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Abstract

Acute lung injury (ALI) is one of the leading causes of death in sepsis. Endothelial inflammation 

and dysfunction play a prominent role in development of ALI. Glycolysis is the predominant 

bioenergetic pathway for endothelial cells (ECs). However, the role of EC glycolysis in ALI of 

sepsis remains unclear. Here we show that both the expression and activity of PFKFB3, a key 

glycolytic activator, were markedly increased in lipopolysaccharide (LPS)-treated human 

pulmonary arterial ECs (HPAECs) in vitro and in lung ECs of mice challenged with LPS in vivo. 

PFKFB3 knockdown significantly reduced LPS-enhanced glycolysis in HPAECs. Compared with 

LPS-challenged wild-type mice, endothelial-specific Pfkfb3 knockout (Pfkfb3ΔVEC) mice 

exhibited reduced endothelium permeability, lower pulmonary edema, and higher survival rate. 

This was accompanied by decreased expression of intracellular adhesion molecule-1 (Icam-1) and 

vascular cell adhesion molecule 1 (Vcam-1), as well as decreased neutrophil and macrophage 

infiltration to the lung. Consistently, PFKFB3 silencing or PFKFB3 inhibition in HPAECs 

significantly downregulated LPS-induced expression of ICAM-1 and VCAM-1, and monocyte 

adhesion to HPAECs. In contrast, adenovirus-mediated PFKFB3 overexpression upregulated 

ICAM-1 and VCAM-1 expression in HPAECs. Mechanistically, PFKFB3 silencing suppressed 

LPS-induced nuclear translocation of nuclear factor κB (NF-κB)-p65, and NF-κB inhibitors 
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abrogated PFKFB3-induced expression of ICAM-1 and VCAM-1. Finally, administration of the 

PFKFB3 inhibitor 3PO also reduced the inflammatory response of vascular endothelium and 

protected mice from LPS-induced ALI. Overall, these findings suggest that targeting PFKFB3-

mediated EC glycolysis is an efficient therapeutic strategy for ALI in sepsis.
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1. Introduction

Sepsis is a clinical syndrome invoked by infection or injury with a detrimental impact on 

microvascular metabolic and immune-inflammatory homeostasis (1–3). Excessive 

inflammatory responses, which can cause severe cell and tissue damage and organ 

dysfunction such as acute lung injury (ALI), are the important pathological features of sepsis 

(4–8). Endothelial cells (ECs) located on the inner wall of blood vessels mediate vascular 

tone as well as the balance of pro-inflammatory and anti-inflammatory responses (9). 

Endothelial activation and dysfunction evidenced by upregulation of adhesion molecules and 

increased leukocyte adhesion are hallmarks of sepsis, which can induce multiple-organ 

dysfunction (10). EC metabolism has been linked to EC function and vascular physiology 

and pathology (11, 12). However, the role of EC metabolism in organ injury in sepsis, 

especially in ALI, remains unclear.
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Aberrant metabolism, particularly increased aerobic glycolysis or the Warburg effect, has 

been involved in the pathogenesis of sepsis (13). Most patients with sepsis and septic shock 

show an increased concentration of lactate, the end-product of aerobic glycolysis, in blood 

serum (14). Clinically, the plasma lactate level and lactate clearance rate are diagnostic 

indicators that correlate with illness severity and mortality (15–17). The energy production 

and macromolecule synthesis in ECs is mainly dependent on glycolysis (11), which is a 

metabolic biological process that converts glucose to pyruvate and lactate. 6-

phosphofructo-1-kinase (PFK1) is the second rate-limiting enzyme of the glycolysis 

pathway and can be activated by fructose-2,6-bisphophate (F-2,6-P2) (18, 19). As a potent 

allosteric activator, F-2,6-P2 is mainly regulated by PFK-2/FBPase (PFKFB) family (20). Of 

all PFKFB isoenzymes, PFKFB3 is the most abundant isoenzyme in various EC subtypes 

and exerts the highest kinase to bisphosphatase activity (740:1) to sustain a high glycolytic 

rate (11, 21). It has been reported that endothelial PFKFB3-driven glycolysis regulates 

tumor growth (22), vessel sprouting (11) and pathological angiogenesis (23, 24); however, 

the role of endothelial PFKFB3 in ALI and sepsis has not yet been clearly studied.

In this study, both genetic and pharmacological approaches were used to investigate the 

consequence of endothelial Pfkfb3 depletion or inhibition on endothelial inflammatory 

responses, endothelial barrier dysfunction, lung edema, cardiac function, kidney injury and 

survival outcome in a widely used lipopolysaccharide (LPS)-induced murine sepsis model. 

Our observations suggest that endothelial-specific Pfkfb3 deficiency or PFKFB3 inhibitor 

3-(3pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO) dramatically alleviates lung edema and 

improves survival outcome in the LPS-induced murine sepsis model, which is highly 

dependent on the reduction of leukocyte infiltration and endothelial permeability. 

Mechanistically, Pkfbf3 deletion or inhibition decreases leukocyte recruitment by inhibiting 

adhesion molecule expression via inactivation of nuclear factor κB (NF κB) signaling in 

ECs. To the best of our knowledge, these findings uncover, for the first time, a critical role of 

endothelial PFKFB3 in ALI of sepsis in vivo, and our results indicate that PFKFB3 can be a 

potential target for ALI therapy.

2. Methods and materials

2.1. Animals

Animals were maintained at Augusta University, and the protocol was approved by the 

IACUC at Augusta Universtiy. The floxed Pfkfb3 (Pfkfb3lox/lox) mice were generated by 

Xenogen Biosciences Corporation (Cranbury, NJ, USA) (24). Conditional endothelial 

Pfkfb3 deficient mice (Pfkfb3lox/lox Cdh5Cre) were generated by breeding Pfkfb3lox/lox mice 

with Cdh5cre transgenic mice (Stk. No. 006137, The Jackson Laboratory, Bar Harbor, ME, 

USA). All mice were on a C57BL/6J background. Age-, sex- and body weight-matched, 8- 

to12-week-old Pfkfb3WT and Pfkfb3ΔVEC mice were used in the study. For 3PO treatment, 

wild-type (WT) C57/BL6 mice were administered 3PO at a dose of 50 mg/kg for 3 hours 

before LPS challenge. For the survival study, LPS (Sigma-Aldrich, St. Louis, MO, USA) or 

vehicle was administered at 12.5 mg/kg body weight by i.p. injection to induce sepsis. The 

mice had normal access to food and water and were monitored twice a day over the course 

of 10 days.
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2.2. Materials

LPS (0127:B8) and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich 

(Louis, MO, USA). Collagen type II (Cat. No. NC9693955) was from Fisher Scientific 

(Pittsburgh, PA, USA). 3PO was from Merck Millipore (Burlington, MA, USA). BAY 11–

7085 (Cat. No. BML-EI279) and Pyrrolidinedithiocarbamic acid (PDTC) (Cat. No. 

ALX-400–002) were from Enzo Life Sciences (New York, NY, USA).

2.3. Vascular permeability assessment

Vascular permeability was detected as described previously (25). Briefly, LPS (1 mg/kg 

body weight) or 0.9% saline was intratracheally (i.t.) injected via a 20-gauge catheter. In 

order to assess vascular leak, Evans blue dye (EBD) was injected into the tail vein 120 

minutes before tissue collection. Bronchoalveolar lavage (BAL) was centrifuged at 1500 g 

for 15 min and the subsequent supernatant was used for measurement of total protein using 

the BCA protein assay kit (Cat. No. 23225, Pierce/Thermo Fisher Scientific, Grand Island, 

NY, USA). Then the lungs were perfused with PBS and collected for EBD analysis. EBD 

was extracted in formamide at 60°C for 18 hours, the supernatants were measured at 620 nm 

spectrophotometrically.

