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ORIGINAL RESEARCH

Immunometabolic Endothelial Phenotypes
Integrating Inflammation and Glucose Metabolism

Wusheng Xiao , William M. Oldham , Carmen Priolo, Arvind K. Pandey, Joseph Loscalzo

RATIONALE: Specific mechanisms linking inflammation and metabolic reprogramming—two hallmarks of many pathobiological 
processes—remain incompletely defined.

OBJECTIVE: To delineate the integrative regulatory actions governing inflammation and metabolism in endothelial cells.

METHODS AND RESULTS: Metabolomic profiling, glucose labeling and tracing, and Seahorse extracellular flux analyses revealed 
that the inflammatory mediators, TNFα (tumor necrosis factor alpha) and lipopolysaccharide, extensively reprogram cellular 
metabolism and particularly enhance glycolysis, mitochondrial oxidative phosphorylation (OXPHOS), and the pentose 
phosphate pathway in primary human arterial endothelial cells. Mechanistically, the enhancement in glycolysis and pentose 
phosphate pathway is mediated by activation of the NF-κB (nuclear factor-kappa B)–PFKFB3 (6-phosphofructo-2-kinase/
fructose 2,6-bisphosphatase 3) axis and upregulation of G6PD (glucose 6-phosphate dehydrogenase), respectively, while 
enhanced OXPHOS was attributed to suppression of the FOXO1 (forkhead box O1)-PDK4 (pyruvate dehydrogenase kinase 
4) axis. Restoration of the FOXO1-PDK4 axis attenuated the TNFα- or lipopolysaccharide-induced increase in OXPHOS 
but worsened inflammation in vitro, whereas enhancement of OXPHOS by pharmacological blockade of PDKs attenuated 
inflammation in mesenteric vessels of lipopolysaccharide-treated mice. Notably, suppression of G6PD expression or its 
activity potentiated the metabolic shift to glycolysis or endothelial inflammation, while inhibition of the NF-κB–PFKFB3 
signaling, conversely, blunted the increased glycolysis or inflammation in in vitro and in vivo sepsis models.

CONCLUSIONS: These results indicate that inflammatory mediators modulate the metabolic fates of glucose and that stimulation 
of glycolysis promotes inflammation, whereas enhancement of OXPHOS and the pentose phosphate pathway suppresses 
inflammation in the endothelium. Characterization of these immunometabolic phenotypes may have implications for the 
pathogenesis and treatment of many cardiovascular diseases.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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The endothelium—a monolayer of endothelial cells 
(ECs) lining the vasculature—is a dynamic, heteroge-
neous, and extensive structure that possesses vital 

secretory, synthetic, sensory, barrier, transport, metabolic, 
and immunologic functions.1 Normally, ECs in adults are 
quiescent, which helps to maintain an anti-inflammatory, 
antithrombotic, and fibrinolytic microenvironment.1 Main-
taining such a niche requires that quiescent ECs produce 
a variety of vasoactive factors (eg, NO•),2 for which reason 

they are expected to be metabolically active. Since ECs, 
particularly arterial ECs, are exposed to an oxygen-
rich environment in normal vessels, it is reasonable to 
speculate that ECs rely on mitochondrial respiration 
for energy production. Surprisingly, mounting evidence 
suggests that glycolysis is the predominant glucose uti-
lization pathway and contributes 75% to 85% of total 
cellular ATP levels in quiescent and proliferating ECs.3–7 
This metabolic feature of ECs maximizes the delivery of 
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oxygen to perivascular cells and tissues and minimizes 
the production of reactive oxygen species through mito-
chondrial oxidative phosphorylation (OXPHOS).7,8

The endothelium is also the first line of defense 
against inflammatory insults in the vasculature. With 
inflammatory stimulation, quiescent ECs are activated 
to produce proinflammatory molecules and reactive 
oxygen species.1,9 These cellular and molecular events 
disrupt vascular integrity and facilitate the adherence 
and transendothelial migration of circulating leukocytes, 
all of which create an inflammatory, prothrombotic, and 
antifibrinolytic microenvironment, and promote metabolic 
alterations in ECs.1,9 Inflammation and metabolic altera-
tions have been inextricably linked to the development 
of numerous cardiovascular diseases, such as athero-
sclerosis and pulmonary arterial hypertension (PAH).10–15 
For example, pulmonary artery ECs (PAECs) from PAH 
patients and animal models exhibit increased glycolytic 
activity and decreased mitochondrial OXPHOS activity 
implicating the Warburg effect, which is often accompa-
nied by perivascular infiltration of inflammatory cells in 
PAH lungs and elevated levels of cytokines/chemokines 

Nonstandard Abbreviations and Acronyms

AoEC aortic endothelial cell
CCL2 C-C motif chemokine ligand 2
EC endothelial cell
ECAR extracellular acidification rate
FOXO1 forkhead box O1
G6PD glucose 6-phosphate dehydrogenase
GSH glutathione
IκBα(DN) dominant-negative IκBα protein
ICAM1 intercellular adhesion molecule 1
IKK2 IκB kinase 2
LAC lactate
LPS lipopolysaccharide
NF-κB nuclear factor-kappa B
NOX4 NADPH oxidase 4
OCR oxygen consumption rate
OXPHOS oxidative phosphorylation
PAEC pulmonary artery endothelial cell
PAH pulmonary arterial hypertension
PDK4 pyruvate dehydrogenase kinase 4
PFKFB3  6-phosphofructo-2-kinase/fructose 

2,6-bisphosphatase 3
PI3K phosphatidylinositol 3-kinase
PKM2 PYR kinase M2
PPP pentose phosphate pathway

Novelty and Significance

What Is Known?
• Endothelial dysfunction contributes to the development 

of many cardiovascular pathobiologies and diseases.
• Inflammation and metabolic reprogramming are two 

hallmarks of numerous cardiovascular disorders.

What New Information Does This Article  
Contribute?
• Inflammatory stimuli extensively reprogram endothelial 

cell metabolism.
• Glucose metabolic pathways distinctly modulate endo-

thelial inflammation in vitro and in vivo.
• Glycolysis is activated as a proinflammatory mecha-

nism in endothelial cells, while mitochondrial oxidative 
phosphorylation and the pentose phosphate path-
way are enhanced as homeostatic anti-inflammatory 
responses.

The interregulation of inflammation and metabolism in 
the endothelium remains incompletely defined. Here, 
we demonstrate that the immunometabolic pheno-
type of the endothelium is dynamic and adaptive and 
that endothelial cell metabolism is reprogrammed in 
response to inflammatory stimulation. Specifically, 
inflammatory stimuli activate all 3 central glucose 
metabolic pathways, glycolysis, mitochondrial oxidative 
phosphorylation, and the pentose phosphate pathway. 
Intriguingly, stimulation of glycolysis promotes inflam-
mation, whereas enhancement of oxidative phosphory-
lation and the pentose phosphate pathway suppresses 
inflammation in vitro and in vivo. Knowledge gained 
from this study provides insight into fundamental 
mechanisms underlying immunometabolic interactions 
in a unique cell type essential to normal vascular func-
tion and to the vascular inflammatory response, and 
may offer a novel rationale for developing therapeutic 
metabolic strategies for the treatment of inflammatory 
vascular disorders.

PYR pyruvate
RNA-seq RNA sequencing
TCA tricarboxylic acid
TNFα tumor necrosis factor alpha
VCAM1 vascular cell adhesion molecule 1
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in the circulation.12,16–18 Yet, the key determinants of 
molecular cross talk between inflammation and cellular 
metabolism and its regulatory features remain poorly 
defined. Thus, in this study, we investigated the interrela-
tionships between inflammation and cellular metabolism 
in human arterial ECs and in mouse mesenteric vessels, 
uniquely focusing on integrative molecular mechanisms 
underlying different immunometabolic phenotypes. 
Owing to the central role of ECs in inflammation, knowl-
edge of these immunometabolic phenotypes will likely 
be broadly applicable to a wide range of cardiovascular 
pathobiologies and diseases.

METHODS
A detailed Methods section and the Major Resources Table are 
included in the Data Supplement. No experiment-wide/across-
test multiple test correction was applied; only within-test cor-
rections were made. The selected images and blots were those 
that most accurately represent the mean of each experimental 
group and are of high quality.

Data Availability
All data that support the findings of this study are presented 
in this article and its Data Supplement. Reagents will be made 
available upon reasonable request to the corresponding author.

RESULTS
Inflammatory Stimuli Enhance Glucose 
Metabolism in ECs
We first used metabolomic profiling to investigate the 
metabolic alterations in primary human PAECs treated 
with an inflammatory stimulus, TNFα (tumor necrosis 
factor alpha) or lipopolysaccharide (LPS), for 24 hours. 
We screened 137 metabolites, with results showing that 
TNFα treatment significantly altered the levels of 100 
metabolites (>±1.2-fold; P<0.05), of which 83 were 
significantly elevated and 17 were significantly reduced 
(Figure 1A; Table I in the Data Supplement). In contrast 
to TNFα, LPS considerably changed the levels of 84 
metabolites (>±1.2-fold; P<0.05), of which 77 were sig-
nificantly increased, with only 7 significantly decreased 
(Figure 1B; Table I in the Data Supplement). These differ-
entially changed metabolites were intermediates of glu-
cose and fatty acid metabolism, amino acid metabolism, 
nucleotide and nucleic acid metabolism, and others (Fig-
ure 1A and 1B; Figure IA through ID in the Data Supple-
ment; Table I in the Data Supplement), indicating that the 
proinflammatory mediators, TNFα and LPS, extensively 
reprogram cellular metabolism in ECs.

