest that miR-106a-5p
might modulate glycolysis, which aids in extracting energy
from glucose in inflammatory macrophage, through the inhi-
bition of Pfkfb3 expression. Interestingly, we found that over-
expression of miR-106a-5p or knockdown of Pfkfb3 also
inhibited LPS-induced upregulation of mRNA levels of the
glucose transporter and glycolytic enzymes, including solute
carrier family 2 member 1, Pfk1 family, and hexokinase 1 in
BMDMs and RAW264.7 cells (Fig. S3A). This might poten-
tially be due to a feedback regulation mechanism of metabolic
inhibition by miR-106a-5p.

Considering previous studies have shown that enhanced
activity of PFKFB3 accelerates reactive oxygen species (ROS)
production as an end product of glycolysis in T lymphocytes
(24), we conducted further investigations to detect the intra-
cellular content of ROS in macrophages. Utilizing both
dichlorodihydrofluorescein diacetate (DCFH-DA) and
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Figure 1. Computational analyses and experimental verification reveal abnormal expression of PFKFB3 and miR-106a-5p in sepsis samples. A, the
top 20 upregulated and downregulated miRNAs (left) or genes (right) in clinical sepsis samples identified through a meta-analysis using the GEO database.
B, real-time PCR analysis of the mRNA levels of PFKFB3 andmiR-106a-5p in blood samples from sepsis patients or healthy controls (n = 8 per group). C and D,
real-time PCR analysis of the mRNA levels of TNF-a, CCL2, IL-6, IL-1b, and NOS2 in blood samples from sepsis patients or healthy controls (n = 8 per group). E,
real-time PCR analysis of the mRNA levels of Pfkfb3 (upper) and miR-106a-5p (lower) in bone marrow–derived macrophages (BMDMs) and RAW264.7 cells
with 1 mg/ml LPS treatment for 24 h (n = 6 per group). Values are presented as mean ± SD, ***p < 0.001 (unpaired, two-tailed Student’s t test). Ccl2,
chemokine ligand 2; Il-1b, interleukin-1b; IL-6, interleukin-6; GEO, Gene Expression Omnibus; LPS, lipopolysaccharide; Nos2, nitric oxide synthase 2; PFKFB3,
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; TNF, tumor necrosis factor.

The antisepsis effect of miR-106a-5p–PFKFB3 axis
dihydroethidium (DHE) staining, followed by flow cytometry,
we found that LPS treatment induced an increase in ROS level
in BMDMs and RAW264.7 cells. Nevertheless, this effect was
significantly mitigated by either miR-106a-5p mimic or
siPfkfb3 transfection (Figs. 3E and S3B). These findings indi-
cate that the miR-106a-5p–Pfkfb3 axis may play a crucial role
in regulating ROS levels in inflammatory macrophages.

MiR-106a-5p suppresses macrophage inflammatory response,
NLRP3 inflammasome activation, and pyroptosis through
Pfkfb3 inhibition

The glucose metabolism of macrophages directly influences
their inflammatory responses. Therefore, we investigated the
effect of miR-106a-5p on the mRNA levels of various
inflammatory factors or cytokines, such as Il-6, Il-1b, Nos2,
Tnf-a, and Ccl2 in BMDMs and RAW264.7 cells under both
LPS-stimulated and nonstimulated conditions. Our findings
indicated that miR-106a-5p significantly inhibited the mRNA
levels of these inflammatory factors in macrophages, especially
those stimulated with LPS (Fig. 4A). Further, an ELISA
revealed a notable reduction in the secretory levels of Il-6, Il-
1b, and Tnf-a in the cell culture medium of BMDM and
RAW264.7 cells transfected with either miR-106a-5p mimic or
siPfkfb3 (Fig. 4B).

Studies have shown that the activation of the NLR family
pyrin domain containing 3 (NLRP3) inflammasome and sub-
sequent pyroptosis in macrophages can lead to the release of
proinflammatory factors, such as IL-1b, thereby augmenting
J. Biol. Chem. (2024) 300(6) 107334 3



Figure 2. MiR-106a-5p negatively regulates Pfkfb3. A, the efficiency of miR-106a-5p mimic (left) and siPfkfb3 (right) in BMDM and RAW264.7 cells (n = 6
per group). B, real-time PCR analysis of the mRNA levels of Pfkfb3 in LPS (24 h, 1 mg/ml)-treated BMDM (left) and RAW264.7 (right) cells pretransfected with
miR-106a-5p mimic (n = 6 per group). C, Western blot analyses of the protein levels of Pfkfb3 in LPS (24 h, 1 mg/ml)-treated BMDM (upper) and RAW264.7
(lower) cells pretransfected with miR-106a-5p mimic (n = 2 per group). The quantification of Western blot images was performed using Image J software
(n = 4 biological replicates). D, bioinformatics analysis revealed putative MRE site for miR-106a-5p within the 30-UTR of Pfkfb3 transcript (left). The sequence
of Pfkfb3-30UTR bearing the mutated MRE sites (right) is also shown. E, Pfkfb3-30-UTR luciferase reporter activities in HEK-293T (left), BMDM (middle), and
RAW264.7 (right) cells with WT or mutated Pfkfb3-reporter plasmids (100 ng per well) pretransfected and then with 24 h miR-106a-5p mimic (2550 or
100 nM) treatment (n = 5 per group). Values are presented as mean ± SD, *p < 0.05, **p < 0.01, and ***p < 0.001 (unpaired, two-tailed Student’s t test for A;
one-way ANOVA with Tukey’s post hoc test for B; two-way ANOVA with Bonferroni post hoc tests for E). BMDM, bone marrow–derived macrophage; LPS,
lipopolysaccharide; MRE, miRNA response element; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; siPfkfb3, Pfkfb3 siRNA.