2.4. Echocardiography

Echocardiograms were performed at baseline, 6 hours and 24 hours after LPS injection. 

Two-dimensional echocardiography was performed using a Visual Sonics Vevo 2100 

ultrasound machine with a 40 MHz ultrasound probe (MS-400). Briefly, mice were 

anesthetized with continuous isoflurane inhalation (1.0–3.0%) and placed on a heated pad in 

a supine position. The percentage of left ventricular (LV) fractional shortening (FS%) and 

ejection fraction (EF%), LV stroke volume (μl), cardiac output (ml/min), and LV end-

systolic and diastolic diameter were obtained from the parasternal short axis view using M-

mode.

2.5. Histology

The mouse lungs and kidneys were flushed with phosphate buffered saline (PBS) and 

perfused with 4% paraformaldehyde (PFA). Fixed tissues were embedded into paraffin block 

and sectioned at 5 μm thickness. Hematoxylin and eosin (H & E) staining was performed to 

show lung edema and kidney injury. For kidney injury score, 10 randomly and non-

overlapping fields were chosen for each animal. Scoring reflected the grading of tubular 

necrosis, loss of brush border, cast formation, vacuolization and tubule dilation as follows: 0 

(none), 1 (<25%), 2 (25–50%), 3 (50–75%) and 4 (75–100%)(26).

2.6. Immunostaining analysis

For Pfkfb3, Icam-1, Vcam-1 and VE-cadherin immunostaining, deparaffinized and 

dehydrated lung sections were boiled at 98°C for 10 min for antigen retrieval followed by 

blocking with 10% normal goat serum for 1 h at room temperature. Sections were incubated 

with anti-CD31 (1:200, Cat. No. DIA-310, Dianova, Hamburg, Germany), anti-PFKFB3 

(1:200, Cat. No. ab181861, abcam, Cambridge, MA, USA), anti-ICAM-1(1:200, Cat. No. 

sc-8439, Santa Cruz Biotechnology, Dallas, TX, USA), anti-VCAM-1(1:200, Cat. No. 
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ab134047, abcam) or anti-VE-cadherin (1:200, Cat. No. PAF-19612, Invitrogen/Thermo 

Fisher Scientific) at 4°C overnight. For cellular VE-cadherin immunostaining, HPMVECs 

were grown on 8-well culture slides (Corning). After treatment, HPMVECs were fixed with 

4 % PFA for 20 minutes at room temperature, incubated with 0.25% Triton X-100 to 

permeabilize the cells, blocked with 10% normal goat serum, and incubated with anti-VE-

cadherin (1:200, Cat. No. MAB 9381, R&D, Minneapolis, MN, USA) at 4°C overnight. 

Then the sections and slides were incubated with AlexaFluor conjugated isotype-specific 

secondary antibodies (1:250, Invitrogen, Grand Island, NY, USA) for 1 h at room 

temperature. The nuclei were stained with DAPI (1 μg/mL, Thermo Fisher Scientific) for 5 

minutes at room temperature, and the samples were mounted with mounting media (Cat. No. 

H-1000, Vector Laboratories, Burlingame, CA, USA). The sections were imaged with a 

confocal microscope (LSM780; Carl Zeiss, Göttingen, Germany).

For intracellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule 1 

(VCAM-1), Mac2 and Ly6G immunohistochemical (IHC) staining on mouse lungs, 5 μm 

sections were first deparaffinized and dehydrated. Endogenous peroxidase activity was 

destroyed with H2O2 (3 ml 30% H2O2 in 200 ml methanol) for 30 min at room temperature. 

The sections were then boiled in 10 mmol/L sodium citrate (pH 6.0) at 98 °C for 10 min for 

antigen retrieval. After blocking with avidin solution with 10% normal rabbit serum for 1h, 

sections were incubated with primary antibodies in biotin blocking solution against anti-

ICAM-1 (3 μg/ml, ab25375, Abcam, Cambridge, MA, USA), anti-VCAM-1 (3 μg/ml, 1510–

01, Southern Biotech, Birmingham, AL, USA), anti-Mac2 (3 μg/ml, ACL8942F, Accurate 

Chemical & Scientific Corporation, Westbury, NY, USA), or anti-Ly6G (3 μg /ml, 551459, 

BD biosciences, San Jose, CA, USA ) antibodies at 4°C overnight. Lung sections were 

incubated with a biotinylated rabbit anti-rat IgG (H+L) secondary antibody (1:200, Cat. 

No.BA-4001, Vector Laboratories) for 1 hour, followed by incubation with ABC solution 

(Cat. No.PK-6100, Vector Laboratories) for 30 min at room temperature. Peroxidase 

substrate 3, 3’-diaminobenzidine (Cat. No.3468, Dako, Santa Clara, CA, USA) was used to 

detect the antibodies according to the manufacturer’s instructions. The sections were 

counterstained with hematoxylin I (Cat. No. GHS116, Sigma) for 30s at room temperature, 

then dehydrated and mounted with xylene-based mounting medium (Cat. No. 8312–4, 

Richard-Allan Scientific, San Diego, CA, USA). Quantification of Mac2 and Ly6G staining 

was performed using the Image-J software. Data were reported as a mean of positive 

staining cell number on eight sections per lung.

2.7. Flow cytometry

The lungs were perfused with PBS and digested with collagenase II (Worthington, 2 mg/ml 

in serum-free DMEM, Corning, NY, USA), followed by mincing with a 20-gauge needle 

seven times. The cells were then pelleted at 500 g for 5 min at 4 °C, lysed with red blood 

cell lysis buffer (Cat. No. R7767, Sigma-Aldrich), washed and filtered through a 70 μm 

nylon filter, and resuspended in FACS buffer. Prior to staining, Fc-γR was blocked with anti-

CD16/32 Ab (Cat. No. 553142, BD Biosciences) for 15 min. Cells were stained for 30 min 

on ice with a combination of the following Abs: CD45-PerCP (Cat. No. 561869, BD 

Biosciences), F4/80-PE (Cat. No. 565410, BD Biosciences), CD11b-FITC (Cat. No. 11–

0112-85, eBioscience, San Diego, CA, USA), CD45-APC (Cat. No. 558702, BD 
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Biosciences), CD11b-PerCP (Cat. No. 550993, BD Biosciences) and Ly6G-FITC (Cat. No. 

551460, BD Biosciences). Prior to flow cytometry, cells were washed, pelleted and 

resuspended in FACS buffer. Flow cytometry analysis was conducted at the Augusta 

University Flow Cytometry Center using a BD FACSCalibur (BD Pharmingen, San Jose, 

CA, USA), and the data were analyzed using FlowJo software.

2.8. Mouse lung EC isolation

ECs in mouse tissues were isolated using CD31-microbeads as described previously (27). 

Briefly, mouse lungs were minced and digested with collagenase II (Worthington, 2 mg/ml 

in serum-free DMEM, Corning) for 30 min at 37 °C, resuspended into a single-cell 

suspension followed by filtering through a 70-μm cell strainer (Corning), and centrifuged at 

400 g for 5 min at 4 °C to pellet cells. The cells were resuspended in 100 μL pre-cooled PBS 

with 0.5% BSA and 2 mM EDTA, and incubated with CD31-microbeads (Miltenyi Biotec, 

Bergisch Gladbach, Germany) for 15 min on ice. After affinity binding, the CD31-positive 

cells were collected with a MACS separator (Miltenyi Biotec) according to the 

manufacturer’s instructions.