Metabolite Sets Enrichment Analysis demonstrated 
that the metabolite sets related to glucose metabolism 
were highly enriched in the top 20 pathways in inflamed 
PAECs (Tables II and III in the Data Supplement), 

highlighting the broad role of glucose metabolism in the 
cellular inflammatory response. Indeed, TNFα or LPS 
greatly increased the levels of metabolites of the pay-
off phase of glycolysis, including pyruvate (PYR), lactate 
(LAC), glyceraldehyde 3-phosphate, 3-phosphoglycer-
ate, or phosphoenolpyruvate, while only TNFα treatment 
diminished the levels of intermediates of the prepara-
tory phase of glycolysis, such as G6P (glucose 6-phos-
phate), fructose 1,6-bisphosphate, and dihydroxyacetone 
phosphate (Figure 1C). TNFα or LPS also elevated the 
levels of the tricarboxylic acid (TCA) cycle metabolites, 
aconitate, citrate, 2-oxoglutarate, succinate, fumarate, 
or malate, as well as the pentose phosphate pathway 
(PPP) metabolites, R5P (ribose 5-phosphate) and Se7P 
(sedoheptulose 7-phosphate; Figure 1C). Of note, while 
cellular ATP levels were well-maintained, TNFα or LPS 
stimulation induced 2-fold to 3-fold increases in the 
levels of the ATP hydrolysis products, ADP and AMP, 
and, thereby, significantly decreased the ATP/ADP and 
ATP/AMP ratios (Figure ID in the Data Supplement). 
These metabolomic profiling results indicate that glu-
cose metabolism enhanced in response to inflammatory 
stimuli.

In support of these findings, results from glucose 
uptake flux and microscopy assays showed that glucose 
uptake was enhanced by 1.4-fold to 2-fold in PAECs 
exposed to inflammatory stimuli, which correlated with 
an increase in the efflux rate of LAC—the glycolytic 
end-product (Figure 1D through 1F), suggesting that 
the increased demand for glucose was partially due to 
enhanced glycolytic activity. To test whether the other 
two major metabolic pathways of glucose, the PPP and 
mitochondrial OXPHOS, also contribute to the increased 
uptake of glucose, we measured [14C]-CO2 release from 
cells cultured with radiolabeled [14C]-glucose since both 
pathways can generate CO2 by glucose oxidation (Fig-
ure 1G). As shown in Figure 1H, [14C]-CO2 release from 
uniformly labeled [14C]-glucose was elevated by over 1.5-
fold in TNFα- or LPS-treated cells, suggesting glucose 
oxidation is enhanced in inflammation.

We further characterized glucose oxidation and com-
pared it to glycolysis by directly tracing the fates of glu-
cose using [U-13C]-glucose (Figure 1I). We found that 
the inflammatory mediators, TNFα or LPS, increased the 
labeled fragments (M+3) of PYR and LAC by ≈10% with 
a concomitant decrease in their unlabeled pools (M+0; 
Figure 1J and 1K), while the isotopomer distribution pat-
terns of other glycolytic intermediates (eg, glyceraldehyde 
3-phosphate, dihydroxyacetone phosphate, and 3-phos-
phoglycerate) remained unchanged (Figure IE in the Data 
Supplement). Intriguingly, TNFα or LPS also significantly 
elevated the labeled pools (M+2, M+4, and M+5) of the 
TCA cycle intermediates, citrate and aconitate, and con-
comitantly decreased the unlabeled M+0 or M+1 frag-
ments of these two metabolites (Figure 1L and 1M; Figure 
IF in the Data Supplement). In addition, the labeling pools 
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Figure 1. Inflammatory stimuli globally reprogram endothelial cell metabolism.
Confluent pulmonary artery endothelial cells (PAECs) were stimulated with TNFα (tumor necrosis factor alpha; 1 ng/mL) or lipopolysaccharide (LPS; 
50 ng/mL) for 24 h. A and B, Volcano plots from metabolomic profiling using LC-MS show the fold changes of 137 metabolites in TNFα (A) or 
LPS (B) stimulated cells; n=3. C, Heat map and the fold changes of intermediate metabolites of glycolysis, the tricarboxylic acid (TCA) cycle, and 
the pentose phosphate pathway (PPP) relative to control cells; n=3. Significantly increased or decreased metabolites were indicated by blue or red, 
respectively (P<0.05 using the Kruskal-Wallis test followed by Dunn test). D, The flux rates of glucose uptake and lactate secretion; n=3. E and F, 
Representative images of 2-NBDG uptake (E) and corresponding quantitation (F) showing TNFα or LPS enhances glucose uptake in PAECs. Scale, 
20 μm; n=4. G and H, [14C]-CO2 release from [U-14C]-glucose (Glc) labeled cells; n=4. I, Schematic diagram showing the primary labeling patterns of 
[U-13C]-Glc in glycolysis and the TCA cycle. J–M, The labeled fraction(s) of pyruvate (PYR; M+3; J), lactate (LAC; M+3; K), citrate (CIT; M+2, M+4, 
and M+5; L), and aconitate (ACO) (M+2, M+4, and M+5; M) using [U-13C]-Glc as a tracer; n=3. N, Representative oxygen consumption rate (OCR) 
plot from a Seahorse mitochondrial stress assay. O, Energetics map showing basal OCR and extracellular acidification rate (ECAR) in TNFα-stimulated 
PAECs; n=6. P and Q, Quantitation of basal and ATP-dependent OCR (P), as well as glycolytic ECAR (Q) from the Seahorse assay; n=6. Data 
presented as mean±SD. *P<0.05, **P<0.01, and ***P<0.001 vs control by the Kruskal-Wallis test followed by Dunn test (D, F, H, J–M, P, and Q).
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of other metabolites (eg, 2-oxoglutarate, succinate, and 
malate) in the TCA cycle were largely unaffected (Figure 
IF in the Data Supplement). Thus, these results support 
the conclusion that the fluxes of glucose into both glycol-
ysis and the TCA cycle are enhanced in PAECs exposed 
to inflammatory stimuli.

These findings were further supported by measure-
ments of oxygen consumption rate (OCR; indicative of 
mitochondrial OXPHOS) and extracellular acidification 
rate (ECAR; indicative of glycolysis) using the Seahorse 
XF analyzer. Results demonstrated that both basal and 
ATP-dependent OCR were increased from 1.5 to 1.8 
fmol/min per cell in controls to 3 to 4 fmol/min per cell 
in TNFα-treated PAECs (Figure 1N through 1P). The 
same treatment also increased ECAR by 2-fold to 3-fold 
(Figure 1O and 1Q). Since glycolytic LAC, respiratory 
CO2 hydrolysis, and ATP hydrolysis could lead to the 
increase in ECAR with their relative contribution depend-
ing upon cell type,19,20 we further validated these findings 
by measurement of LAC secretion. As shown in Figure 
IG in the Data Supplement, TNFα stimulation elevated 
extracellular LAC levels by ≈2-fold, which correlated with 
the 2-fold to 3-fold increase in ECAR, implying that LAC 
is the primary source for the TNFα-induced increase in 
ECAR in PAECs. Of note, LPS challenge at high dose 
(50 ng/mL) enhanced basal and ATP-dependent OCR 
by 1.2-fold and ECAR by 2.1-fold; while low-dose LPS 
(10 ng/mL) increased ECAR by 1.7-fold with no change 
in OCR (Figure IH in the Data Supplement).

Since PAECs reside in a relatively low oxygen environ-
ment under physiological conditions and ECs are het-
erogeneous with specialized metabolic and functional 
responses based on the needs and niche of their resi-
dent tissues whose perfusion they govern,1,21,22 we next 
investigated whether these metabolic alterations hold in 
inflamed human aortic ECs (AoECs)—a cell type living in 
an oxygen-rich niche under normal circumstances. Simi-
larly, energetics mapping showed that the increases in 
OCR and ECAR were also observed in TNFα- or LPS-
stimulated AoECs (Figure II and IJ in the Data Supple-
ment). Therefore, these results reveal that inflammatory 
stimuli enhance both glycolysis and mitochondrial res-
piration in human pulmonary and systemic arterial ECs, 
irrespective of their origins or local oxygen tensions.

Taken together, results in Figure 1 indicate that the 
inflammatory mediators, TNFα and LPS, activate all 3 
central glucose metabolic pathways in human arterial 
ECs. Activation of the PPP is required for the biosyn-
thesis of nucleic acids (NAs), nucleotides, and cellular 
reducing equivalents, NADPH and glutathione (GSH), 
to sustain cell proliferation and survival, as well as for 
cellular redox homeostasis, while enhancements of both 
mitochondrial OXPHOS and more prominently glycolysis 
are essential for the replenishment and maintenance of 
the cellular ATP pool to accommodate increased ATP uti-
lization in inflammatory states.

Inflammatory Mediators Modulate Gene 
Expression in Glucose Metabolism
Next, we performed RNA sequencing (RNA-seq) tran-
scriptomic analysis to identify the potential molecular 
mediators of metabolic reprogramming in TNFα-treated 
PAECs. Principal component analysis showed TNFα-
treated cells closely clustered and were clearly distinct 
from unstimulated cells (Figure IIA in the Data Supple-
ment). Specifically, TNFα significantly upregulated 1820 
genes (>1.5-fold; adjusted P<0.05) and suppressed 
1609 genes (<0.7-fold; adjusted P<0.05; Figure IIB 
and IIC in the Data Supplement; Table IV in the Data 
Supplement). Inflammatory response-related genes/
pathways were highly enriched in the top 10 gene 
ontology terms and KEGG pathways (Figure IID and IIE 
in the Data Supplement).