The antisepsis effect of miR-106a-5p–PFKFB3 axis
inflammatory responses observed in conditions like sepsis. We
therefore examined whether miR-106a-5p overexpression af-
fects macrophage pyroptosis using caspase-3-annexin V double
staining and flow cytometric analyses. Our findings indicated
that LPS stimulation significantly increased the number of
annexin V–positive cells but had minimal effect on the
expression of caspase-3 in both BMDM and RAW264.7 cells
when treated with the specific NLRP3 inflammasome activator
ATP (Figs. 4C and S4), indicating that LPS-induced inflamma-
tory macrophages are more prone to pyroptosis than apoptosis.
Interestingly, the elevated macrophage pyroptosis induced by
4 J. Biol. Chem. (2024) 300(6) 107334
LPS were significantly reduced by pretreatment with miR-106a-
5p mimic or siPfkfb3 (Figs. 4C and S4). To further confirm our
findings, we employed transmission electron microscopy to
identify the structural changes associated with pyroptosis.
Compared to the normal cellular structure observed in the
control group, cell swelling and damage to multiple cellular
organelles, as characterized by clouding ofmitochondrial cristae
and mitochondrial swelling, were observed in the group treated
with LPS and ATP. However, these morphological changes
induced by LPS were alleviated upon transfection with the miR-
106a-5p mimic (Fig. 4D).



Figure 3. MiR-106a-5p suppresses glycolysis in inflammatory macrophages through Pfkfb3 inhibition. A and B, ECAR profile showing glycolytic
function (left) and quantification of glycolytic function parameters (right) in LPS (24 h, 1 mg/ml)-treated BMDM cells and RAW264.7 cells with miR-106a-5p
mimic or siPfkfb3 pretransfected (n = 5 per group). C, glucose uptake capacity, determined by the 2-NBDG–based glucose uptake assay, in LPS (24 h,
1 mg/ml)-treated BMDM (upper) and RAW264.7 (lower) cells with miR-106a-5p mimic or siPfkfb3 pretransfected (n = 5 per group). D, the intracellular ATP
content in LPS (24 h, 1 mg/ml)-treated BMDM (upper) and RAW264.7 (lower) cells with miR-106a-5p mimic or siPfkfb3 pretransfected (n = 5 per group). E,
cellular ROS detection and quantification via DCFH-DA staining, followed by flow cytometry in LPS (24 h, 1 mg/ml)-treated BMDM (upper) and RAW264.7
(lower) cells with miR-106a-5p mimic or siPfkfb3 pretransfected (n = 3 per group). Values are presented as means ± SD, *p < 0.05, **p < 0.01, and ***p <
0.001 (one-way ANOVA with Tukey’s post hoc test). BMDM, bone marrow–derived macrophage; DCFH-DA, dichlorodihydrofluorescein diacetate; ECAR,
extracellular acidification rate; LPS, lipopolysaccharide; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; ROS, reactive oxygen species;
siPfkfb3, Pfkfb3 siRNA.

The antisepsis effect of miR-106a-5p–PFKFB3 axis
The NLRP3 inflammasome plays a crucial role in the process
of pyroptosis. We therefore investigated the causal relationship
between miR-106a-5p and NLRP3 inflammasome activation in
macrophages. Our findings revealed that LPS treatment upre-
gulated the expression of NLRP3 inflammasome components
(Nlrp3, procaspase 1, and pro-Il-1b) and promoted the cleavage
of procaspase-1, pro-IL-1b, and gasderminD (Gsdmd), as well as
the oligomerization of apoptosis-associated speck-like protein
with a caspase recruitment domain (Asc) in both BMDM and
RAW264.7 cells, upon specific NLRP3 inflammasome activator
ATP; however, these effects were blocked bymiR-106a-5pmimic
or siPfkfb3 transfection (Figs. 5, A and B and S5). Furthermore,
J. Biol. Chem. (2024) 300(6) 107334 5



Figure 4. MiR-106a-5p suppresses macrophage pyroptosis through Pfkfb3 inhibition. A, the mRNA levels of Il-6, Il-1b, Nos2, Tnf-a, and Ccl2 in LPS (24 h,
1 mg/ml)-treated BMDM (upper) and RAW264.7 (lower) cells with miR-106a-5p mimic pretreatment (n = 6 per group). B, the Il-6, Il-1b, and Tnf-a protein
levels, measured by ELISA assay, in culture medium of LPS (24 h, 1 mg/ml)-treated BMDM (upper) and RAW264.7 (lower) cells with miR-106a-5p mimic or
siPFKFB3 pretransfected (n = 6 per group). C, the level of apoptosis or pyroptosis determined by flow cytometry analysis of annexin V and caspase 3 in miR-
106a-5p mimic or siPfkfb3-transfected BMDM (upper) and RAW264.7 (lower) cells challenged with vehicle or LPS (1 mg/ml) for 24 h, followed by incubating
with ATP (4 mM) for 45 min (n = 3 per group). D, transmission electron microscopy (TEM) showing the cell morphology in miR-106a-5p mimic-transfected
RAW264.7 cells challenged with vehicle or LPS (1 mg/ml) for 24 h, followed by incubating with ATP (4 mM) for 45 min. Values are presented as means ± SD,
*p < 0.05, **p < 0.01, and ***p < 0.001 (one-way ANOVA with Tukey’s post hoc test). BMDM, bone marrow–derived macrophage; Ccl2, chemokine ligand 2;
Il-1b, interleukin-1b; IL-6, interleukin-6; LPS, lipopolysaccharide; Nos2, nitric oxide synthase 2; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase
3; siPfkfb3, Pfkfb3 siRNA; TNF, tumor necrosis factor.

The antisepsis effect of miR-106a-5p–PFKFB3 axis
immunofluorescence staining revealed that LPS and ATP treat-
ment dramatically increased the expression ofCasp1 andAsc and
promoted their colocalization in both BMDM and
RAW264.7 cells. These effects were reversed by transfectionwith
either miR-106a-5p mimic or siPfkfb3 (Fig. 5C).
6 J. Biol. Chem. (2024) 300(6) 107334
Taken together, these results demonstrate that miR-
106a-5p, potentially through the inhibition of Pfkfb3
expression, suppress the activation of NLRP3 inflamma-
some and reduce the occurrence of pyroptosis in inflam-
matory macrophages.