2.9. Cell culture and treatment

Human pulmonary artery endothelial cells (HPAECs, Cat. No. CC-2530, Lonza, NJ, USA) 

and human pulmonary microvascular endothelial cells (HPMVECs, Cat. No. CC-2527, 

Lonza, NJ, USA) were cultured in Vessel Cell Basal Medium (VCBM, ATCC, Manassas, 

VA, USA) supplemented with Microvascular Endothelial Cell Growth Kit-BBE (ATCC) and 

1% penicillin/streptomycin (Cat. No. 15–140-122, Fisher Scientific). HPAECs and 

HPMVECs between passages 3 to 8 were used in experiments. For LPS treatment, the 

culture medium was changed to 25% VCBM (25% VCBM complete medium + 75% VCBM 

basal medium) and cultured for 12 hours followed by 1 μg/ml LPS treatment for the 

indicated time. For 3PO treatment, HPAECs were pretreated with vehicle or 20 μM of 3PO 

for 30 min followed by exposure to 1 μg/ml LPS for 4 hours.

Human monocytic THP-1 cells (ATCC) were maintained in RPMI 1640 medium 

supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine and 1% penicillin/

streptomycin as described previously (28). Mouse lung endothelial cells (MLECs) were 

isolated using CD31 microbeads as described above, and purified ECs were plated on 

matrigel-coated 6-well plates and lysed for analysis after growing 5 to 7 days in Endothelial 

Cell Growth Medium-2 (EGM-2) complete media.

2.10. Metabolic assay

Real-time changes in extracellular acidification rate (ECAR) of HPAECs were analyzed with 

an XF96 Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA, USA) as 

described previously (27). Briefly, HPAECs were seeded at 2.5 × 104 per well on Seahorse 

XF96 polystyrene tissue culture plates (Seahorse Bioscience) and incubated at 37 °C 

overnight in VCBM. The next day, after 1 μg/ml LPS treatment for 4 hours, the medium was 

changed to XF base Medium (Seahorse Bioscience) supplemented with 2 mM glutamine, 

and then the plate was incubated for 1 h in a non-CO2 incubator at 37 °C. The ECAR assay 

was performed on the XF96 extracellular flux analyzer (Seahorse Bioscience), and the 
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ECAR values were normalized using protein concentration. Inhibitors and activators were 

used in these tests at the following concentrations: glucose (10 mM), oligomycin (2 μM), 2-

DG (50 mM).

2.11. F-2,6-P2 level assay

F-2,6-P2 was detected with the previously described method (29). HPAECs were 

homogenized with 0.05 M NaOH, and heated for 5 min at 80°C. After cooling, the samples 

were centrifuged and the supernatants were neutralized with acetic acid. The mixture was 

centrifuged and the levels of F-2,6-P2 in the supernatant were measured by the stimulation 

of PPi-PFK assayed in the presence of 0.5 mM pyrophosphate and 1 mM fructose 6-

phosphate in the assay mixture as shown in the table below. Measurement was conducted at 

340nm with Synergy H1 Hybrid Reader (BioTek, Winooski, Vermont, USA) The values 

were normalized using protein concentration.

2.12. Lactate assay

The lactate levels of the HPAECs were measured with the Lactate Assay Kit (Cat. No. 

MAK064, Sigma) according to the manufacturer’s instructions.

2.13. Adenovirus transduction of HPAECs

HPAECs grown at 70% – 80% confluence were incubated with 500 μL basal medium 

containing Ad-CTRL or Ad-PFKFB3 adenovirus that carries an epitope tag containing both 

Flag and His motifs (Cat, No. VH840078, Vigene Biosceiences, Rockville, MD, USA). 

After 2 hours, the medium was replaced with fresh complete VCBM followed by continuous 

culture for 48 hours. The cells were then treated as indicated and collected for Western blot 

and real-time PCR analyses.

2.14. Monocyte adhesion assay

Monocyte adhesion assay was performed according to protocols as described previously 

with some modifications (30, 31). Briefly, the THP-1 cells labeled with Calcein-AM (Cat. 

No. 354216, Corning, New York, USA) were incubated with the confluent monolayer of 

HPAECs or HPMVECs pretreated with LPS for 4 hours. 30 min after incubation, non-

adherent cells were removed by washing three times with RPMI 1640 media followed by 

fixing with 4% PFA. Images were taken under the fluorescence microscope. Fluorescent-

positive cells were counted with Image J and normalized with total cell numbers of HPAECs 

or HPMVECs.

2.15. Small interfering RNA (siRNA) interference of HPAECs

When HPAECs and HPMVECs were grown to 80% confluence, the cells were transfected 

with 25 nM of siRNAs targeting human PFKFB3 (siPFKFB3, Cat. No. L-006763–00-0005; 

Dharmacon, Lafayette, CO, USA) or non-targeting negative control (siCTRL, Cat. 

No.L-004018–00-0005; Dharmacon) using Lipofectamine RNAi Max reagent (Cat. No 

13778–150; Invitrogen) according to the manufacturer’s protocol. Six hours later, the 

medium was changed to fresh complete VCBM for continuous culture. Forty-eight hours 
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after siRNA transfection, the cells underwent different treatments and were then collected 

for various assays.

2.16. Western blot

Cells or lung samples were lysed with RIPA buffer containing protease inhibitor cocktails 

(Cat. No. 05892970001, Roche, Indiana, IN, USA) as described previously (27). After 

sonication and centrifugation of cell lysates, protein concentration was measured with the 

BCA assay and then 20 μg of protein was loaded onto the 7.5%−10% sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel. Following electrophoresis, 

blotting, and blocking in 5% skim milk, blots were probed with the following primary 

antibodies: PFKFB3 (1:1000, Cat. No. ab181861, abcam), ICAM-1 (1:1000, Cat. No. sc- 

8314, Santa Cruz Biotechnology for human; 1:1000, Cat. No. ab25375, Abcam for mice), 

VCAM-1 (1:1000, Cat. No. 13662, CST, Danvers, MA, USA), p65 (1:1000, Cat. No. 8242, 

CST), and p-p65 (1:1000, Cat. No. 3033, CST). Anti-β-actin (1:1000, Cat. No. sc47776, 

Santa Cruz Biotechnology) was used as loading control.

2.17. RNA isolation and quantitative real-time PCR

The total RNA from HPAECs or mouse lung samples were extracted using Trizol reagent 

(Cat. No. 15596018; Invitrogen). 0.5–1μg of RNA was used as a template for reverse 

transcription with iScript cDNA synthesis kit (Cat. No. 170–8891; Bio Rad, Hercules, 

California, USA). qPCR was performed with universal SYBR green mix (Cat. No. 172–

5122, BioRad) on the StepOne Plus System (Applied Biosystems, Grand Island, NY). PCR 

amplification consisted of 10 min of an initial denaturation step at 95 °C, followed by 40 

cycles of PCR at 95 °C for 15 s, and 60 °C for 1 min. Relative gene expression was 

converted using the 2−ΔΔCT method against the internal control 18s RNA, and data were 

presented as fold change relative to control groups.

2.18. Statistical analysis

Statistical information is indicated in the figure legends. The significance of the differences 

between two groups was assayed using unpaired Student’s t test. Multiple comparisons were 

performed by one-way ANOVA followed by Bonferroni’s post hoc test. Statistical analysis 

was performed with GraphPad Prism (LaJolla, CA, USA). Kaplan Meier survival curves 

were compared using log-rank Mantel-Cox test. All results are presented as mean ± SEM. p 
< 0.05 was considered significant (* p < 0.05, ** p < 0.01, *** p < 0.001).