To understand the changes of metabolic genes, we 
next characterized a subset of 395 glucose metabo-
lism–related genes based upon a published list of 1629 
mammalian metabolic enzymes23 and their protein func-
tions using the UniProtKB database (Table IV in the 
Data Supplement). Among this subset, 69 and 75 genes 
were significantly stimulated or repressed (>±1.2-fold; 
adjusted P<0.01), respectively, of which CYB5R2 was 
the most significantly upregulated (15-fold) and PDK4 
(PYR dehydrogenase kinase 4) was the most significantly 
downregulated (99.6%; Figure 2A through 2D; Table IV 
in the Data Supplement). Consistent with the enhanced 
glycolytic activity (Figure 1), the glycolytic genes 
ALDOC, PFKFB3 (6-phosphofructo-2-kinase/fructose 
2,6-bisphosphatase 3), PFKFB4, PGMA1, SLC16A4 (aka 
MCT5), SLC16A9 (ie, MCT9), and SLC2A6 (ie, GLUT6) 
were upregulated by over 1.5-fold (Figure 2B and 2C). 
Furthermore, we also observed significant induction of 
mitochondrial respiratory complex genes NDUFA9 and 
COX17 (Figure 2B and 2C), which was accompanied by 
marked repression of these transcripts encoding pro-
teins with inhibitory effects on mitochondrial respiratory 
activity, such as PDK2, PDK4, and SLC25A27 (ie, UCP4; 
Figure 2B and 2D). These gene expression profiles are 
consistent with the enhanced activity of mitochondrial 
OXPHOS (Figure 1).

To validate these transcriptomic findings, we exam-
ined the mRNA expression of 14 key glucose meta-
bolic genes. Consistent with RNA-seq findings, heat 
map and quantitation from quantitative RT-PCR (real 
time polymerase chain reaction) assays showed that 
TNFα upregulated glycolytic genes GLUT4, PFKFB3, 
and PKM2 (PYR kinase M2) mRNA by 1.3-6-fold and 
that the same treatment repressed PDK4 mRNA by over 
90% and PDK1 mRNA by <20% in PAECs (Figure 2E 
and 2F) and AoECs (Figure 2I and 2J). Interestingly, 
these gene expression changes were also observed in 
LPS-treated ECs but to a lesser extent relative to TNFα 
(Figure 2G and 2K). Concomitant immunoblotting results 
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Figure 2. Inflammatory stimuli modulate metabolic gene expression.
A and B, Pie graph (A) and volcano plot (B) from RNA sequencing (RNA-seq) showing the expression profile of glucose metabolism–related 
genes in TNFα (tumor necrosis factor alpha)-stimulated pulmonary artery endothelial cells (PAECs), with upregulated genes (>1.2-fold) and 
downregulated genes (<0.8-fold), and adjusted P<0.01 by the Benjamini-Hochberg test; n=3. C and D, The upregulated genes (>1.5-fold) and 
downregulated genes (<0.5-fold) from RNA-seq analysis. Color scales represent fold changes relative to control cells; n=3. E, F, I, and J, Heat 
maps (E and I) and quantitative results (F and J) show mRNA expression of metabolic genes in PAECs (E and F; n=3) and aortic endothelial cell 
(AoECs; I and J, n=4) stimulated by TNFα for 24 h. Color scales in heat maps represent fold changes relative to control cells. G and K, mRNA 
expression of metabolic genes in PAECs (G) or AoECs (K) stimulated by lipopolysaccharide (LPS) for 24 h; n=3. H and L, The protein levels of 
select metabolic genes in TNFα- or LPS-challenged PAECs (H) or AoECs (L); n=3. Data presented as mean±SD. *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001 vs control by the Kruskal-Wallis test followed by Dunn test (F, G, and K) or the Mann-Whitney U test (J).
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revealed that TNFα and LPS enhanced PFKFB3 pro-
tein expression by ≈2-fold and 5-fold to 6-fold in PAECs, 
respectively (Figure 2H). The upregulation of PFKFB3 
protein appeared to be greater in AoECs than PAECs 
(Figure 2L). In contrast to the 60% to 90% suppression 
of PDK4 mRNA, we observed modest decreases in the 
protein levels of PDK4 and its isoform PDK1 by TNFα or 
LPS in both types of ECs (Figure 2H and 2L). These dis-
cordant changes in the magnitude of PDK4 mRNA and 
protein were also reported in cardiomyocytes of PAH rats 
and in LPS-treated mouse C2C12 myoblasts.24,25 Nev-
ertheless, this modest reduction in PDK isoforms cor-
related with a marked decrease in the phosphorylation of 
their substrate PYR dehydrogenase (P-PDH; Figure 2H 
and 2L). Of note, G6PD (glucose 6-phosphate dehydro-
genase; the rate-limiting enzyme of the PPP) activity was 
significantly elevated by TNFα or LPS treatment with a 
greater increase in LPS-treated PAECs (Figure IIF in the 
Data Supplement), which correlated with a higher level of 
G6PD protein by LPS than TNFα (Figure 2H), although 
its mRNA expression was not affected (Figure 2E and 2I; 
Figure IIG through IIJ in the Data Supplement).

It is noteworthy that these two inflammatory media-
tors differentially modulate metabolic gene expres-
sion within the same cell type and between different 
cell types. TNFα selectively stimulated HK2 mRNA by 
2-fold and repressed GLUT1 and ACO2 mRNA expres-
sion in AoECs (Figure 2I and 2J; Figure III in the Data 
Supplement). LPS markedly upregulated the protein 
levels of PKM2, LDHA, and G6PD in PAECs, whereas 
these changes were not observed with TNFα treatment 
(Figure 2H). By contrast, both TNFα and LPS signifi-
cantly enhanced the expression levels of these proteins 
in AoECs (Figure 2L). Thus, these results identify both 
common and distinct gene expression patterns induced 
by 2 different inflammatory stimuli in 2 types of human 
arterial ECs.

The enzyme PFKFB3 catalyzes the conversion of 
F6P into F2,6BP, which is the most potent allosteric acti-
vator of PFK1 (phosphofructokinase 1)—the rate-limiting 
enzyme of glycolysis.26 The upregulation of PFKFB3 and 
other glycolytic enzymes is consistent with the enhanced 
glycolytic activity in inflamed arterial ECs (Figures 1 and 
2). PDH governs the fate of glucose-derived PYR in the 
TCA cycle, and, importantly, its enzymatic activity is con-
trolled by PDK-mediated phosphorylation and inactiva-
tion.27 The TNFα- or LPS-induced reductions in PDK4 
expression and P-PDH protein levels lowered the thresh-
old for PYR entry into the TCA cycle, leading to increased 
TCA cycle activity and mitochondrial respiration in ECs 
(Figures 1 and 2). In addition, since G6PD is the rate-
limiting enzyme of the PPP, the elevations of G6PD pro-
tein levels and activity help explain the enhancement of 
the PPP (Figures 1 and 2).

Since PDK4, G6PD, and PFKFB3 are key enzymes 
in glucose metabolism and, importantly, changes in the 

expression and activity of these enzymes were robustly 
and commonly found in inflamed arterial ECs, we next 
sought to investigate comparatively the immunometa-
bolic roles of these key regulatory proteins.

Restoration of PDK4 Function Inhibits 
Mitochondrial Respiration and Potentiates 
Inflammation
We first delineated the immunometabolic role of PDK4 
by overexpressing it in PAECs followed by inflammatory 
stimulus challenge. Overexpressing PDK4 was success-
ful as functionally evidenced by significant increases 
in its mRNA and the phosphorylation of PDH protein 
(P-PDH) in unstimulated cells, and, importantly, by signif-
icant recovery of the reduced PDK4 mRNA and P-PDH 
levels in TNFα- or LPS-stimulated cells (Figure 3A, 3F, 
and 3G; Figure IIIA in the Data Supplement). We next 
investigated whether and how PDK4 overexpression 
influences metabolic alterations in the setting of inflam-
mation. Results from the Seahorse assay showed that 
overexpression of PDK4 greatly mitigated the increases 
in basal, ATP-dependent, and maximal OCR in PAECs 
challenged with inflammatory stimuli, although it did 
not significantly influence the elevated ECAR, consis-
tent with the comparable and robust upregulation of 
PFKFB3 mRNA in these cells (Figure 3B through 3E; 
Figure IIIB through IIIG in the Data Supplement; see 
below). Likewise, blockade of the transport of PYR into 
mitochondria by UK5099—a pharmacological inhibitor of 
the mitochondrial PYR carrier28—completely normalized 
LPS-induced elevations in OCR but without significant 
effects on ECAR (Figure IIII through IIIK in the Data 
Supplement). Thus, these observations indicate that the 
enhancement of mitochondrial OXPHOS in the setting of 
inflammation is mediated, in part, by repression of PDK4 
expression and, consequently, increases in PDH complex 
activity and PYR oxidation in PAECs.

Enhanced mitochondrial respiration has been shown 
to support the anti-inflammatory phenotype of IL-4–stim-
ulated macrophages.29 As there is a lack of understanding 
as to how enhanced mitochondrial oxidation of glucose 
regulates inflammatory responses in human arterial ECs, 
we addressed this problem using PDK4-overexpressing 
PAECs. Results from quantitative RT-PCR and immu-
noblotting assays revealed that overexpression of PDK4 
strongly potentiated TNFα- or LPS-induced mRNA and 
protein upregulation of the proinflammatory adhesion 
molecules, VCAM1 (vascular cell adhesion molecule 1), 
ICAM1 (intercellular adhesion molecule 1), or CCL2 (C-C 
motif chemokine ligand 2; Figure 3F through 3I; Figure 
IIIH in the Data Supplement), which was accompanied by 
a potentiation of monocyte adhesion to inflamed PAECs 
with PDK4 overexpression (Figure 3J). Furthermore, 
inhibition of mitochondrial respiration using UK5099 or 
complex III inhibitor antimycin A markedly exacerbated 
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Figure 3. Restoration of the FOXO1 (forkhead box O1)-PDK4 (pyruvate dehydrogenase kinase 4) pathway suppresses 
mitochondrial respiration but worsens inflammation.
A, PDK4 mRNA levels in adenoviral PDK4 vector (AdPDK4; 20 MOI) or empty vector (AdEmpty) transfected pulmonary artery endothelial cells 
(PAECs) with or without TNFα (tumor necrosis factor alpha) stimulation for 24 h; n=4. B–E, Basal oxygen consumption rate (OCR; B), ATP-
dependent OCR (C), maximal OCR (D), and extracellular acidification rate (ECAR; E) from a Seahorse mitochondrial stress test; n=4. F and G, 
Protein levels of ICAM1 (intercellular adhesion molecule 1), VCAM1 (vascular cell adhesion molecule 1), (Continued )
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the induction of ICAM1 or VCAM1 expression by TNFα 
or LPS (Figure IIIL through IIIN in the Data Supplement). 
Overall, these findings indicate that overexpression of 
PDK4 abrogates the enhancement of mitochondrial res-
piration and heightens inflammatory responses, indicat-
ing that the metabolic enhancement of mitochondrial 
respiration suppresses inflammatory response in human 
arterial ECs.