Figure 5. MiR-106a-5p suppresses macrophage NLRP3 inflammasome activation through Pfkfb3 inhibition. A and B, the protein levels of Pfkfb3,
Nlrp3, Pro-Casp1, cleaved Casp1, Pro-Il-1b, cleaved Il-1b, full-length Gsdmd, and N-terminal fragment of Gsdmd, as well as the level of ASC oligomerization
in miR-106a-5p mimic or siPfkfb3-transfected BMDM cells and RAW264.7 cells challenged with vehicle or LPS (1 mg/ml) for 24 h, followed by incubating with
ATP (4 mM) for 45 min (n = 2 per group). The quantification of Western blot images was performed using Image J software (n = 4 biological replicates). C, IF
staining of Casp-1 and Asc in miR-106a-5p mimic or siPfkfb3-transfected BMDM (left) and RAW264.7 (right) cells challenged with vehicle or LPS (1 mg/ml) for
24 h, followed by incubating with ATP (4 mM) for 45 min (n = 3 per group). Asc, apoptosis-associated speck-like protein with a caspase recruitment domain;
BMDM, bone marrow–derived macrophage; Ccl2, chemokine ligand 2; Gsdmd, gasdermin D; Il-1b, interleukin-1b; IL-6, interleukin-6; LPS, lipopolysaccharide;
Nos2, nitric oxide synthase 2; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; siPfkfb3, Pfkfb3 siRNA; TNF, tumor necrosis factor.

The antisepsis effect of miR-106a-5p–PFKFB3 axis

J. Biol. Chem. (2024) 300(6) 107334 7



The antisepsis effect of miR-106a-5p–PFKFB3 axis
Pfkfb3 overexpression reverses the miR-106a-5p–induced
suppression of inflammatory response and pyroptosis in
macrophages

To ascertain that the anti-inflammatory and antipyroptotic
effects induced by miR-106a-5p are directly linked to Pfkfb3
inhibition, we introduced miR-106a-5p into RAW264.7 cells
overexpressing Pfkfb3 (ST-Pfkfb3-RAW264.7 cells) via a sta-
ble transfection process using a Pfkfb3 lentiviral vector (Fig. S6,
A and B). Our data showed that miR-106a-5p was unable to
inhibit the cellular glycolytic capacity in ST-Pfkfb3-
RAW264.7 cells (Fig. 6A). The mRNA levels of inflammatory
factors such as Il-6, Il-1b, Nos2, Tnf-a, and Ccl2 were not
reduced by the miR-106a-5p mimic in LPS-treated ST-Pfkfb3-
RAW264.7 cells (Fig. 6B). Furthermore, IF staining and
Western blot analysis showed that the increased expression
and colocalization of caspase 1 and Asc (Fig. 6C), as well as the
Figure 6. Pfkfb3 overexpression reverses the miR-106a-5p-induced suppre
profile showing glycolytic function and quantification of glycolytic function par
These cells were then treated with LPS (24 h, 1 mg/ml) after the preincubation w
Nos2, Tnf-a, and Ccl2 in LPS (24 h, 1 mg/ml)-treated ST-Pfkfb3-RAW264.7 cells w
and Asc in miR-106a-5p mimic-treated ST-Pfkfb3-RAW264.7 cells challenged wi
for 45 min (n = 3 per group). D, the protein levels of full-length Gsdmd and P
with vehicle or LPS (1 mg/ml) for 24 h, followed by incubating with ATP (4 mM)
performed using Image J software (n = 4 biological replicates). Values are pres
test). Asc, apoptosis-associated speck-like protein with a caspase recruitment d
interleukin-1b; IL-6, interleukin-6; LPS, lipopolysaccharide; Nos2, nitric oxide s
TNF, tumor necrosis factor.
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expression of Gsdmd and Il-1b (Fig. 6D) in ST-Pfkfb3-
RAW264.7 cells treated with LPS and ATP, could not be
alleviated by the overexpression of miR-106a-5p. In summary,
these findings demonstrate that Pfkfb3 mitigates the inhibitory
effects of miR-106a-5p on the inflammatory response and
pyroptosis in LPS-stimulated macrophages.

Therapeutic effect of miR-106a-5p on LPS-induced sepsis in
mice through Pfkfb3 inhibition

To assess the therapeutic potential of miR-106a-5p in vivo
and its reliance on Pfkfb3 inhibition, we established an LPS-
induced sepsis model in both Pfkfb3+/+/LysMcre/+ mice
(serving as WT controls) and Pfkfb3flox/flox/LysMcre/+ mice.
The experimental strategies are outlined in Figure 7A. The
specific PCR primer sequences and PCR identification of these
mice are presented in Table S4 and Fig. S7A, respectively.
ssion of pyroptosis and inflammatory response in macrophages. A, ECAR
ameters in Pfkfb3 overexpressed RAW264.7 cells (ST-Pfkfb3-RAW264.7 cells).
ith the miR-106a-5p mimic (n = 5 per group). B, the mRNA levels of Il-6, Il-1b,
ith miR-106a-5p mimic pretreated (n = 6 per group). C, IF staining of Casp-1
th vehicle or LPS (1 mg/ml) for 24 h, followed by incubating with ATP (4 mM)
ro-Il-1b in miR-106a-5p mimic-treated ST-Pfkfb3-RAW264.7 cells challenged
for 45 min (n = 2 per group). The quantification of Western blot images was
ented as means ± SD, ***p < 0.001 (one-way ANOVA with Tukey’s post hoc
omain; Ccl2, chemokine ligand 2; ECAR, extracellular acidification rate; Il-1b,
ynthase 2; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3;