3. Results

3.1. Expression and activity of PFKFB3 are increased in the in vivo and in vitro models of 
LPS-induced ALI

Emerging evidence suggests the involvement of cellular metabolism in the pathogenesis of 

ALI (32–34). It has been shown that glycolysis in lung is elevated in patients with ALI (35–

37), although the mechanisms underlying this remain unclear. To determine whether the 

glycolytic activator PFKFB3 is responsible for the increased glycolysis, we analyzed Pfkfb3 

expression in the lungs of mice that had ALI induced by i.p. injection of 12.5 mg/kg body 

weight LPS for 6 hours. Strikingly, both the mRNA and protein levels of Pfkfb3 were 
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significantly increased in the lungs of mice challenged with LPS compared with that of 

control mice (Fig.1A and 1B).

The lung endothelium is a major metabolic tissue that is critically involved in the 

pathogenesis of ALI (38). CD31 is a membrane glycoprotein which is highly expressed on 

endothelial cells, we isolated lung ECs using CD31 microbeads and compared Pfkfb3 

expression in the whole cell lysate, CD31-positive and CD31-negative cells of the lung. 

Western blotting showed that the protein level of Pfkfb3 was markedly increased in the 

whole cell lysate of the lung and CD31-positive cells, and only modestly increased in CD31-

negative cells, indicating that CD31 positive cells were the major cellular origin for the 

upregulated Pfkfb3 in the lungs of LPS-treated mice (Fig.1C). As CD31 also expressed on 

platelets and leukocytes, to further determine whether increased Pfkfb3 expression is mainly 

attributed to ECs in LPS-treated lungs, we did double immunofluorescence staining of lung 

sections using a well-characterized monoclonal antibody for Pfkfb3 (39, 40) and the EC 

marker CD31, the results showed that Pfkfb3 expression on the endothelial layer of 

pulmonary arteries was markedly increased compared with that on the endothelial layer of 

control mice (Fig.1D).

To further confirm whether LPS was able to stimulate PFKFB3 expression in ECs in vitro, 

MLECs and HPAECs were treated with 1 μg/ml LPS for up to 18 hours. Indeed, PFKFB3 

protein levels were increased following LPS treatment in both cell types (Fig. 2A and 2B). 

Moreover, we noticed a marked increase in PFKFB3 activity, as evidenced by an increased 

level of Fructose 2,6-bisphosphate (F-2,6-P2) in LPS-treated HPAECs (Fig. 2C). Since 

PFKFB3 is a potent glycolytic activator, we further assessed the glycolytic function of LPS-

treated HPAECs transfected with siCTRL or siPFKFB3 using both lactate measurement and 

Seahorse Flux analysis. As shown in Fig. 2D, LPS treatment markedly increased the 

PFKFB3 protein level, while about 75% of PFKFB3 protein expression was depleted after 

transfection with siPFKFB3 for 48 h. LPS treatment significantly elevated lactate production 

and glucose-induced glycolysis and also increased the maximal glycolytic capacity, which 

were completely abrogated by PFKFB3 deletion in HPAECs (Fig. 2E–J). Altogether, these 

results indicate that high levels of expression and activity of EC PFKFB3 contribute to the 

increased glycolysis in ALI.

3.2. Endothelial-specific Pfkfb3 deficiency protects mice from LPS-induced ALI and 
sepsis

To gain insight into whether endothelial Pfkfb3 plays a causal role in the LPS-induced ALI 

model in mice, we used endothelial-specific Pfkfb3-deficient mice generated by breeding 

Pfkfb3lox/lox mice with Cdh5cre transgenic mice (24) (Fig. 3A). Western blot analysis 

showed that Pfkfb3 amounts were dramatically decreased in MLECs from Pfkfb3ΔVEC mice 

compared with those from Pfkfb3WT mice, thus confirming the effective endothelial Pfkfb3 
deletion in Pfkfb3ΔVEC mice (Fig. 3B). To further verify the endothelium-specific Pfkfb3 
deletion in Pfkfb3ΔVEC mice, double immunofluorescence staining was used to detect EC 

Pfkfb3 expression in the pulmonary endothelium. We found no noticeable changes in the 

expression of Pfkfb3 in smooth muscle cells (SMCs) or other non-ECs, whereas expression 
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of Pfkfb3 was markedly decreased in ECs of Pfkfb3ΔVEC mice compared with those of 

Pfkfb3WT mice (Fig. 3C).

To examine the biological consequence of endothelial Pfkfb3 in LPS-induced sepsis, 

Pfkfb3ΔVEC and Pfkfb3WT mice were challenged with a lethal dose (12.5 mg/kg) of LPS by 

i.p. injection. Animal mortality was monitored following LPS injection. As shown in Fig. 

4A, all the Pfkfb3WT mice had died by 5 days (120 hours) post-LPS challenge whereas only 

55% of Pfkfb3ΔVEC mice died in the same period, indicating that endothelial Pfkfb3 

upregulation by LPS treatment contributes to LPS-induced death. Accordingly, the cardiac 

dysfunction (Fig. 4B–4G) and kidney injury (Fig. S1) were also decreased in Pfkfb3ΔVEC 

mice compared with those of Pfkfb3WT mice. Disruption of the endothelial barrier integrity 

and consequent pulmonary edema are typical symptoms of ALI (41). To determine the in 
vivo consequences of loss of endothelial Pfkfb3 on ALI and endothelial barrier function, we 

next determined alterations in vascular permeability by H&E staining and Evans blue dye 

(EBD) assay. Pfkfb3ΔVEC and Pfkfb3WT mice were injected with either sterile saline or LPS 

by i.t. injection for 6 hours. The H&E staining showed that Pfkfb3ΔVEC mice had a lower 

degree of lung edema (Fig. 5A). The protein levels in the BAL and EBD in lung tissue were 

significantly decreased in Pfkfb3ΔVEC mice compared with those of Pfkfb3WT mice after 

LPS challenge, indicating that LPS-induced endothelium hyper-permeability was blunted in 

Pfkfb3ΔVEC mice (Fig. 5B and 5C). The lung wet-to-dry (W/D) ratio, which was used as an 

index to evaluate lung edema, was lower in LPS-injured Pfkfb3ΔVEC lungs compared with 

the LPS-injured Pfkfb3WT lungs (Fig. 5D). Since microvascular barrier function depends on 

the junction proteins at the endothelial cell-cell borders, we further evaluated the VE-

cadherin expression in ECs by immunofluorescence staining of lung sections. The results 

showed that upon LPS treatment, the expression of VE-cadherin in the ECs of lungs of 

Pfkfb3ΔWT mice was lower than that in Pfkfb3ΔVEC mice compared with that of control 

mice (Fig. 5E). We also detected the expression of VE-cadherin in the HPMVECs 

transfected with siCTRL or siPFKFB3 with the treatment of 1μg/ml LPS for 4 hours. The 

results showed that VE-cadherin expressed in the AJ of HPMVEC monolayer, and upon 

treatment with LPS, VE-cadherin appear to be dissociated from AJ and siPFKFB3 was able 

to suppress these effects (Fig. S2).

Overall, these findings suggest that endothelial Pfkfb3 deficiency protects mice from LPS-

induced ALI and death, and is accompanied by improved cardiac and kidney function.