To investigate the molecular mechanism(s) mediat-
ing PDK4 repression induced by inflammatory stim-
uli, we focused on the transcription factor FOXO1 
(forkhead box O1) since FOXO1 has been shown to 
upregulate PDK4 transcription,30 and our RNA-seq 
results showed a 50% reduction of FOXO1 mRNA in 
TNFα-treated PAECs (Table IV in the Data Supple-
ment). Importantly, the role of the FOXO1-PDK4 axis 
in modulating inflammation in ECs remains unexplored. 
Consistent with RNA-seq analysis, quantitative RT-PCR 
and immunoblotting assays revealed that TNFα or LPS 
treatment significantly suppressed FOXO1 expression 
and nuclear translocation (Figure 3K and 3L), indicating 
that the transcriptional activity of FOXO1 is inhibited. To 
test the immunometabolic role of FOXO1-PDK4 signal-
ing, we overexpressed (mouse) Foxo1 in human PAECs. 
The overexpressed Foxo1 protein was confirmed to 
be successful as functionally demonstrated by a sig-
nificant (over 2-fold) upregulation of PDK4 mRNA, as 
well as P-PDH protein levels (Figure 3M through 3O; 
Figure IIIO in the Data Supplement). Similar to PDK4 
overexpression, overexpression of Foxo1 also attenu-
ated TNFα- or LPS-induced increases in OCR with no 
impact on the elevated ECAR (Figure 3P through 3R; 
Figure IIIP in the Data Supplement). The mitigation of 
increased OCR correlated with significant restoration 
of reduced PDK4 mRNA and P-PDH protein levels in 
Foxo1 overexpressing and inflamed PAECs (Figure 3M 
through 3O). Importantly, normalization of this metabolic 
alteration potentiated inflammatory responses as the 
induction of inflammatory adhesion molecules, ICAM1, 
VCAM1, and CCL2 mRNA or protein, was significantly 
augmented in Foxo1 overexpressing cells treated 
with TNFα or LPS (Figure 3N, 3O, 3S, and 3T). Taken 
together, these findings reveal that inhibition of the 
FOXO1-PDK4 signaling pathway by inflammatory stim-
uli leads to the enhancement of mitochondrial oxidation 

of glucose, which has anti-inflammatory consequences 
in human arterial ECs.

Inhibition of G6PD Enhances Glycolysis and 
Worsens Inflammation
Next, we elucidated the immunometabolic role of G6PD 
in ECs. Silencing G6PD strongly upregulated the mRNA 
or protein expression of VCAM1, ICAM1, and CCL2 in 
unstimulated PAECs and also significantly exacerbated 
LPS-induced upregulation of these molecules (Fig-
ure 4A, 4B, and 4F). Similar effects were also observed, 
to a lesser extent, in TNFα-treated cells (Figure 4C and 
4F; Figure IVA in the Data Supplement). Likewise, inhi-
bition of G6PD activity with DHEA—a pharmacological 
inhibitor of G6PD31—augmented the elevated levels of 
ICAM1 and VCAM1 proteins in TNFα- or LPS-exposed 
cells (Figure 4D and 4E). Functionally, the augmented 
expression of these adhesion molecules led to greater 
monocyte adhesion to PAECs with G6PD silencing under 
basal and inflammatory conditions (Figure 4G). These 
lines of evidence clearly support the conclusion that 
blockade of the PPP by G6PD inactivation worsens the 
inflammatory response in PAECs, implying that activation 
of the PPP also has anti-inflammatory consequences.

Since the PPP is required for maintenance of redox 
homeostasis through recycling redox equivalents, 
NADPH and GSH,32,33 and oxidative stress is com-
monly seen in inflammatory states, we speculated that 
G6PD inhibition perturbs cellular redox balance lead-
ing to exacerbated inflammation. As anticipated, TNFα 
or LPS induced oxidative stress in PAECs as evidenced 
by a catalase-inhibitable increase in H2DCF oxidation, 
an upregulation of NOX4 (NADPH oxidase 4) protein 
(but not its mRNA), a decrease in cellular NADPH levels, 
and a modestly elevated NADP+/NADPH ratio (Figure 
IVA through IVF in the Data Supplement). Surprisingly, 
inhibition of G6PD failed to augment such oxidative 
stress, which correlated with an exacerbated repres-
sion of NOX4 mRNA and a partial normalization of the 
upregulated NOX4 protein despite greater LPS-induced 
reductions in cellular NADP(H) levels and an increase in 
the NADP+/NADPH ratio (Figure IVA through IVF in the 
Data Supplement). This effect may be a reflection of both 
decreased NOX4-dependent utilization of and decreased 

Figure 3 Continued. and P-PDH in PAECs with 24 h of TNFα (F) or lipopolysaccharide (LPS; G) stimulation; n=3. H, mRNA expression of 
inflammatory adhesion molecules in TNFα-stimulated cells; n=4. I, CCL2 (C-C motif chemokine ligand 2) levels in PAECs transfected with 
AdEmpty or AdPDK4; n=4. J, Representative images (left; scale, 200 μm) and quantitation (right) showing monocyte adhesion to the lawn 
of PAECs; n=3. K and L, FOXO1 mRNA (K; n=4) and protein (L; n=3) expression in PAECs challenged with TNFα or LPS for 24 h. M, PDK4 
mRNA expression in PAECs transfected with adenoviral vector of mouse Foxo1 (AdFoxo1; 80 MOI) or GFP control (AdGFP) followed by 24-h 
stimulation of LPS; n=4. N and O, Protein levels of ICAM1, VCAM1, and P-PDH in Foxo1 overexpressed cells with the stimulation of LPS (N) 
or TNFα (O) for 24 h; n=3. P–R, The Seahorse mitochondrial stress test shows basal OCR (P), ATP-dependent OCR (Q), and maximal OCR 
(R) in PAECs transfected with AdFoxo1 or AdGFP followed by 24-h stimulation of TNFα or LPS; n=3. S, mRNA expression of inflammatory 
marker genes in Foxo1 overexpressed and LPS-stimulated cells; n=4. T, CCL2 levels in PAECs transfected with AdGFP or AdFoxo1 followed by 
inflammatory stimuli for 24 h; n=3. Data presented as mean±SD. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs control by the Kruskal-Wallis 
test followed by Dunn test (A–E, H–K, M, and P–T); #P<0.05 and ##P<0.01 vs AdEmpty- or AdGFP-transfected and TNFα-stimulated cells by 
Dunn test (A, B, D, H, and P–R); $P<0.05 vs AdEmpty- or AdGFP-transfected and LPS-stimulated cells by Dunn test (I, J, M, P, Q, S, and T).
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Figure 4. Inhibition of G6PD (glucose 6-phosphate dehydrogenase) promotes a metabolic shift to glycolysis and inflammation. 
A, mRNA expression of G6PD and adhesion molecules in human G6PD siRNA (siG6PD) or control siRNA (siCtrl) transfected pulmonary artery 
endothelial cells (PAECs) with or without lipopolysaccharide (LPS) stimulation for 8 h; n=5. B–E, Protein levels of G6PD, ICAM1 (intercellular 
adhesion molecule 1), and VCAM1 (vascular cell adhesion molecule 1) in PAECs with G6PD silencing by siRNA (B and C) or inactivation by 
the enzymatic inhibitor DHEA (50 μM; D and E) under LPS (B and D) or TNFα (tumor necrosis factor alpha; C and E) stimulation for 8 h; 
n=3. F, CCL2 (C-C motif chemokine ligand 2) levels in PAECs with G6PD silencing and 8 h of inflammatory stimuli challenge; n=3 to 4. G, 
Representative images (left; scale, 200 μm) and corresponding quantitation (right) show the adhesion of monocytes to the lawn of PAECs; n=3. 
H and L, Energetics maps showing basal oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) in LPS- (H) or TNFα- (L) 
treated and G6PD silenced PAECs for 8 h; n=3. I, J, M, and N, Seahorse mitochondrial stress assays showing basal OCR (I and M) and glycolytic 
ECAR (J and N) after 8 h of LPS (I and J) or TNFα (M and N) stimulation; n=3. K and O, PFKFB3 mRNA expression in LPS- (K; n=5) or TNFα- 
(O; n=3) stimulated PAECs for 8 h. Data presented as mean±SD. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs control by the Kruskal-Wallis 
test followed by Dunn test (A, F, G, I–K, N, and O); #P<0.05, ##P<0.01, ###P<0.001 vs siCtrl-transfected and TNFα-treated cells by Dunn 
test (F, G, N, and O); $P<0.05, $$P<0.01, $$$P<0.001 vs siCtrl-transfected and LPS-stimulated cells by Dunn test (A, F, G, I, and J).
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G6PD-dependent synthesis of its cosubstrate NADPH 
(Figure IVF in the Data Supplement). In addition, and as 
anticipated, G6PD inactivation by DHEA lowered cellular 
total GSH (GSH+GSSG [oxidized GSH]) and reduced 
GSH levels; however, it failed to potentiate LPS-induced 
changes in cellular GSH and GSSG levels or the GSSG/
GSH ratio (Figure IVG in the Data Supplement). Thus, 
these findings indicate that G6PD inhibition–induced 
potentiation of inflammation may be accompanied by an 
increase in oxidative stress.