Figure 7. Therapeutic effect of miR-106a-5p on LPS-induced sepsis in mice via Pfkfb3 inhibition. A, the schematic diagram of animal study. B, the
murine sepsis score (MSS) curves of LPS (20 mg/kg)-treated Pfkfb3+/+/LysMcre/+ and Pfkfb3f/f/LysMcre/+ mice with miR-106a-5p agomir (20 nmol per time)
pretreated (n = 10 mice per group). C, body weight of LPS (20 mg/kg)-treated Pfkfb3+/+/LysMcre/+ and Pfkfb3f/f/LysMcre/+ mice with miR-106a-5p agomir
(20 nmol per time) pretreated (n = 10 mice per group). D, serum levels of Il-6, Il-1b, and Tnf-a in LPS (20 mg/kg)-treated Pfkfb3+/+/LysMcre/+ and Pfkfb3f/f/
LysMcre/+ mice with miR-106a-5p agomir (20 nmol per time) pretreated (n = 10 mice per group). E, the protein levels of Pfkfb3, Gsdmd, and Il-1b in mouse
peritoneal macrophages from LPS (20 mg/kg)-treated Pfkfb3+/+/LysMcre/+ and Pfkfb3f/f/LysMcre/+ mice with miR-106a-5p agomir (20 nmol per time) pre-
treated (n = 4 mice per group). Values are presented as means ± SD, *p < 0.05, **p < 0.01, and ***p < 0.001 (two-way ANOVA with Bonferroni post hoc tests
for B; one-way ANOVA with Tukey’s post hoc test for C and D). Gsdmd, gasdermin D; Il-1b, interleukin-1b; IL-6, interleukin-6; LPS, lipopolysaccharide; PFKFB3,
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3; TNF, tumor necrosis factor.

The antisepsis effect of miR-106a-5p–PFKFB3 axis
Following intraperitoneal injection of LPS, we continuously
monitored the murine sepsis score (MSS) in these mice. Our
results showed that treatment with miR-106a-5p agomir
significantly reduced the MSS in LPS-stimulated WT control
mice, but had a minimal effect on the MSS in LPS-stimulated
Pfkfb3flox/flox/LysMcre/+ mice (Fig. 7B). Similarly, the miR-
106a-5p agomir treatment significantly reversed the LPS-
induced decrease in body weight in WT control mice, but
J. Biol. Chem. (2024) 300(6) 107334 9
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not in Pfkfb3flox/flox/LysMcre/+ mice (Fig. 7C). Furthermore, the
miR-106a-5p agomir therapy reduced the serum levels of Il-1b,
Tnf-a, and Il-6 in WT control mice, indicating that miR-106a-
5p exerts anti-inflammatory effects in vivo (Figs. 7D and S7B).
However, this anti-inflammatory function of miR-106a-5p was
lost in Pfkfb3flox/flox/LysMcre/+ mice (Fig. 7D). Western blot
analysis revealed that the protein level of Pfkfb3 was signifi-
cantly suppressed in peritoneal macrophages from miR-106a-
5p agomir-treated WT mice, providing further evidence for
the on-target effects of therapeutic miR-106a-5p in vivo
(Fig. 7E). Additionally, treatment with the miR-106a-5p ago-
mir attenuated the LPS-induced upregulation of Gsdmd and
Il-1b levels in macrophages from WT mice. This inhibitory
effect of the miR-106a-5p agomir was partially abrogated in
macrophages from Pfkfb3flox/flox/LysMcre/+ mice, suggesting
that the suppression of inflammatory macrophage pyroptosis
by miR-106a-5p in vivo is, at least partially, dependent on
Pfkfb3 (Fig. 7E).

To assess the extent of organ injury associated with sepsis, we
conducted H&E and F4/80 immunohistochemical staining on
lung tissue samples from mice. Our observations revealed that
control mice treated with LPS exhibited a significant increase in
macrophage content and severe structural alterations in the
alveoli, including pulmonary interstitial edema and thickening
of the alveolar walls. Remarkably, these defects were signifi-
cantly ameliorated following treatment with the miR-106a-5p
agomir (Fig. 8, A and B). However, the protective effects of
the miR-106a-5p agomir on sepsis-associated lung injury were
minimal in Pfkfb3flox/flox/LysMcre/+ mice (Fig. 8, A and B). In
terms of sepsis-associated liver injury, although H&E staining
did not reveal significant liver tissue damage (Fig. 8C), there was
an elevation in the serum levels of liver function-related
markers, including alanine aminotransferase and aspartate
aminotransferase, in LPS-stimulated WT mice (Fig. 8D). This
suggested the presence of liver dysfunction. The administration
of the miR-106a-5p agomir significantly attenuated this LPS-
induced liver dysfunction in WT mice, but not in Pfkfb3 KO
mice (Fig. 8D). Collectively, these findings underscore the
protective effect and therapeutic potential of miR-106a-5p in an
LPS-induced sepsis mouse model. This protective effect is
closely associated with its regulation of Pfkfb3.
Discussion

In the present study, we observed the upregulation of Pfkfb3
and downregulation of miR-106a-5p in blood monocytes from
patients with early sepsis and from an LPS-induced sepsis
mouse model for the first time. We also demonstrated the
anti-inflammatory and anti-pyroptotic effect of miR-106a-5p
in LPS-induced sepsis in mice. Treatment of mice with miR-
106a-5p agomir reduces the severity of LPS-induced sepsis
and the associated lung and liver injuries by decreasing the
glycolytic level, inflammatory response, and pyroptosis in
macrophages. The improved condition following miR-106a-5p
treatment is attributed to the reduced expression of Pfkfb3.