3.3. Endothelial Pfkfb3 is required for leukocyte recruitment and endothelial inflammation 
in vivo.

Neutrophil and macrophage recruitment and activation, pivotal processes of ALI (42–45), 

are highly dependent on the expression of adhesion molecules on vascular ECs (10). We 

therefore asked whether Pfkfb3 deficiency rendered ECs less adhesiveness for neutrophils 

and macrophages via decreased adhesion molecule expression. We first analyzed the effects 

of LPS on neutrophil and macrophage infiltration by performing flow cytometry analyses of 

lungs from Pfkfb3WT and Pfkfb3ΔVEC mice exposed to 12.5 mg/kg LPS for 6 hours. Using 

Ly6G and CD11b as neutrophil markers and F4/80 and CD11b as interstitial macrophage 

markers respectively, we examined the numbers of neutrophils and macrophages in the lungs 
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by flow cytometry. We found that LPS significantly increased the number of neutrophils and 

macrophages in lung, which were blunted by endothelial Pfkfb3 deficiency (Fig. 6B and 

6D). Using Ly6G as a neutrophil marker and Mac2 as a macrophage marker, we further 

examined the infiltrated neutrophils and macrophages in lung sections by immunostaining. 

Consistently, the numbers of infiltrated neutrophils and macrophages were decreased in 

Pfkfb3ΔVEC mice 6 hours after LPS challenge compared with those of Pfkfb3WT mice (Fig. 

6A and 6C). These results suggest that endothelial Pfkfb3 deficiency impaired neutrophil 

and macrophage recruitment to the lungs in response to LPS challenge.

Given that the recruitment of macrophages and neutrophils is mainly dependent on the 

expression of cytokines and adhesion molecules, especially Icam-1 and Vcam-1 (46), we 

next analyzed the effects of Pfkfb3 deficiency on cytokine production and adhesion 

molecule expression in lung ECs in vivo by qPCR, Western blot, DAB immunostaining and 

immunofluorescence staining. Pfkfb3WT and Pfkfb3ΔVEC mice were challenged with 12.5 

mg/kg LPS for 6 hours, and MLECs were isolated for qPCR analysis. The results showed 

that the mRNA levels of Icam-1, Il-1β, Tnf-α, Cxcl-10 and E-selectin were decreased in 

Pfkfb3ΔVEC mice compared with those of control mice upon LPS treatment (Fig. 7A–7E). 

Western blot analysis revealed that LPS markedly induced the expression of Icam-1 in the 

lungs of Pfkfb3WT mice but not that of Pfkfb3ΔVEC mice, and this was also true for Icam-1 

expression of isolated MLECs from these mice (Fig. 7F–7G). Icam-1 and Vcam-1 staining 

on the lung sections also showed that the expression of Icam-1 and Vcam-1 on ECs were 

attenuated in Pfkfb3ΔVEC mice (Fig. 7H–7K). Thus, Pfkfb3 deficiency in ECs is able to 

prevent LPS-induced expression of Icam-1 and Vcam-1 in lung.

3.4. PFKFB3 inhibitor 3PO protects mice from LPS-induced ALI by inhibiting endothelial 
inflammation

To further examine the role of PFKFB3 on ALI and sepsis, we examined the effects of 

pharmacological inhibition of PFKFB3. To this end, 3PO, a specific PFKFB3 inhibitor, was 

administered to the wild-type mice 3 hours before LPS challenge at a dose of 50 mg/kg (21), 

followed by the treatment with 12.5 mg/kg LPS by i.p. injection. The animal survival rate 

was obtained after LPS injection. We found that 3PO treatment showed a beneficial effect on 

the survival outcome in the LPS-induced sepsis model. As shown in Fig. 8A, all the mice 

treated with vehicle died within 4 days, while only 60% of mice with 3PO treatment died 

within the same period. H&E staining revealed that 3PO-treated mice exhibited decreased 

edema and leukocyte infiltration in lung compared with that of DMSO-treated mice at 6 

hours after LPS injection (Fig. 8B). In addition, echocardiography analysis also found that 

3PO treatment had a protective effect on cardiac function in mice with LPS challenge (Fig. 

S3). Given the fact that endothelial inflammation-mediated leukocyte infiltration is critical 

for ALI, we further investigated whether 3PO treatment could inhibit leukocyte recruitment 

and EC inflammation in vivo. Staining of lung sections with Ly6G and Mac2 showed that 

LPS caused a significant increase in neutrophil and macrophage infiltration at 6 hours after 

LPS injection, while PFKFB3 blockade with 3PO reduced the numbers of neutrophils and 

macrophages adhering to and migrating across ECs (Fig. 8C and 8D), indicating that 3PO 

decreased leukocyte recruitment into the lung. Western blot assays showed that LPS-induced 

Icam-1 expression was blunted in lungs of mice treated with 3PO (Fig. 8E). Furthermore, 
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immunostaining showed that the increased expression of Icam-1 and Vcam-1 in the ECs of 

pulmonary vascular wall of LPS-treated mice were strikingly suppressed by 3PO treatment 

(Fig. 8F and 8G). Collectively, these results indicate that 3PO protects mice from LPS 

induced ALI and sepsis, at least in part by inhibiting endothelial cell activation in vivo.

3.5. Pfkfb3 deficiency suppresses endothelial inflammation via inactivation of nuclear 
factor κB (NF-κB) signaling

To examine the role of PFKFB3 in the regulation of endothelial inflammation in vitro, we 

assessed the effects of PKFBF3 on adhesion molecule expression in HPAECs with both 

pharmacological and genetic approaches. HPAECs transfected with siCTRL or siPFKFB3 
were treated with LPS for 4 hours; qPCR assays showed that the mRNA levels of ICAM-1, 

VCAM-1 and E-selectin were decreased in PFKFB3 knockdown HPAECs compared with 

those of control cells (Fig. 9A–9C). Western blot assay showed changes at the protein level 

similar to those at the mRNA level (Fig. 9D). Accordingly, the number of human THP-1 

monocytic cells firmly adhering to HPAECs transfected with siPFKFB3 was significantly 

decreased compared with that in the control group (Fig. 9E). As leukocyte rolling and 

adhesion mainly occur in microcirculation, we also detected ICAM-1 and VCAM-1 

expression and THP-1 adhesion in HPMVECs, the results were similar with that of HPAECs 

(Fig. S4). Additionally, pre-treatment with 3PO for 30 min before the addition of LPS 

markedly attenuated LPS-induced expression of ICAM-1 and VCAM-1 in HPAECs (Fig. 

9F). Thus, both PFKFB3 knockdown and PFKFB3 inhibition were able to decrease LPS-

induced inflammation in HPAECs.

Previous studies have indicated that NF-κB is a crucial transcription factor that regulates the 

expression of EC adhesion molecules (47, 48), and its signaling is critically implicated in the 

pathogenesis of sepsis (7, 8, 49–51). Végran et al found that the glycolytic product lactate 

was able to stimulate NF-κB signaling in ECs (52). Therefore, we posited that NF-κB 

signaling might be involved in PFKFB3-regulated adhesion molecule expression. To test 

this, we first examined the effects of PFKFB3 knockdown on the activation of NF-κB. As 

shown in Fig. 9G, NF-κB - p65 nuclear translocation induced by LPS was attenuated in 

PFKFB3-deleted HPAECs compared with that in control HPAECs, implying that PFKFB3 
knockdown prevented LPS-induced activation of NF-κB signaling. To further demonstrate 

the involvement of NF-κB, the effects of BAY 11–7085, a potent and specific NF-κB 

inhibitor (53), on PFKFB3-induced endothelial inflammation were evaluated by Western 

blot. PFKFB3 overexpression in HPAECs elevated the levels of ICAM-1, VCAM-1, p65, 

and p-p65, congruent with the idea that PFKFB3 is critical for the activation of NF-κB 

signaling and the expression of ICAM-1 and VCAM-1. However, these increases were 

significantly attenuated by BAY 11–7085 treatment, indicating that PFKFB3-regulated 

adhesion molecule expression through NF-κB signaling in LPS-treated HPAECs (Fig. 9H). 