We next examined the effect of blockade of the PPP 
on glycolysis and augmentation of the inflammatory 
response. Results from Seahorse assays showed that 
LPS or TNFα treatment for 8 hours increased ECAR 
by over 62% but did not influence basal OCR in PAECs 
(Figure 4H through 4J and 4L through 4N), indicating a 
metabolic switch toward glycolysis. This metabolic shift 
was also observed in G6PD-silenced and unstimulated 
cells (Figure 4H through 4J and 4L through 4N). Strik-
ingly, silencing of G6PD greatly attenuated basal OCR 
but strongly potentiated the increase in ECAR in cells 
challenged by either stimulus (Figure 4H through 4J and 
4L through 4N), clearly indicating that blockade of the 
PPP by G6PD knockdown reprograms EC metabolism 
to glycolysis under both basal and inflammatory condi-
tions. Consistent with this metabolic shift, we also found 
that PFKFB3 mRNA expression was significantly upreg-
ulated by G6PD knockdown or inflammatory stimulus 
and that this upregulation was even further potentiated 
in inflamed cells with G6PD silencing (Figure 4K and 
4O). Taken together, these results support the view that 
(1) the PPP supports an anti-inflammatory response in 
PAECs, (2) the metabolic switch to glycolysis strongly 
correlates with an augmented inflammatory response in 
G6PD-inhibited cells with or without inflammatory stim-
uli, and (3) PFKFB3 may be a crucial mediator of these 
immunometabolic effects.

PFKFB3 Mediates Inflammatory Stimuli-
Induced Enhancement of Glycolysis
To characterize further the role of PFKFB3 in regulating 
immunometabolism, we first examined whether PFKFB3 
is the crucial driver for enhanced glycolysis in the setting 
of inflammation. We found that PFKFB3 silencing alone 
significantly lowered glycolytic ECAR and simultaneously 
increased basal OCR in PAECs (Figure 5A through 5D; 
Figure VA and VB in the Data Supplement), indicating 
that PFKFB3 silencing blocks glycolysis and switches 
cellular metabolism to mitochondrial respiration in the 
basal state. Notably, this is also true with inflammatory 
stimulation because PFKFB3 silencing markedly abro-
gated the TNFα-induced increase in glycolytic ECAR 
with a concomitant potentiation in the elevations of basal 
OCR at 6 and 24 hours (to a lesser extent; Figure 5A 
through 5D; Figure VA and VB in the Data Supplement). 

Consistent with the correction of the increased ECAR, 
PFKFB3 knockdown greatly attenuated the increases in 
LAC secretion and [U-13C]-Glc labeled fraction (M+3) of 
LAC and PYR in both unstimulated and inflamed PAECs 
(Figure 5E; Figure VC through VE in the Data Supple-
ment). By contrast, when human PFKFB3 was overex-
pressed in PAECs, in the presence of TNFα stimulation, 
the elevated levels of both PFKFB3 mRNA and protein 
were further potentiated (Figure 5F and 5O), which cor-
related with significant enhancement of TNFα-induced 
increases in glycolytic ECAR, glycolytic capacity, and sur-
prisingly basal OCR (Figure 5G through 5J).

Mechanistically, these effects on glycolytic activ-
ity were mainly mediated by PFKFB3 expression since 
TNFα- or LPS-induced changes of glycolytic proteins 
LDHA and PKM2, as well as G6PD protein, were not 
significantly influenced by PFKFB3 manipulation (Fig-
ure VF through VJ in the Data Supplement). Moreover, 
PFKFB3 knockdown or overexpression diminished the 
phosphorylation of PDH (P-PDH) in unstimulated cells 
and exacerbated such reduction in TNFα- or LPS-
stimulated cells (Figure 5K, 5L, and 5O). Similar effects 
were also observed when PFKFB3 activity was inhibited 
using the pharmacological inhibitor 3-PO34 or its deriva-
tive PFK1535 (Figure 5M and 5N). These findings explain 
the increase in basal OCR in cells with PFKFB3 modula-
tion because a decrease in P-PDH levels enhances its 
activity and, thereby, increases the entry of PYR into the 
TCA cycle and mitochondrial OXPHOS to boost oxygen 
consumption. Overall, these observations indicate not 
only that PFKFB3 is the major enzyme controlling gly-
colysis, but also that blockade of glycolysis by PFKFB3 
inactivation diverts glucose metabolism to mitochon-
drial respiration in PAECs under both unstimulated and 
inflammatory conditions.

PFKFB3-Mediated Enhancement of Glycolysis 
Promotes Inflammation
We next investigated how PFKFB3-mediated enhance-
ment of glycolysis influences inflammation. Knockdown 
of PFKFB3 clearly abrogated TNFα- or LPS-induced 
upregulation of inflammatory adhesion molecules in ECs, 
which was correlated with inhibition of the increased total 
p65 protein levels (Figure 5K, 5L, 5P, 5Q; Figure VK in 
the Data Supplement). Consequently, the TNFα- or LPS-
induced increase in monocyte adhesion to PAECs was 
completely normalized by silencing PFKFB3 (Figure 5R). 
Likewise, when PFKFB3 enzymatic activity was inhibited 
by the pharmacological inhibitors 3-PO or PFK15, the 
enhanced levels of VCAM1 and ICAM1 proteins were 
also markedly attenuated in inflamed PAECs; however, 
these changes weakly correlated with total p65 protein 
(Figure 5M and 5N). By contrast, in PFKFB3 overex-
pressing PAECs, TNFα-induced upregulation of VCAM1, 
ICAM1, and CCL2 protein, but not total p65 protein, was 
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potentiated by ≈1.5-fold (Figure 5O and 5S). Thus, results 
from loss/gain-of-function experiments with PFKFB3 
clearly suggest that PFKFB3 crucially mediates inflam-
matory response in ECs. These results, taken together 
with the metabolic findings described above, support the 

conclusion that PFKFB3 is a pivotal immunometabolic 
regulator and that the PFKFB3-mediated enhancement 
of glycolysis promotes inflammation.

This conclusion was further strengthened by results 
from the Seahorse assay showing that TNFα treatment 

Figure 5. PFKFB3 (6-phosphofructo-2-kinase/fructose 2,6-bisphosphatase 3) is an essential immunometabolic regulator.
A and F, PFKFB3 mRNA expression in pulmonary artery endothelial cells (PAECs) with PFKFB3 silencing by siRNA (siPFKFB3; A) or 
overexpression by adenoviral vector (AdPFKFB3; 60 MOI; F) followed by TNFα (tumor necrosis factor alpha) stimulation for 24 h; n=3. B and G, 
Energetics maps from a Seahorse glycolysis stress assay show basal oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 
in PFKFB3 silenced (B; n=3) or overexpressed (G; n=4) PAECs with TNFα stimulation. C and D, Quantitation of glycolytic ECAR (C) and basal 
OCR (D) from the Seahorse assay; n=3. E, Extracellular lactate levels determined by a colorimetric assay in PAECs with TNFα stimulation for 
24 h; n=4. H–J, Quantitation of glycolytic ECAR (H), glycolytic capacity (I), and basal OCR (J) from the Seahorse assay; n=4. K–N, Immunoblots 
showing the levels of inflammatory and metabolic proteins in PAECs with PFKFB3 knockdown by siRNA (K and L) or inactivation by enzymatic 
inhibitors 3-PO (20 μM; M) or PFK15 (6 μM; N) in the presence or absence of TNFα (K and M) or lipopolysaccharide (LPS; L and N); n=3. 
O, Immunoblots showing the levels of inflammatory and metabolic proteins in PAECs with PFKFB3 overexpression and TNFα stimulation for 6 
h; n=3. P and Q, CCL2 (C-C motif chemokine ligand 2) levels in LPS-stimulated PAECs (P) and TNFα-stimulated aortic endothelial cells (Q); 
n=3. R, Monocyte adhesion to the lawn of PAECs (left; scale, 200 μm) and quantitative bar graph (right) in cells with PFKFB3 silencing and 
inflammatory stimuli for 24 h; n=3. S, CCL2 levels in PFKFB3 overexpressed and TNFα-treated PAECs; n=5. Data presented as mean±SD. 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs control by the Kruskal-Wallis test followed by Dunn test (A, C–F, H–J, and P–S); #P<0.05, 
##P<0.01, ####P<0.0001 vs siCtrl- or AdGFP–-transfected and TNFα-challenged cells by Dunn test (A, C, E, F, H, J, and Q–S); $P<0.05 and 
$$P<0.01 vs siCtrl-transfected and LPS-challenged cells by Dunn test (P and R).
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(2 ng/mL for 6 hours) increased ECAR 2-fold without 
affecting OCR (Figure VL and VM in the Data Supple-
ment). Such selective enhancement of glycolysis corre-
lated with the upregulated mRNA expression of PFKFB3 
and adhesion molecules (Figure VN in the Data Supple-
ment). Moreover, as shown in Figure I in the Data Sup-
plement, a low dose of LPS (10 ng/mL for 24 hours) 
enhanced ECAR but not OCR in PAECs (Figure VO and 
VP in the Data Supplement), which was accompanied by 
a 1.5-fold upregulation of PFKFB3 mRNA and a 5-fold 
to 6-fold increase in VCAM1, ICAM1, and CCL2 mRNA 
(Figure VQ in the Data Supplement).