In the acute phase of sepsis, a strong immune response aims
to eliminate the pathogen (1, 2, 6). However, excessive
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inflammatory response can trigger a cytokine storm, exacer-
bating sepsis and causing organ damage (1, 3, 5). Monocytes
and macrophages, early responders to septic infection, regulate
inflammatory responses (7, 25). Activated macrophages,
characterized by enhanced glycolytic flux, rapidly generate
ATP and biosynthetic intermediates to support cytokine pro-
duction (9, 25, 26). PFKFB3, a key glycolytic enzyme, has been
shown to promote the overactivation of macrophages and the
development of sepsis (13–15). Inhibition of PFKFB3 can
improve sepsis induced by LPS or cecal ligation, suggesting its
potential as a treatment target (17, 27). In our investigation, we
discovered that the expression of PFKFB3 is significantly
elevated in the blood mononuclear cells of patients with sepsis.
This observation corroborates previous findings from animal
studies and highlights the potential of PFKFB3 as a sepsis
biomarker. Several studies have demonstrated that the tran-
scription factors hypoxia-inducible factor 1a and zinc fingers
and homeoboxes 2 can transcriptionally upregulate Pfkfb3 in
the context of sepsis (17, 28). In addition to these transcrip-
tional mechanisms, our research found that in sepsis, Pfkfb3
upregulation in monocytes and macrophages is also post-
transcriptionally regulated by miR-106a-5p, with a decrease in
miR-106a-5p during sepsis leading to the stabilization of
Pfkfb3 mRNA.

In this study, we performed a comprehensive screening for
differentially expressed genes and miRNAs in sepsis using
publicly available microarray data from the GEO database. Our
analysis revealed that miR-106a-5p was the most significantly
downregulated miRNA in sepsis. To further validate our
findings, we collected blood monocytes from sepsis patients
during the inflammatory immune sensitivity stage and
demonstrated a downregulation of miR-106a-5p expression.
Previous research has shown that the CircTLK1–miR-106a-
5p/HMGB1 axis plays an anti-inflammatory role in LPS-
stimulated HK-2 cells and is effective in treating a cecum
ligation and puncture) sepsis mouse model (29). Our current
study suggests that miR-106a-5p can inhibit macrophage in-
flammatory response by suppressing glycolysis, further eluci-
dating its antisepsis mechanism. However, the underlying
mechanism of miR-106a-5p downregulation in monocytes/
macrophages during sepsis warrants further clarification.

Our detailed analysis has confirmed that Pfkfb3 mRNA is a
legitimate target gene of miR-106a-5p, as evidenced by the
study of protein expression and Pfkfb3 30-UTR activity.
Functional experiments have demonstrated that miR-106a-5p
can inhibit LPS-induced production of ROS, cell pyroptosis,
and the inflammatory response in macrophages through
Pfkfb3 inhibition. As for the mechanism by which PFKFB3
controls ROS production, previous studies have indicated that
the downregulation of PFKFB3 can facilitate an increased
glucose flux into the pentose phosphate pathway. This, in turn,
boosts the generation of the ROS scavenger NADPH, ulti-
mately leading to a reduction in ROS production (14, 16). This
mechanism may also be operative in LPS-treated macro-
phages. Our in vivo study has shown that the knockout of
Pfkfb3 in macrophages only partially mitigates the antisepsis
effects of miR-106a-5p agomir. This suggests that other



Figure 8. Therapeutic effects of miR-106a-5p on LPS-induced lung and liver injury in mice via Pfkfb3 inhibition. A, representative H&E-stained lung
sections of LPS (20 mg/kg)-treated Pfkfb3+/+/LysMcre/+ and Pfkfb3f/f/LysMcre/+ mice with miR-106a-5p agomir (20 nmol per time) pretreated (n = 10 mice per
group). B, immunohistochemistry analyses of F4/80 to indicate the enrichment of macrophage in lungs of LPS (20 mg/kg)-treated Pfkfb3+/+/LysMcre/+ and
Pfkfb3f/f/LysMcre/+ mice with miR-106a-5p agomir (20 nmol per time) pretreated (n = 10 mice per group). C, representative H&E-stained liver sections of LPS
(20 mg/kg)-treated Pfkfb3+/+/LysMcre/+ and Pfkfb3f/f/LysMcre/+ mice with miR-106a-5p agomir (20 nmol per time) pretreated (n = 10 mice per group). D,
serum levels of alanine transaminase (ALT) and aspartate transaminase (AST) in LPS (20 mg/kg)-treated Pfkfb3+/+/LysMcre/+ and Pfkfb3f/f/LysMcre/+ mice with
miR-106a-5p agomir (20 nmol per time) pretreated (n = 10 mice per group). Values are presented as means ± SD, *p < 0.005 (one-way ANOVA with Tukey’s
post hoc test). LPS, lipopolysaccharide; PFKFB3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3.

The antisepsis effect of miR-106a-5p–PFKFB3 axis
mechanisms, in addition to the inhibition of Pfkfb3, may be
involved in the antisepsis effects of miR-106a-5p. These
mechanisms will be the subject of future investigations.

Pyroptosis, a proinflammatory cell death caused by caspase-
1 during infection, is increasingly seen as a key mechanism of
sepsis, mediated by NLRP3 inflammasome activation (30, 31).
The NLRP3 inflammasome, a multiprotein complex, responds
to infectious and noninfectious stimuli, activating caspase-1,
and caspase-4/5/11, which in turn activate Gsdmd (4,
32–34). This leads to the formation of pores in the cell
membrane, causing cell death and the release of inflammatory
mediators like IL-1b and IL-18 (8, 30, 32). Therefore, activa-
tion of the CASP-1–GSDMD pathway or upregulation of
inflammasome components like NLRP3, ASC, and IL-1b are
considered classic signs of pyroptosis. Based on the highly
inflammation-dependent mode of pyroptosis and the effective
role of miR-106-5p in inhibiting macrophage inflammatory
responses, we began to explore the impact of the miR-106a-
5p–PFKFB3 axis on macrophage pyroptosis. We found that
LPS-stimulated macrophages are more prone to pyroptosis
J. Biol. Chem. (2024) 300(6) 107334 11
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than traditional apoptosis. Transfection with miR-106a-5p
mimic or siPfkfb3 significantly reduced pyroptosis markers in
inflammatory macrophages. Recent studies have demonstrated
that the activation of the NLRP3 inflammasome and the in-
duction of pyroptosis are dependent on the level of glycolysis
in many cell types (33, 35, 36). In sepsis, particularly during the
acute phase, a positive feedback loop may exist between
pyroptosis and inflammation. Excessive inflammatory
response can stimulate macrophage pyroptosis, leading to the
release of large quantities of intracellular inflammatory factors
and exacerbating inflammation. Our research suggests that
miR-106a-5p treatment can disrupt this positive feedback loop
by targeting PFKFB3-mediated glycolysis. Although the pro-
tective role of miR-106a-5p observed in LPS-induced cell and
animal models may suggest a partial inhibition of macrophage
pyroptosis, much work remains to identify the potential sec-
ondary mechanisms that allow miR-106a-5p to confer pro-
tection against sepsis.