Use of PDTC, a selective inhibitor of NF-κB signaling but structurally and mechanistically 

distinct from BAY11–7085 (54, 55), yielded similar results.
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4. Discussion

Sepsis is one of the leading causes of mortality, and there are extremely limited therapeutic 

options. Multiorgan dysfunction or failure, including ALI, is a hallmark of sepsis. The acute 

phase of sepsis is characterized by a strong inflammatory reaction in many critical organs 

including lung. Recruitment of inflammatory cells into the lung or other organs needs 

adhesion molecule expression in ECs. The endothelial response to inflammatory mediators 

is to express adhesion molecules on the cell surface, including ICAM-1, VCAM-1, P-

selectin and E-selectin, which results in increased rolling, adherence and transmigration of 

leukocytes into tissue (46). Mice that are deficient in adhesion molecules are resistant to 

lethality in the cecal ligation puncture (CLP)-induced sepsis model (56). Therefore, the 

search for novel therapeutic concepts to reduce endothelial-leukocyte interaction-mediated 

lung inflammation in ALI is an area of intense research.

Many studies have shown that glycolytic metabolism plays an important role in 

inflammation (57, 58). Glycolysis in lung is elevated in patients with ALI (35–37). Positron 

emission tomography (PET) has shown that 18F-fluorodeoxyglucose (18F-FDG) uptake in 

regions with inflammatory lesions were increased in ALI patients and LPS-exposed sheep 

(33, 59). Despite clinical studies that have shown that the serum levels of lactate are 

associated with outcomes in septic patients (17, 60), whether this increased glycolysis plays 

a causative role in the development of ALI and sepsis remains elusive. In our first set of 

experiments, we found that expression of the glycolytic regulator PFKFB3 was significantly 

upregulated in septic lung, specifically in pulmonary ECs. This may explain, at least in part, 

why glycolysis is increased in the lungs of ALI patients. Using EC-specific Pfkfb3-deficient 

mice, we unmasked the causative role of EC glycolysis in ALI and sepsis. Our data showed 

that EC–specific Pfkfb3-mediated endothelial inflammation, including enhanced adhesion 

molecule expression-mediated leukocyte infiltration, led to the development of ALI. Our in 
vitro study also showed that PFKFB3 deletion in cultured HPAECs markedly decreased 

adhesion molecule expression and monocyte adhesion to LPS-stimulated HPAECs. This is 

consistent with a previous report that EC Pfkfb3 hplo-deficiency downregulates endothelial 

adhesion molecules and then suppresses cancer cell invasion and metastasis (22). In 

addition, a recent study showed that silencing PFKFB3 using siRNA decreases tumor 

necrosis factor alpha (TNF-α)-induced adhesion molecule expression and pro-inflammatory 

cytokine/chemokine production (61).

In the present study, we found that blockage of the glycolytic activator PFKFB3 by 3PO 

protected mice from LPS-induced sepsis in mice. 3PO treatment inhibited LPS-induced 

endothelial inflammation both in vitro and in vivo. This is in line with a previous study 

showing 3PO treatment reduced interleukin-1 beta (IL-1β)-stimulated endothelial 

adhesiveness to cancer cells (22). Our current study showed a causative role of endothelial 

PFKFB3 in endothelial inflammation and sepsis. A recent study reported that the PFKFB3 

inhibitor 3PO decreased inflammation and apoptosis of alveolar epithelial cells in CLP-

induced sepsis, indicating that in our LPS-induced sepsis model, in addition to PFKFB3-

driven endothelial glycolysis, glycolysis in other cell types, such as epithelial cells and 

immune cells (62–64), might be also involved in the pathology of ALI and sepsis via 
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multiple mechanisms, and 3PO treatment in our study protects mice via inhibition of 

inflammatory and apoptosis events in other types of cells.

Endothelial PFKFB3-mediated inflammation may participate in the dysfunction of many 

organs. In this study, we mainly characterized the role of endothelial Pfkfb3 in ALI. 

However, many organs, including heart, liver, kidney and others, also suffer from septic 

injury, and these dysfunctional organs also contribute to sepsis-associated mortality. 

Endothelial Pfkfb3-mediated inflammation causes dysfunction of these organs. We have 

observed improved function for hearts and kidney in septic Pfkfb3ΔVEC mice. Therefore, the 

increased survival rates in Pfkfb3ΔVEC or 3PO-treated septic mice is attributed to improved 

function for many other organs in addition to the lung.

Mechanistically, the effect of PFKFB3 on adhesion molecule expression is related to NF-κB 

signaling. NF-κB is a key regulator that controls inflammation-related genes and drives the 

expression of adhesion molecules, including ICAM-1 and VCAM-1 (47, 48, 65). Inhibition 

of NF-κB activity suppresses LPS-induced inflammatory cytokine and adhesion molecule 

expression, reduces neutrophil influx, and prevents an LPS-induced increase in 

microvascular endothelial permeability (50, 65, 66). More importantly, NF-κB is highly 

activated in septic patients and plays a critical role in ALI (7, 8, 49–51). Our data showed 

that PFKFB3 knockdown prevented LPS-induced NF-κB-p65 nuclear translocation, while 

PFKFB3 overexpression resulted in activation of NF-κB signaling and expression of 

ICAM-1 and VCAM-1 in HPAECs. Notably, selective inhibitors of NF-κB signaling were 

capable of blocking PFKFB3-mediated expression of ICAM-1 and VCAM-1, indicating that 

PFKFB3-induced adhesion molecule expression is dependent on the activation of NF-κB 

signaling. The underlying mechanisms by which PFKFB3 directly controls the activation of 

NF-κB signaling may include the following possibilities. First, PFKFB3-driven glycolytic 

flux may fuel the generation of reactive oxygen species (67), an inevitable byproduct of 

mitochondrial electron transfer, which promotes activation of the redox-sensitive 

transcription factor NF-κB (30). Second, during the activation of NF-κB signaling in 

response to pro-inflammatory stimulation, such as LPS, most of the downstream signaling 

events or cellular processes consume energy. For example, LPS-induced IκB degradation is 

dependent on the ATP-dependent proteolytic 26S proteasome (68, 69). Given the fact that 

PFKFB3-driven glycolysis is the major source of ATP generation in ECs (glycolysis 

generates up to 85% of the total ATP content in ECs) (11), it is very likely that LPS induces 

PFKFB3 expression and activity to support the ATP demands for NF-κB activation. Finally, 

a previous study showed that the glycolytic byproduct lactate stimulates NF-κB signaling in 

ECs (52). The data from us and others have shown that PFKFB3 knockdown lowered lactate 

levels in ECs (23, 24). Thus, lactate may also be responsible for PFKFB3-mediated 

activation of NF-κB activation.