Since the key glycolytic enzyme PKM2 was upregu-
lated by inflammatory stimuli (Figure 2), we postulated 
that silencing PKM2 could also inhibit the inflamma-
tory response. Indeed, knockdown of PKM2 consid-
erably mitigated TNFα- or LPS-induced elevations of 
VCAM1, ICAM1, and p65 proteins in PAECs and did so 
in correlation with a normalization of PFKFB3 protein 
upregulation (Figure VR and VS in the Data Supplement). 
Of note, PKM2 silencing alone also induced a compen-
satory elevation of PFKFB3 protein (Figure VR and VS 
in the Data Supplement). Thus, these observations fur-
ther confirm that enhancement of glycolysis promotes 
the inflammatory response and does so via PFKFB3-
mediated events.

Taken together, these data provide strong evidence 
in support of the hypothesis that PFKFB3 upregulation 
enhances glycolysis leading to promotion of inflamma-
tion in human arterial ECs.

NF-κB Pathway Transcriptionally Upregulates 
PFKFB3 Expression
To explore the underlying mechanism(s) by which inflam-
matory stimuli induce PFKFB3 transcription, we focused 
on transcription factor NF-κB (nuclear factor-kappa B) 
since KEGG pathway analysis from RNA-seq showed 
that the NF-κB pathway was among the top 6 profoundly 
activated pathways in TNFα-stimulated cells (Figure IIE 
in the Data Supplement), and, importantly, bioinformat-
ics analysis predicted 4 potential binding sites (S1–S4) 
in a 2-kb promoter region of the human PFKFB3 gene 
(Figure 6A). Results from time sequence experiments 
revealed that TNFα promoted nuclear translocation of 
p65 protein after as brief as 10 minutes of stimulation 
leading to upregulation of VCAM1 mRNA appearing after 
30 minutes, and that inductions of PFKFB3 mRNA and 
its protein were observed after 1 and 2 hours of TNFα 
treatment, respectively (Figure VIA and VIB in the Data 
Supplement). These results indicate that activation of the 
NF-κB pathway precedes PFKFB3 upregulation upon 
TNFα stimulation and raise the possibility that NF-κB 
regulates PFKFB3 transcription.

Indeed, results from the ChIP (chromatin immunopre-
cipitation) assay showed that the binding of p65 protein to 

the 4 potential sites of human PFKFB3 promoter region 
was highly enriched in TNFα-stimulated cells compared 
with untreated control cells, predominantly at the site 
nearest to the transcription start site (S1; Figure 6B). To 
validate further these findings, we blocked the NF-κB 
pathway using a pharmacological inhibitor PDTC.36 PDTC 
pretreatment completely normalized the increased p65 
nuclear translocation and the upregulated adhesion mol-
ecules in inflamed ECs, confirming its inhibitory efficacy 
on the NF-κB pathway (Figure VID through VIG in the 
Data Supplement). Notably, PDTC pretreatment signifi-
cantly attenuated TNFα- or LPS-induced upregulation of 
the PFKFB3 transcript and protein expression but unex-
pectedly induced a 2-fold increase in PFKFB3 mRNA 
(Figure 6C; Figure VID through VIG in the Data Supple-
ment). To circumvent this off-target effect, we inactivated 
NF-κB signaling by overexpression of a dominant-nega-
tive IκBα protein (IκBα[DN]).37 As with PDTC, IκBα(DN) 
overexpression successfully abolished the increases in 
p65 nuclear translocation and protein levels of inflamma-
tory markers in inflamed ECs (Figure 6E and 6F; Figure 
VIH and VII in the Data Supplement). Importantly, cells 
with IκBα(DN) overexpression were resistant to TNFα- 
or LPS-induced PFKFB3 mRNA and protein upregula-
tion compared with control cells (Figure 6D through 6F; 
Figure VIC, VIH, and VII in the Data Supplement). These 
data support PFKFB3 as a newly identified transcrip-
tional target of the NF-κB pathway.

Inactivation of NF-κB Signaling Suppresses 
Inflammation via Normalization of PFKFB3-
Mediated Enhancement of Glycolysis
It is well-accepted that inactivation of NF-κB signal-
ing inhibits inflammation by transcriptionally suppress-
ing inflammatory molecules. However, it is unclear as 
to whether or not some aspect of basic cell metabolism 
could be a potential mechanism mediating this effect. 
Here, our evidence indicates that blockade of NF-κB 
pathway normalizes inflammation and PFKFB3 upreg-
ulation (Figure 6C through 6F; Figure VIC through VII 
in the Data Supplement) and that PFKFB3-mediated 
enhancement of glycolysis supports inflammation (Fig-
ure 5). Therefore, we hypothesized that inhibition of 
NF-κB signaling suppresses inflammation by blocking 
the PFKFB3-mediated stimulation of glycolysis.

To test this hypothesis, we evaluated cellular meta-
bolic activity in ECs with IκBα(DN) protein overex-
pression. Results from the Seahorse assay showed 
that overexpression of IκBα(DN) significantly attenu-
ated TNFα-induced elevation in ECAR in PAECs (Fig-
ure 6G and 6H) and AoECs (Figure VIJ and VIK in the 
Data Supplement), indicating an inhibition of glycolysis. 
This finding correlated with a concomitant alleviation of 
PFKFB3 upregulation in ECs with NF-κB signaling inac-
tivation (Figure 6C through 6F; Figure VIC through VII 
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Figure 6. The NF-κB (nuclear factor-kappa B)–PFKFB3 (6-phosphofructo-2-kinase/fructose 2,6-bisphosphatase 3) axis 
promotes glycolysis and inflammation. 
A, Bioinformatic identification of 4 potential binding sites (S1–S4) of NF-κB (p65) at the promoter region of human PFKFB3 gene. B, ChIP 
(chromatin immunoprecipitation) assay shows the binding of p65 protein to the PFKFB3 promoter with or without TNFα (tumor necrosis factor 
alpha) stimulation (1 ng/mL for 4 h); n=3. C and D, PFKFB3 mRNA expression in pulmonary artery endothelial cells (PAECs) with NF-κB 
pathway inactivation by PDTC (50 μM; C; n=5) or overexpression of a dominant-negative IκBα (IkappaBalpha) protein (AdIκBα[DN]; 20 MOI; 
D; n=4) followed by TNFα stimulation for 4 h. E and F, Immunoblotting images showing the levels of inflammatory and metabolic proteins in 
PAECs (E) or aortic endothelial cells (AoECs; F) transfected with AdEmpty or AdIκBα(DN) followed by TNFα stimulation; n=3. G, Energetics 
map from the Seahorse mitochondrial stress test showing basal oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) in 
PAECs with 24 h of TNFα treatment; n=3. H–J, Quantitation of ECAR (H), basal OCR (I), and ATP-dependent OCR (J) from the Seahorse assay; 
n=3. K and L, Immunoblots showing the levels of inflammatory and metabolic proteins in PAECs (K) or AoECs (L) transfected with AdIκBα(DN) 
or cotransfected with AdIκBα(DN) and AdPFKFB3 followed by TNFα stimulation for 24 h; n=3. M, CCL2 (C-C motif chemokine ligand 2) levels 
in PAECs with the same treatment as in panel K; n=4. N and O, Seahorse glycolysis stress test shows glycolytic ECAR (N) and capacity (O) in 
PAECs; n=3. P, Extracellular lactate levels in PAECs determined by a fluorescence-based assay; n=5. Data presented as mean±SD. *P<0.05, 
**P<0.01, ***P<0.001 vs control by the Kruskal-Wallis test followed by Dunn test (C, D, H–J, and M–P); ##P<0.01 and ###P<0.001 vs H2O-
treated or AdEmpty-transfected cells with TNFα stimulation by Dunn test (C, D and H–J); &P<0.05 and &&P<0.01 vs AdIκBα-transfected cells 
with TNFα stimulation by Dunn test (M, O, and P).
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in the Data Supplement). Blockade of NF-κB signaling 
also completely abolished TNFα-stimulated increases in 
basal and ATP-dependent OCR in ECs (Figure 6I and 
6J; Figure IVL and IVM in the Data Supplement), which 
were accompanied by significant recovery of the reduced 
P-PDH protein levels (Figure 6E and 6F). Therefore, 
together with the findings in Figure 5 showing PFKFB3 
upregulation enhances glycolysis to promote inflam-
mation, these results indicate that the normalization of 
PFKFB3-mediated enhancement of glycolysis could be 
a possible mechanism mediating the anti-inflammatory 
effects of NF-κB inhibition in ECs.

To test further the causality of PFKFB3 in mediat-
ing such immunometabolic effects, we overexpressed 
PFKFB3 in ECs with co-overexpression of IκBα(DN) 
protein followed by TNFα stimulation. Immunoblotting 
assays showed that overexpression of PFKFB3 was 
sufficient to offset significantly the inhibitory effects 
of NF-κB blockade on VCAM1, ICAM1, and CCL2 
protein expression, which correlated with a significant 
potentiation of elevated PFKFB3 protein and a slight 
augmentation of nuclear translocation of p65 protein in 
inflamed ECs (Figure 6K through 6M). We then tested 
the metabolic responses in the same setting. Results 
from the Seahorse assay showed that in the presence of 
TNFα, PAECs with both PFKFB3 and IκBα(DN) over-
expression exhibited much lower OCR than cells with 
IκBα(DN) overexpression alone (Figure VIN through 
VIQ in the Data Supplement), which seemed to be inde-
pendent of the aggravated reduction in P-PDH protein 
levels in ECs (Figure 6K and 6L) since lower P-PDH 
protein is expected to increase its activity and, thus, 
oxygen consumption. Nevertheless, overexpression of 
PFKFB3 was, indeed, sufficient to sustain the TNFα-
induced increase in glycolytic activity as evidenced by 
potentiated increases in glycolytic ECAR (to a lesser 
extent), glycolytic capacity, and LAC secretion in PAECs 
with IκBα(DN) and PFKFB3 co-overexpression (Fig-
ure 6N through 6P), which correlated with the recov-
ery of proinflammatory adhesion proteins (Figure 6K 
through 6M). Hence, PFKFB3 is an essential regulator 
mediating the NF-κB inactivation–induced suppression 
of glycolysis and inflammation in ECs. Taken together, 
these data indicate that the NF-κB–PFKFB3 axis pro-
motes glycolysis and inflammation and that blockade of 
PFKFB3-induced stimulation of glycolysis by NF-κB 
inactivation is a novel anti-inflammatory mechanism in 
human arterial ECs.