Compared to traditional small-molecule therapeutics,
miRNA-based pharmaceuticals offer several distinct advan-
tages, including the potential for rapid and cost-effective
development, high specificity for their intended targets, and
minimal off-target effects on other physiological functions (18,
37, 38). Agomirs, chemically modified miRNA mimics, are
widely utilized in in vivo miRNA experiments and have
demonstrated considerable therapeutic potential in various
disease models (39, 40). In this study, we investigated the
therapeutic potential of miR-106a-5p agomir in a mouse
model of LPS-induced sepsis. Our results demonstrated that
treatment with miR-106a-5p agomir effectively suppressed
sepsis by downregulating serum levels of inflammatory factors,
mitigating lung inflammatory injury, and inhibiting the
enrichment of lung macrophages. Furthermore, the miR-106a-
5p agomir treatment significantly decreased the expression
levels of Gsdmd and Il-1b in the peritoneal macrophages of
mice, leading to a reduction in inflammatory macrophage
pyroptosis. However, it is important to consider the existence
of a therapeutic window when utilizing miR-106a-5p-based
therapy for the treatment of sepsis. Administration during
the acute phase may alleviate excessive inflammatory re-
sponses, while administration at later stages may exacerbate
immune suppression. Further studies are necessary to defini-
tively elucidate the potential side effects of miR-106a-5p–
based therapy in vivo.

In summary, our study demonstrated a downregulation of
miR-106a-5p expression and an upregulation of PFKFB3
expression in septic patients, which was further validated using
an in vitro inflammatory macrophage model. We also
discovered that miR-106a-5p negatively regulates Pfkfb3
expression, and overexpression of miR-106a-5p inhibits
glucose metabolism, pyroptosis, and inflammatory response in
macrophages through a Pfkfb3 inhibition-dependent mecha-
nism. Finally, we demonstrated the therapeutic efficacy of
miR-106a-5p in a mouse model of LPS-induced sepsis, sug-
gesting that targeting miR-106a-5p in inflammatory macro-
phages may have potential therapeutic applications for the
treatment of sepsis. Collectively, our data provide proof of
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concept for the development of a miRNA-based therapy
against sepsis.

Experimental procedures

Meta-analysis and human studies

In our quest to identify new targets and miRNA markers for
sepsis, a meta-analysis encompassing various types of studies
was performed. GEO series (GSE) related to sepsis were
retrieved from GEO database. Following a meticulous
screening process, we selected series that met specific criteria:
each series had to comprise at least three sepsis samples and
three healthy control samples, and the generation of mRNA
data had to involve the use of the Affymetrix HG-U133 plat-
form or a higher version. A summary of the selected micro-
array GEO series data is presented in Table S1. The workflow
of our meta-analysis, which has been previously described (41),
is shown in Fig. S1. The collection of human samples was
approved by the Clinical Research Ethics Committee of the
Second Affiliated Hospital of Guangzhou Medical University.
Human studies abide by the Declaration of Helsinki principles.

Cell isolation and culture

The mouse monocytic cell line, RAW264.7 (ATCC Cat#
TIB-71), was obtained from American Type Culture Collec-
tion. These cells were cultured in Dulbecco’s modified Eagle’s
medium, supplemented with 10% fetal bovine serum (Gibco)
and 1% streptomycin sulfate and penicillin sodium (Gibco).
The culture was maintained at 37 �C in a humidified atmo-
sphere containing 5% CO2 and 95% air. ZsGreen-Puro–labeled
Pfkfb3 lentiviral and control vectors were established by
Shanghai HanBio Company. The RAW264.7 cells were
transduced with the Pfkfb3 lentiviral construct, and recombi-
nant cells were selected using puromycin, resulting in the
creation of the ST-Pfkfb3-RAW264.7 cell line. Murine
BMDMs were isolated from the tibia and femur of 6-week-old
male C57BL/6 mice. These cells were cultured in RPMI-1640
medium, supplemented with 10% fetal bovine serum, 1%
penicillin-streptomycin, 0.1% b-mercaptoethanol, and 20%
L929 cell culture supernatant. Peripheral blood mononuclear
cells were isolated from the blood of both patients with sepsis
and healthy controls using the separation kit P8680 (Solarbio).
Lastly, peritoneal macrophages were isolated from the peri-
toneal lavage fluid of both WT and Pfkfb3 knockdown mice by
peritoneal lavage.

Cell treatment and transfection

RAW264.7 cells in the logarithmic growth phase or BMDMs
that had been cultured for 7 days were seeded into 6-, 12-, or
96-well plates. Subsequently, the cells were transfected with
either a miR-106a-5p mimic or Pfkfb3 siRNA (RiboBio) for a
duration of 72 h using Lipofectamine RNAiMAX reagent
(Invitrogen) and Opti-minimal essential medium (Gibco).
Forty-eight hours after the transfection, the cells were stimu-
lated with 1 mg/ml LPS (Sigma) for an additional 24 h. For
experiments related to the activation of the NLRP3
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inflammasome, the cells were exposed to 4 mM ATP for an
additional 45 min following the LPS treatment.