5. Conclusion

In summary, this study demonstrates a critical role of the endothelial glycolytic activator 

PFKFB3 in LPS-induced ALI in a moue septic model using both endothelial-specific Pfkfb3 
knockout mice and the PFKFB3-specific inhibitor, 3PO. Our data show that the early 

induction of PFKFB3 protein expression in lung ECs causes an increase in EC glycolysis 
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and contributes to acute lung injury, which is associated with neutrophil and monocyte 

recruitment. Mechanistically, PFKFB3 deficiency or inhibition prevents LPS-induced hyper-

activation of NF-κB signaling, which results in downregulation of adhesion molecule 

expression in ECs. Our findings provide new insights into a previously unidentified role of 

EC glycolysis in ALI and sepsis in vivo and highlight the translational potential of targeting 

EC PFKFB3 in the treatment of ALI and sepsis.
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Abbreviations

ALI acute lung injury

LPS lipopolysaccharide

EC endothelial cell

HPAEC human pulmonary artery endothelial cell

MLEC mice lung endothelial cell

PFKFB3 6-Phosphofructo-2-Kinase/Fructose-2,6-Biphosphatase 3

PFK1 6-phosphofructo-1-kinase

F-2,6-P2 fructose-2,6-bisphophate

3PO 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one

ICAM-1 intracellular adhesion molecule-1

VCAM-1 vascular cell adhesion molecule 1

NF-κB nuclear factor κB

PDTC pyrrolidinedithiocarbamic acid

IL-1β interleukin-1 beta

TNF-α tumor necrosis factor alpha

PBS phosphate buffered saline

PFA paraformaldehyde
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Fig. 1. Pfkfb3 expression in lung ECs is increased in LPS-induced ALI.
(A) Real time-PCR analysis of Pfkfb3 mRNA levels in the lung homogenates of control or 

LPS-challenged mice. n = 6. (B) Western blot analysis and densitometric quantification of 

Pfkfb3 protein levels in the lung lysates of control and LPS-injected mice. n = 6. (C) 

Western blot analysis of Pfkfb3 protein levels in whole cell lysate (WCL), CD31-positive 

(CD31+) and CD31-negative cells (CD31-) in the lung samples of control or LPS-treated 

mice. (D) Representative micrographs of Pfkfb3 expression in the pulmonary endothelium 

of control or LPS-challenged mice. Sections were co-stained for Pfkfb3 (red), CD31 (green) 
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and DAPI (blue). Data are represented as means ± SEM. Statistical significance was 

determined by unpaired Student’s t test, *** p < 0.001.
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Fig. 2. PFKFB3 enhances glycolysis in LPS-treated lung ECs.
(A-B) Western blot analysis and densitometric quantification of PFKFB3 protein levels in 

MLECs (A) and HPAECs (B) following 1 μg/mL LPS treatment for indicated time. n = 5. 

(C) Relative F-2,6-P2 levels in HPAECs treated with vehicle or 1 μg/mL LPS for 4 h. n = 9. 

(D) Western blot analysis and densitometric quantification of PFKFB3 protein levels in 

siCTRL or siPFKFB3-transfected HPAECs with treatment of vehicle or 1 μg/mL LPS for 4 

hours. n = 5. (E-F) Levels of intracellular lactate (E) and secreted lactate (F) of HPAECs 

transfected with siCTRL or siPFKFB3 with treatment of vehicle or 1 μg/mL LPS for 4 h. n = 

6. (G) ECAR profile showing glycolytic function in siCTRL or siPFKFB3-transfected 

HPAECs with treatment of vehicle or 1 μg/mL LPS for 4 h. Vertical lines indicate the time 

of addition of glucose (10 mmol/L), oligomycin (2 μmol/L), and 2-DG (50 mmol/L). (H-J) 

Quantification of glycolysis (H), glycolysis capacity (I), and glycolysis reserve (J) from G. 

n = 6 for HPAECs transfected with siCTRL followed by treatment with vehicle, n = 8 for the 

other three groups. Data are represented as means ± SEM. Statistical significance was 
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determined by one-way ANOVA followed by Bonferroni test. *p < 0.05 was considered 

significant, ** p < 0.01, *** p < 0.001.
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Fig. 3. Generation and characterization of Pfkfb3ΔVEC mice.
(A) Schematic diagram of endothelial-specific Pfkfb3-deficient mouse generation. (B) 

Western blot analysis and densitometric quantification of Pfkfb3 protein levels in MLECs of 

Pfkfb3WT and Pfkfb3ΔVEC mice. n = 6. (C) Representative images of Pfkfb3 localization in 

the lung sections of Pfkfb3WT and Pfkfb3ΔVEC mice. Sections were co-stained for Pfkfb3 

(red), CD31 (green) and DAPI (blue). Data are represented as means ± SEM. Statistical 

significance was determined by unpaired Student’s t test, *** p < 0.001.
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Fig. 4. Endothelial-specific Pfkfb3 deficiency protects mice from LPS-induced endotoxemia.
(A) Mortality of Pfkfb3WT and Pfkfb3ΔVEC mice after LPS administration. Mice were 

injected intraperitoneally (i.p.) with LPS at a dose of 12.5 mg/kg body weight and were 

monitored for 10 d after LPS challenge. n =10 mice per group. Statistical analysis was 

performed using log-rank test, *p < 0.05 was considered significant. (B) Representative M-

mode echocardiograms show improved cardiac function in Pfkfb3ΔVEC mice exposed to 6 

mg/kg LPS compared with Pfkfb3WT mice. (C-G) Quantification of left ventricle (LV) 

systolic (s) internal diameters (LVIDs, mm; C), ejection fraction (EF %; D), fractional 

shortening (FS %; E), LV stroke volume (μl; F), and cardiac output (ml/min; G). n = 5–8 

mice per group. Data are represented as mean ± SEM. Statistical significance was 

determined by one-way ANOVA followed by Bonferroni test. *p < 0.05 was considered 

significant, ** p < 0.01, *** p < 0.001.
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Fig. 5. Endothelial-specific Pfkfb3 deficiency protects mice from LPS-induced ALI.
(A) Representative images of hematoxylin and eosin staining of lung sections from 

Pfkfb3WT and Pfkfb3ΔVEC mice exposed to vehicle or 12.5 mg/kg LPS for 6 hours. Scale 

bars, 50 μm. Green arrows indicate neutrophils in the alveolar space, yellow arrows indicate 

neutrophils in the interstitial space, black arrows indicates hyaline membranes, and blue 

arrows indicate thickening of the alveolar walls. (B) Total protein accumulation in 

bronchioalveolar lavage fluid (BALF) of mice treated with vehicle or 1 mg/kg LPS 

intratracheally (i.t.) for 6 hours. n = 4. (C) Quantitative analysis of Evan blue dry (EBD) 

extravasation of the lung from Pfkfb3WT mice and Pfkfb3ΔVEC mice after vehicle or 1 

mg/kg LPS injection by i.t. for 6 hours. The EBA content of lung extracts was determined 

spectrophotometrically. n = 4. (D) The wet-to-dry (W/D) ratio of lung tissue from Pfkfb3WT 

and Pfkfb3ΔVEC mice after LPS challenge for 6 hours. n = 5. Data are presented as means ± 

SEM. Statistical significance was determined by one-way ANOVA followed by Bonferroni 

test. *p < 0.05 was considered significant, ** p < 0.01, *** p < 0.001. (E) Representative 

micrographs of VE-cadherin staining in the pulmonary endothelial of Pfkfb3WT and 
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Pfkfb3ΔVEC mice challenged with vehicle or 12.5 mg/kg LPS for 6 hours. Sections were co-

stained for VE-cadherin (red), CD31 (green) and DAPI (blue). Scale bar, 20 μm or 5 μm.
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Fig. 6. Endothelial-specific Pfkfb3 deficiency decreases neutrophil and monocyte infiltration into 
the lung.
(A) Representative images and quantification for immunohistochemical staining of the 

neutrophil marker Ly6G in lung sections from vehicle or LPS-treated Pfkfb3WT and 

Pfkfb3ΔVEC mice. Scale bar, 50 μm. n = 6. (B) Flow cytometric analysis of CD11b+/Ly6G+ 

neutrophils within the CD45+ gated cells in the lung. n = 6. (C) Representative images and 

quantification for immunohistochemical staining of the macrophage marker Mac2 in lung 

sections from vehicle or LPS-treated Pfkfb3WT and Pfkfb3ΔVEC mice. Scale bar, 50 μm. n = 