Perturbation of Glucose Metabolism Modulates 
Mesenteric Vessel Inflammation In Vivo
Lastly, we examined the in vivo relevance of these in 
vitro findings and tested whether manipulating glucose 
metabolism could regulate endothelial inflammation in 
mesenteric vessels of LPS-treated mice. To this end, 

glycolysis and the PPP were inhibited by inactivation of 
their corresponding key regulatory enzymes, PFKFB3 
and G6PD, with the pharmacological inhibitors 3-PO 
and DHEA, respectively, while mitochondrial OXPHOS 
was enhanced by blockade of PDKs using the pharma-
cological antagonist DCA (Figure 7A). Following these 
pretreatments, LPS was injected intraperitoneally to 
induce sepsis-like inflammation in mice (Figure 7A). We 
first confirmed that, consistent with the in vitro observa-
tions in Figure 2, LPS stimulated PFKFB3 and G6PD 
expression and reduced P-PDH levels in mesenteric 
vessels in vivo (Figure VII in the Data Supplement). 
Interestingly, administration of 3-PO unexpectedly 
diminished the LPS-induced elevation of PFKFB3 pro-
tein levels in mesenteric vessels, albeit DHEA pretreat-
ment did not affect G6PD expression in vivo (Figure 
VII in the Data Supplement). The P-PDH protein levels 
were reduced by 30% in mesenteric vessels of mice 
pretreated with DCA alone, and, importantly, such pre-
treatment further decreased the LPS-induced reduc-
tion of P-PDH levels by 15% (Figure VII in the Data 
Supplement), indicating that DCA is effective in sup-
pressing PDK activity in our model.

Intravital microscopy analysis showed that LPS treat-
ment increased the numbers of both rolling and adher-
ent leukocytes in mesenteric venules, both of which 
were also observed in mice treated with the G6PD 
inhibitor DHEA alone (Figure 7B through 7D). Of 
note, pretreatment with DHEA further enhanced LPS-
induced increases in leukocyte rolling and adhesion in 
mesenteric venules; in sharp contrast, such increases 
in LPS-stimulated mice were significantly normalized 
by pretreatment with 3-PO or DCA (Figure 7B through 
7D). These results indicate that LPS-induced inflamma-
tion could be potentiated by DHEA and attenuated by 
3-PO and DCA in mesenteric vessels in vivo.

Since the interaction of circulating leukocytes with 
the endothelium is finely tuned by adhesion molecules, 
known targets of the inflammatory mediators used in 
these experiments, we measured vessel VCAM1 expres-
sion and plasma E-selectin and P-selectin levels. As 
anticipated, LPS stimulation significantly upregulated 
VCAM1 expression in mesenteric vessels and increased 
plasma E-selectin and P-selectin levels (Figure 7E 
through 7H). Strikingly, 3-PO or DCA pretreatment nor-
malized LPS-induced upregulation of vessel VCAM1 
expression and elevations in plasma E-selectin and 
P-selectin levels (Figure 7E through 7H). By contrast, 
DHEA pretreatment alone increased plasma P-selectin 
levels (Figure 7H). Such pretreatment further potenti-
ated LPS-induced secretion of P-selectin, although 
it failed to influence significantly LPS-induced eleva-
tions of the other two adhesion molecules (Figure 7E 
through 7H). Thus, in keeping with our in vitro findings 
(Figures 3 through 6), these in vivo results also indicate 
that inhibition of the PPP potentiates mesenteric vessel 
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Figure 7. Modulating glucose metabolism regulates mesenteric vessel inflammation in lipopolysaccharide (LPS)-
stimulated mice. 
A, Schematic illustration of the treatment protocol for intravital microscopy (IVM). B, Representative IVM images showing the adhesion 
of leukocytes to the mesenteric endothelium. Scale, 100 μm. C and D, Quantitative IVM results of rolling leukocytes (C) and adherent 
leukocytes (D); n=9 in Ctrl and DHEA groups, n=10 in 3-PO and DCA groups, n=11 in LPS and DHEA+LPS groups, n=12 in 3-PO+LPS 
and DCA+LPS groups. E and F, Immunofluorescent images (E) and corresponding quantitation (F) of VCAM1 (vascular cell adhesion 
molecule 1) expression on mesenteric vessels; n=5 in DCA and DHEA groups, n=6 in DCA+LPS and DHEA+LPS groups, n=7 in other 
groups. Scale, 50 μm. G and H, ELISA measurements of plasma E-selectin (G) and P-selectin (H) levels; n=6. Data presented as mean±SD. 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs vehicle control (Ctrl) treated mice by 1-way ANOVA followed by Tukey test (C and D) or the 
Kruskal-Wallis test followed by Dunn test (F–H); $P<0.05, $$P<0.01, $$$P<0.001, and $$$$P<0.0001 vs LPS-stimulated mice by Tukey 
test (C and D) or Dunn test (F–H).
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inflammation, while blockade of glycolysis or enhance-
ment of OXPHOS attenuates the inflammatory response 
in the mesenteric endothelium.

DISCUSSION
Here, we demonstrate that the immunometabolic phe-
notype of the endothelium is dynamic and adaptive, and 
that cellular metabolism is reprogrammed in response to 
inflammatory stimulation in ECs. Specifically, inflamma-
tory stimuli activate glycolysis, mitochondrial OXPHOS, 
and the PPP. While blocking the enhancement of mito-
chondrial OXPHOS and the PPP leads to potentiation 
of inflammation, inhibiting the enhancement of glycolysis 
attenuates inflammation. Therefore, we conclude that 
mitochondrial OXPHOS and the PPP are activated as 
homeostatic anti-inflammatory mechanisms, whereas 
the enhancement of glycolysis promotes inflammatory 
responses in vascular ECs in vitro and in vivo (Figure 8).

Surprisingly, such integrative metabolic informa-
tion has been very limited in normal ECs. Drabarek et 
al38 reported that TNFα enhances oxygen consump-
tion and mitochondrial biogenesis in the human EC line 
EA.hy926, indicating an increase in mitochondrial respi-
ration. A recent study showed that LPS stimulation sig-
nificantly increased glycolytic ECAR and LAC levels in 

PAECs, implying stimulation of glycolysis.39 However, nei-
ther study characterized the influence of TNFα or LPS 
on the complementary metabolic pathways for glucose, 
each focusing exclusively on one pathway. To the best 
of our knowledge, we show here for the first time that 
inflammatory stimuli enhance all 3 key branches of cen-
tral glucose metabolism in human primary arterial ECs.

We also provide critical evidence in support of the 
principal enzymes responsible for this immunometabolic 
reprogramming. The entry of glucose-derived PYR into 
the TCA cycle is finely tuned by the PDH complex, which 
can be phosphorylated and inactivated by PDK enzymes 
(PDK1–4).27 We found that the enhanced mitochondrial 
OXPHOS was largely mediated by downregulation of 
PDK4 and P-PDH levels since overexpression of PDK4 
significantly recovered the suppression of PDK4 and 
P-PDH expression and attenuated the elevated OCR in 
PAECs exposed to inflammatory stimuli. By sharp con-
trast, Park and Jeoung25 reported that LPS induced PDK4 
mRNA and protein expression resulting in a decrease 
in PDH activity and a metabolic shift from mitochondrial 
OXPHOS to glycolysis in C2C12 myoblasts, highlighting 
responses unique to ECs in our experiments. Mechanisti-
cally, we found that inflammatory stimuli-induced PDK4 
downregulation is mediated by inhibition of FOXO1—
a known transcriptional activator of PDK4.30 Previous 

Figure 8. Proposed immunometabolic regulation of resting and inflamed endothelial cell (EC) phenotypes. 
In resting ECs, the 3 central glucose metabolism pathways of glycolysis, the pentose phosphate pathway (PPP), and mitochondrial oxidative 
phosphorylation (OXPHOS) are active. PFKFB3 (6-phosphofructo-2-kinase/fructose 2,6-bisphosphatase 3) maintains glycolysis by generating 
F2,6BP as a potent agonist of the rate-limiting enzyme PFK1 (phosphofructokinase 1). G6PD (glucose 6-phosphate dehydrogenase) is the 
first and rate-limiting enzyme of the PPP. PDKs govern the flux of glucose-derived pyruvate into the tricarboxylic acid cycle and OXPHOS via 
phosphorylation and inactivation of PDH complex. Upon inflammatory stimulation, all 3 glucose metabolism pathways are extensively enhanced in 
ECs. In turn, enhanced PPP and mitochondrial OXPHOS via upregulation of G6PD or inhibition of the FOXO1 (forkhead box O1)-PDK4 (pyruvate 
dehydrogenase kinase 4) axis, respectively, suppress inflammation, while heightened glycolysis via activation of the NF-κB (nuclear factor-kappa 
B)–PFKFB3 pathway promotes inflammation.
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studies revealed that TNFα inhibited FOXO1 expression 
and transcriptional activity through NF-κB–dependent 
upregulation of miR-705 in mouse bone marrow–derived 
mesenchymal stem cells40 and through PI3K (phosphati-
dylinositol 3-kinase)- and IKK2 (IκB kinase 2)-mediated 
phosphorylation of FOXO1 in human pulmonary arterial 
smooth muscle cells.41 Whether or not these mechanisms 
contribute to the repression of FOXO1 in inflamed ECs 
remains to be determined. Notably, we also demonstrated 
that overexpression of FOXO1 restored the reductions 
of PDK4 and P-PDH expression and recapitulated the 
metabolic effects of PDK4 overexpression in TNFα- or 
LPS-treated ECs. In line with our findings, overexpres-
sion of FOXO1 transcriptionally activated PDK4 and, 
thereby, reduced PDH activity in mouse cardiomyocytes; 
by contrast, pharmacological and genetic inactivation of 
FOXO1 repressed PDK4 expression and P-PDH pro-
tein levels.42 Thus, the FOXO1-PDK4 axis is essential 
in controlling mitochondrial respiration uniquely in ECs; 
blockade of this axis results in elevated mitochondrial 
OXPHOS in ECs exposed to inflammatory stimuli.