RNA isolation and quantitative real-time PCR analysis

Total RNA and miRNA were extracted using the TRIzol
reagent (Invitrogen) and the miRcute miRNA isolation kit
(Vazyme), respectively. The extracted RNA was quantified
using a NanoDrop microvolume spectrophotometer (Thermo
Fisher Scientific). The synthesis of single-stranded comple-
mentary DNA was performed using the PrimeScript RT re-
agent kit (TaKaRa) and the miRNA first strand complementary
DNA synthesis kit (Vazyme), respectively. Real-time quanti-
tative PCR analyses were performed on a CFX96 touch real-
time pcr detection system (Bio-Rad) using SYBR Green Pro
Taq HS (Accurate). The relative expression levels of the target
genes were calculated using the DDCt method. The primer
sequences are provided in Tables S2 and S3.

Protein isolation and Western blot analysis

Total protein was extracted using radio-immunoprecipita-
tion lysis buffer (Invitrogen), which was supplemented with 1%
100 mM PMSF (Thermo Fisher Scientific). The protein con-
centration was then quantified using the bicinchoninic acid
protein assay kit (Thermo Fisher Scientific). The protein
expression levels were then analyzed using a Western blot
assay. Equal quantities of protein (10 mg) were separated using
SDS-PAGE on a 10% gel and then transferred onto a poly-
vinylidene fluoride membrane. The membrane was blocked
and incubated overnight at 4 �C with primary antibodies
against Pfkfb3 (1:5000, Abcam Cat# ab181861), Actb (1:1000,
Santa Cruz Cat# sc-8432), Gsdmd (1:1000, Abcam Cat#
ab209845), and Il-1b (1:1000, Cell Signaling Technology Cat#
12242S). This was followed by an incubation with secondary
anti-mouse or anti-rabbit antibodies (1:5000, Cell Signaling
Technology, Cat# 7076, or Cat# 7074) at room temperature.
Blots were developed using electro-chemiluminescence
detection substrates (Engreen Biosystem) and images were
captured using a ChemiDoc MP Imaging System (Bio-Rad). In
most cases, membranes were either cut horizontally or strip-
ped using the Western Blot stripping buffer (Thermo Fisher
Scientific) and reprobed. In some special cases, the same batch
of samples was reloaded onto another gel for the detection of
loading controls. The quantification of Western blot images
was performed using Image J software (https://imagej.net/ij/
download.html). Briefly, the intensity of each band was
measured and normalized by subtracting the background value
and dividing by the loading control value. The fold change was
then calculated by dividing the normalized intensity by the
mean value of the control group.

MiRNA response element site identification and luciferase
assay

The miRNA response element of miR-106a-5p within the
30-UTR of PFKFB3mRNA was identified using the TargetScan
database. Reporter plasmids were constructed by cloning the
WT or mut 30UTR segment downstream of the firefly
luciferase gene within the Pezx-MT06 vector (Genecopoeia).
HEK-293T, BMDMs, and RAW264.7 cells were cultured in
white 96-well plates and cotransfected with varying concen-
trations of miR-106a-5p mimic and either WT-Pfkfb3 or mut-
Pfkfb3 reporter plasmids. The luciferase activity was measured
using a commercial dual-luciferase reporter assay kit (Prom-
ega) and a Spark microplate reader (Tecan), following the
manufacturer’s protocols.

Metabolic measurements

ECARs were measured using a Seahorse XF96e Extracellular
Flux analyzer (Agilent). Briefly, cells transfected with either
miR-106a-5p mimic or Pfkfb3 siRNA were seeded into an
XF96 cell culture plate at a density of 5000 cells per well and
incubated overnight with LPS. Following 24 h of LPS treat-
ment, the medium was replaced with Seahorse assay medium
and the plates were incubated for 1 h in a non-CO2 incubator
at 37 �C. Three basal measurements were taken, followed by
three consecutive measurements executed by the sequential
addition of glucose (10 mM), the ATP synthase inhibitor oli-
gomycin (1.5 mM), and the glycolysis inhibitor 2-deoxy-D-
glucose 100 mM) to determine basal and maximum ECAR.
The basal ECAR was calculated as the average ECAR value
during the basal measurement cycle, prior to the addition of
any compounds. Glycolysis was calculated as the difference
between the ECAR after adding glucose and the nonglycolytic
acidification, which is the ECAR after adding 2-deoxy-D-
glucose. Glycolytic capacity was calculated as the difference
between the ECAR after adding oligomycin, which stimulates
glycolysis, and the basal ECAR reading. Glycolytic reserve was
calculated as the difference between the ECAR after adding
oligomycin and the ECAR after adding glucose. Finally, ECAR
values were normalized to the cell number.

Glucose uptake assay

For the glucose uptake assay, cells were initially washed
twice with glucose-free Krebs-Ringer bicarbonate buffer (pH
7.4) and then preincubated with the same buffer for 15 min at
37 �C. Subsequently, the buffer was replaced with Krebs-
Ringer bicarbonate buffer that was supplemented with
600 mM 2-Deoxy-2- [(7-nitro-2,1,3-benzoxadiazol-4-yl)
amino]-D-glucose (Thermo Fisher Scientific), and the cells
were incubated at 37 �C for an additional 30 min. Following
three washes with PBS, the fluorescence intensity of the
samples was immediately measured using a microplate reader
(Tecan) at a wavelength of 465/540 nm. Finally, the protein
concentration in each cell sample was determined using the
bicinchoninic acid assay, which was used to normalize the
glucose uptake capacity.

Assay of intracellular ROS content

Intracellular ROS levels were determined using either a
DCFH-DA fluorescent probe (Beyotime) or DHE (solarbio).
Specifically, intracellular ROS can oxidize the nonfluorescent
DCFH to generate fluorescent dichlorofluorescein. Addition-
ally, ROS can oxidize DHE to ethidium oxide, which can be
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incorporated into chromosomal DNA to produce red fluo-
rescence. Cells were pretreated with either DCFH-DA or DHE
working solution and then incubated at 37 �C with 5% CO2 for
30 min. Fluorescence signals were subsequently detected using
a FACScanTM flow cytometer system (BD Biosciences) at a
wavelength of 488 nm. Finally, data were processed using
FlowJo Version 10.8.1 (https://www.flowjo.com/).