6. (D) Flow cytometric analysis of CD11b+/F4/80+ macrophages within the CD45+ gated 

cells in the lung. n = 6. Data are represented as means ± SEM. Statistical significance was 

determined by one-way ANOVA followed by Bonferroni test. *p < 0.05 was considered 

significant, ** p < 0.01, *** p < 0.001.
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Fig. 7. Endothelial specific Pfkfb3 deficiency decreases adhesion molecule expression in the lung 
of LPS-treated mice.
(A-E) Real time-PCR analysis of Icam-1 (A), Il-1β (B), Tnf-α (C), Cxcl10 (D), and Mcp1 
(E) mRNA levels in mice lung ECs of Pfkfb3WT and Pfkfb3ΔVEC mice challenged with 

vehicle or 12.5 mg/kg LPS for 6 hours. (F) Western blot and densitometric quantification 

analysis of Icam-1 expression in lung homogenates of Pfkfb3WT and Pfkfb3ΔVEC mice 

challenged with vehicle or 12.5 mg/kg LPS for 6 hours. n = 6. (G) Western blot analysis of 

Icam-1 expression in isolated MLECs in Pfkfb3WT and Pfkfb3ΔVEC mice challenged with 
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vehicle or 12.5 mg/kg LPS for 6 hours. n = 4. (H and I) Representative images for 

immunohistochemical staining of Icam-1 (H) and Vcam-1 (I) in lung sections from LPS-

treated Pfkfb3WT and Pfkfb3ΔVEC mice. Scale bar, 20 μm. (J and K) Representative 

micrographs of Icam-1 (J) and Vcam-1 (K) expression in the pulmonary endothelium of 

Pfkfb3WT and Pfkfb3ΔVEC mice challenged with vehicle or 12.5 mg/kg LPS for 6 hours. 

Sections were co-stained for Icam-1 (red), CD31 (green) and DAPI (blue). Data are 

represented as means ± SEM. Statistical significance was determined by one-way ANOVA 

followed by Bonferroni test. *p < 0.05 was considered significant, ** p < 0.01.
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Fig. 8. 3PO treatment protects mice from LPS-induced sepsis.
(A) Mortality of C57 mice treated with DMSO (control) or 3PO for 3 hours followed by i.p. 

injection of LPS at a dose of 12.5 mg/kg body weight. Mice were monitored for 10 d. n = 10 

mice per group. Statistical analysis was performed using log-rank test, ** p < 0.01. (B) 

Representative images of hematoxylin and eosin staining of lung sections from control mice 

and 3PO pre-treated mice exposed to vehicle or 12.5 mg/kg LPS for 6 hours. Scale bars, 50 

μm. Green arrows indicate neutrophils in the alveolar space, yellow arrows indicate 

neutrophils in the interstitial space, purple arrows indicates macrophages, and blue arrows 

indicate thickening of the alveolar walls. (C and D) Representative images and 

quantification for immunohistochemical staining of Mac 2 (C) and Ly6G (D) in lung 

sections from DMSO or 3PO pre-treated mice injected with vehicle or 12.5 mg/kg LPS for 6 

hours. Scale bar, 50 μm. n = 6. (E) Western blot and densitometric quantification analysis of 

Icam-1 protein level in lung homogenates of DMSO or 3PO pre-treated mice challenged 

with vehicle or 12.5 mg/kg LPS for 6 hours. n = 6. (F and G) Representative images for 

immunohistochemical staining of Icam-1 (F) and Vcam-1 (G) in lung sections from DMSO 

or 3PO pre-treated mice after vehicle or 12.5 mg/kg LPS challenge for 6 hours. Scale bar, 20 
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μm. Data are presented as means ± SEM. Statistical significance was determined by one-

way ANOVA followed by Bonferroni test. ** p < 0.01, *** p < 0.001.
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Fig. 9. PFKFB3 knockdown decreases adhesion molecule expression via NF-κB pathway in 
HPAECs.
(A-C) Real time-PCR analysis of ICAM-1 (A), VCAM-1 (B), and E-selectin (C) mRNA 

levels in HPAECs treated with 1 μg/mL LPS for 4 h following transfection with siCTRL or 

siPFKFB3 for 48 hours. n = 6. (D) Western blot analysis of PFKFB3 and ICAM-1 protein 

expression and densitometric quantification of ICAM-1 in HPAECs. HPAECs were 

transfected with siCTRL or siPFKFB3 for 48 hours followed by 1 μg/ml LPS treatment for 4 

hours. n = 5. (E) Representative images and quantification of monocyte adhesion to 

HPAECs transfected with siCTRL or siPFKFB3 and treated with 1 μg/mL LPS for 4 h. n = 
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3. (F) Western blot analysis and densitometric quantification of ICAM-1, VCAM-1, p65, 

and p-p65 protein expression in HPAECs treated with LPS. HPAECs were pretreated with 

20 μM 3PO for 30 min, and then treated with 1 μg/mL LPS for 4 h. n = 5. (G) 

Representative images of p65 immunostaining in HPAECs transfected with siCTRL or 

siPFKFB3 followed by 1 μg/mL LPS treatment for 4 hours. (H) Western blot analysis and 

densitometric quantification of PFKFB3, ICAM-1, VCAM-1, p65, and p-p65 protein 

expression in HPAECs after PFKFB3 overexpression with or without p65 inhibitor, Bay or 

PDTC, treatment. n = 5. Data are represented as means ± SEM. Statistical significance was 

determined by one-way ANOVA followed by Bonferroni test. *p < 0.05 was considered 

significant, ** p < 0.01, *** p < 0.001.
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Table 1.

Reaction system for F-2,6-P2 level assay.

Substrate Initial concentration Final concentration

Tris-HCl (pH7.5) 50 mM 50 mM

NADH 20 mM 0.2 mM

DTT 1 M 5 mM

F6P 200 mM 1 mM

MgCl2 1 M 2 mM

Aldolase 700 U/mL 0.7 U/mL

GDH 450 U/mL 0.45 U/mL

TIM 1200 U/mL 0.6 U/mL

PPi-PFK C 10 μg
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Table 2.

Sequences of forward and reverse primers used in Real-Time PCR analysis.

Gene name Forward primer (5’-3’) Reverse primer (5’-3’)

Murine/Human 18s rRNA CTTAGAGGGACAAGTGGCG ACGCTGAGCCAGTCAGTGTA

Murine pfkfb3 GATCTGGGTGCCCGTCGATCACCG CAGTTGAGGTAGCGAGTCAGCTTC

Murine Icam-1 GTGGCGGGAAAGTTCCTG CGTCTTGCAGGTCATCTTAGGAG

Murine Vcam-1 AGTTGGGGATTCGGTTGTTC CATTCCTTACCACCCCATTG

Murine Il-1β TGTCTTGGCCGAGGACTAAGG TGGGCTGGACTGTTTCTAATGC

Murine Tnf-α AGGGTCTGGGCCATAGAACT CCACCACGCTCTTCTGTCTAC

Murine Cxcl10 GAGCCTATCCTGCCCACG GGAGCCCTTTTAGACCTT

Murine Mcp1 TTAAAAACCTGGATCGGAACCAA GCATTAGCTTCAGATTTACGGGT

Human ICAM-1 GGCCGGCCAGCTTATACAC TAGACACTTGAGCTCGGGCA

Human VCAM-1 TCAGATTGGAGACTCAGTCATGT ACTCCTCACCTTCCCGCTC

Human E-selectin CCCGAAGGGTTTGGTGAG TAAAGCCCTCATTGCATTGA
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