Enhanced glycolysis was associated with upregula-
tion of PFKFB3, HK2, PKM2, and LDHA expression 
in ECs. Unlike the response of other glycolytic genes, 
the upregulation of PFKFB3 expression was robust 
and consistent for PAECs and AoECs with TNFα or 
LPS treatment. Using loss- and gain-of-function stud-
ies of PFKFB3, we clearly demonstrated that PFKFB3 
is a crucial enzyme mediating the enhancement in gly-
colysis under inflammation and that PFKFB3 knockdown 
induces a metabolic shift from glycolysis to mitochondrial 
OXPHOS. In support of this view, Wang et al39 showed 
that LPS upregulated PFKFB3 expression and activity 
leading to enhancement of glycolysis in PAECs, which 
was abrogated by PFKFB3 silencing. In HUVECs with 
PFKFB3 silencing, a metabolic switch from glycolysis to 
the PPP and fatty acid oxidation rather than glucose oxi-
dation was observed.7 By contrast, several studies dem-
onstrated disturbed/low shear stress–induced aerobic 
activation of HIF-1α signaling and consequent upregu-
lation of PFKFB3, resulting in a metabolic shift to gly-
colysis in human AoECs and HUVECs.43,44 Collectively, 
evidence from our study and others clearly supports the 
view that PFKFB3 is the principal regulatory enzyme of 
glycolysis, including in the setting of inflammation, and 
that inhibition of PFKFB3 reprograms cellular metabo-
lism in ECs.

How increased mitochondrial respiration modulates 
inflammation in ECs remained unknown until recently. 
Here, we found that mitochondrial respiration may be 
enhanced as a counterregulatory anti-inflammatory 
response in vitro and in vivo through inhibition of the 
FOXO1-PDK4 axis. In support of this view, Wu et al44 
reported that disturbed flow inhibited mitochondrial 
respiration via aerobic activation of HIF-1α–PDK1 sig-
naling leading to inflammation in human AoECs. This 

proinflammatory phenotype was normalized when mito-
chondrial respiration was recovered by inactivation of this 
specific pathway.44 In macrophages, inhibition of PDK2 
and PDK4 enhanced mitochondrial glucose oxidation 
and prevented LPS/IFN-γ (interferon gamma)–induced 
proinflammatory M1 polarization and cytokine secretion, 
which correlated with an amelioration of inflammation in 
adipose tissues of high fat diet–fed mice in vivo.45 Inter-
estingly, overexpression of dominant-negative FOXO1 in 
mouse tibialis anterior muscle decreased glucose uptake 
in vivo and protein levels of mitochondrial respiratory 
complexes I–V, implying a suppression of mitochondrial 
glucose oxidation; these changes were accompanied 
by a proinflammatory response and activation of mTOR 
and AKT signaling pathways.46 Furthermore, in Fawn-
hooded rats with spontaneously developed PAH, right 
ventricular tissue expressed higher levels of PDK4 and 
FOXO1 proteins, which correlated with a decrease in 
PDH activity and a metabolic switch from mitochondrial 
OXPHOS to glycolysis.24 Of note, such molecular, meta-
bolic, and pathobiological alterations in cardiac tissue of 
these PAH rats were significantly corrected by treatment 
with DCA,24 indicating that DCA can block the FOXO1-
PDK4 axis leading to restoration of PDH activity and, 
thereby, enhancement of glucose oxidation. Here, we 
demonstrate for the first time that the enhancement of 
mitochondrial respiration due to inhibition of the FOXO1-
PDK4 axis is an anti-inflammatory homeostatic response 
in human arterial ECs, although the precise underlying 
mechanisms mediating this anti-inflammatory effect 
remain to be explored.

Likewise, we also demonstrated that blockade of the 
PPP by inhibition of G6PD markedly augmented endo-
thelial inflammatory response in vitro and in vivo, support-
ing the view that G6PD-mediated stimulation of the PPP 
is also a counterregulatory anti-inflammatory response. 
The PPP is a primary source of cytosolic reducing equiv-
alents.32 As expected, G6PD inhibition alone decreased 
cellular NADPH and GSH levels, which correlated with 
elevation of reactive oxygen species production and 
upregulation of endothelial inflammatory adhesion mol-
ecules. Thus, we speculated that the potentiated inflam-
mation induced by G6PD inactivation may be mediated 
by oxidative stress. In accordance with our speculation, 
2 independent studies reported that G6PD silencing or 
deficiency further exacerbated inflammatory responses 
and, importantly, that these effects were abrogated by 
pretreatment with GSH precursors (eg, N-acetyl-L-cys-
teine), supporting the view that oxidative stress mediates 
these biological changes.47,48 Surprisingly, the poten-
tiation of inflammation we observed in G6PD-silenced 
PAECs appeared to be only partly related to oxidative 
stress, with a greater dependence on the potentiation 
of PFKFB3 upregulation and consequently metabolic 
reprogramming to glycolysis. This metabolic shift to gly-
colysis can minimize reactive oxygen species generation 
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by the mitochondrial respiratory chain, which, in part, may 
also explain the normalization of oxidative stress in G6PD 
silenced and inflamed cells. Collectively, blockade of the 
PPP by G6PD inhibition reprograms cellular metabolism 
to glycolysis and potentiates inflammation.

The hypothesis that glycolysis promotes inflamma-
tion was supported by in vivo evidence that PFKFB3 
inactivation by 3-PO normalized LPS-induced mesen-
teric endothelial inflammation and by in vitro evidence 
that PFKFB3 inhibition or overexpression attenuated 
or exacerbated the enhancement of glycolysis and 
inflammation in inflamed ECs, respectively. Of note, 
the expression patterns of LDHA and PKM2 were not 
significantly affected by PFKFB3 manipulation, further 
supporting that PFKFB3 is the key enzyme mediat-
ing these immunometabolic effects in ECs. Accumu-
lating evidence supports such a role for PFKFB3 in 
inflammation. For example, genetic or pharmacological 
inhibition of PFKFB3 significantly ameliorates TNFα- 
or IL-1β–induced the upregulation and secretion of 
inflammatory markers and the monocyte adhesion to 
and migration through ECs.49,50 In an LPS-induced 
acute lung injury mouse model, endothelial-specific 
deletion of PFKFB3 abrogated LPS-induced infiltra-
tion of immune cells in the lungs and upregulation of 
cytokines and adhesion molecules.39 Consistent with 
our observations, these authors also reported that 
silencing PFKFB3 abrogated LPS-induced stimula-
tion of glycolysis and inflammation in PAECs.39 Fur-
thermore, silencing PFKFB3 normalized the glycolytic 
phenotype of primary PAECs isolated from idiopathic 
PAH patients, which correlated with repressed expres-
sion of inflammatory markers.51 Taken together, these 
data support the conclusion that the PFKFB3-induced 
enhancement of glycolysis is a general mechanism that 
promotes inflammation.

Mechanistically, previous studies reported that inhibi-
tion of PFKFB3 normalized inflammation in ECs through 
blocking nuclear translocation of p65 protein and reduc-
ing transcriptional activity of the NF-κB signaling.39,49,50,52 
Our results show that PFKFB3 or PKM2 silencing par-
tially abrogated the increase in total cellular p65 pro-
tein levels in inflamed PAECs—a finding not observed 
previously.39,50,52 We also observed a metabolic switch 
to mitochondrial OXPHOS, with an accompanying anti-
inflammatory response, in PFKFB3-silenced ECs. Thus, 
these lines of evidence indicate that blockade of NF-κB 
signaling and the metabolic shift to OXPHOS could, in 
part, explain the anti-inflammatory effects of PFKFB3 
inactivation. More intriguingly, we identified that PFKFB3 
is a previously unrecognized transcriptional target of 
NF-κB signaling. These findings support a reciprocal 
regulatory mechanism between NF-κB signaling and 
PFKFB3 in the setting of EC inflammation. Importantly, 
the immunometabolic functions of NF-κB–PFKFB3 
signaling had previously been unrecognized. Here, we 

demonstrate that inactivation of NF-κB signaling sup-
presses the inflammatory response through normal-
izing PFKFB3 upregulation and, thus, attenuating the 
enhanced glycolysis. Therefore, inhibition of the NF-κB–
PFKFB3 signaling axis is also a novel anti-inflammatory 
mechanism in human arterial ECs.

In conclusion, we demonstrate that the key meta-
bolic pathways of glucose distinctly modulate endo-
thelial inflammation in vitro and in vivo, are themselves 
modulated by inflammatory stimuli, and define immu-
nometabolic EC phenotypes. The enhancement of 
mitochondrial respiration and the PPP are counterreg-
ulatory anti-inflammatory responses, while the NF-κB–
PFKFB3 signaling–mediated stimulation of glycolysis 
promotes inflammation. Knowledge gained from this 
study provides insight into fundamental mechanisms 
underlying immunometabolic interactions in a unique 
cell type essential to the inflammatory response, and 
may offer a novel rationale for developing metabolic 
therapeutic strategies for the treatment of inflamma-
tory disorders.
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