ATP content detection

Total ATP production was assessed by measuring the
fluorescence intensity with an ATP assay kit (Beyotime).
Briefly, the ATP detection reagent was diluted in a 1:9 ratio
using the ATP dilution buffer. Subsequently, 100 ml of the
detection solution was added to a white 96-well plate and
incubated at room temperature for 3 to 5 min to allow for the
consumption of background ATP. Following this, the solution
was incubated with either the samples or standards. The
fluorescence intensity was then immediately measured using a
luminometer reader (Tecan).

Immunofluorescent staining

For immunofluorescent staining, cells were plated onto cell
slides within a 12-well plate. The expression levels and
colocalization of pyroptosis-associated proteins were deter-
mined by first fixing the cells with 4% paraformaldehyde.
Following permeabilization with 0.1% Triton X-100 and
blocking with 10% goat serum, the cells were incubated
overnight at 4 �C with primary antibodies against caspase-1
(1:200, Proteintech Cat# 22915-1-AP) and Asc (1:200, Santa
Cruz Cat# sc-514414). Corresponding secondary antibodies
conjugated to Alexa Fluor 488 (anti-mouse), Alexa Fluor 555
(anti-rat), or Alexa Fluor 594 (anti-rabbit) were then applied
(Thermo Fisher Scientific). The nuclei were stained with 4’,6-
diamidino-2-phenylindole (Cell Signaling Technology).
Finally, all images were captured using a confocal fluorescence
microscopy system (Leica).

ELISA assay

The levels of Il-6, Il-1b, and Tnf-a in either the cell culture
supernatant or mouse serum were analyzed using ELISA kits
(Proteintech Cat# KE10007, KE10003, and KE10002, respec-
tively), in accordance with the manufacturer’s instructions.
Briefly, 100 ml of the test samples were added to each well and
incubated at 37 �C for a duration of 2 h. Following this, the
samples were washed and then sequentially incubated with
antibodies and horseradish peroxidase-labeled streptomycin
for an additional hour. Immunoreactive signals were devel-
oped using a 3,30,5,50-Tetramethylbenzidine solution to induce
a color reaction. The absorbance was immediately measured at
450/630 nm using a microplate reader (Tecan).

Flow cytometric analysis of pyroptosis and apoptosis

The status of live cells was evaluated using a caspase-3 ac-
tivity and apoptosis detection kit (Beyotime). Specifically, the
culture medium was collected before cells were digested with
trypsin. The cell pellet was then mixed with the medium and
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resuspended. Following two washes with PBS, the cells were
incubated with 194 ml of binding buffer, 5 ml of annexin
V-mCherry, and 1ml of GreenNuc caspase-3 substrate. This
incubation was carried out at room temperature in the dark for
a duration of 30 min. Subsequently, the cells were analyzed
using a FAC-scan flow cytometer (BD Biosciences) on the
FITC/phycoerythrin channels. Finally, the data were processed
using FlowJo version 10.8.1.

Transmission electron microscopy

Cell pyroptosis was examined using transmission electron
microscopy, with the assistance of the Sinoma Electron Mi-
croscope Center. The cells were harvested and fixed in ice-cold
2.5% glutaraldehyde for a duration of 2 h. Following this, the
samples were postfixed in 1% OsO4 for an additional hour,
dehydrated through a series of ethanol washes, and then
embedded in epoxy resin. Ultrathin sections, measuring
60 nm, were prepared and double-stained with uranyl acetate
and lead citrate. These sections were subsequently examined
using a transmission electron microscope.

Animal study

The animal studies conducted were approved by the Insti-
tutional Animal Care and Use Committee at Guangzhou
Medical University. Floxed Pfkfb3 (Pfkfb3flox/flox) mice were
generously provided by Dr Yuqing Huo from Augusta Uni-
versity. A homozygous deficiency of Pfkfb3, specific to myeloid
cells (Pfkfb3flox/flox/LysMcre/+, hereafter referred to as Pfkfb3f/f/
LysMcre/+), was achieved by cross-breeding LysMcre/+ trans-
genic mice (Stock Number: 004718, The Jackson Laboratory)
with Pfkfb3flox/flox mice. All mice were on a C57BL/6
background.

To minimize estrogen-dependent fluctuations in response
to sepsis, only male mice were used for evaluating sepsis.
Male Pfkfb3f/f/LysMcre/+ and Pfkfb3+/+/LysMcre/+ mice, aged
between 6 and 7 weeks, were randomized into three groups,
with ten mice per group: control, LPS-treated, and miR-106a-
5p–treated. Mice in the control and LPS-treated groups were
intravenously administered with PBS, while those in the miR-
106a-5p–treated group received intravenous administration
of miR-106a-5p agomir (20 nmol/administration) twice a
week via the tail vein. One week after agomir treatment, mice
in the LPS-treated and miR-106a-5p–treated groups were
intraperitoneally injected with LPS (20 mg/kg body weight).
The animals were treated with LPS once every 3 days for a
duration of 2 weeks and were euthanized on the third day
following the last dose administration. The state and behavior
of the mice were evaluated daily during this period using the
MSS. Whole blood, lung, and liver samples were collected for
serological and histopathological analyses, respectively.
Mouse peritoneal macrophages were also processed for
Western blot analysis.

Statistical analysis

All data are represented as the mean ± SD. Comparisons
between two groups were carried out using a two-sided
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unpaired Student’s t test. Multiple comparisons among three
or more groups were performed using one-way ANOVA,
followed by Tukey’s post hoc test or two-way ANOVA, fol-
lowed by Bonferroni’s post hoc test. All data were analyzed and
visualized using GraphPad Prism 8.0 software (https://www.
graphpad.com/features). A p value of less than 0.05 was
considered statistically significant (*p < 0.05, **p < 0.01, and
***p < 0.001). Each experiment was independently repeated at
least three times. The number of biological replicates in each
group is shown in the Figure legends.
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