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Abstract: Obesity and type 2 diabetes (T2D) increase cardiovascular risk, largely due to
altered metabolic state. An early consequence of T2D/obesity is the loss of endothelial
function and impaired nitric oxide (NO) signaling. In blood vessels, endothelial nitric
oxide synthase (eNOS) synthesizes NO to maintain vessel homeostasis. The biological
actions of NO are compromised by superoxide that is generated by NADPH oxidases
(NOXs). Herein we investigated how altered metabolism affects superoxide/NO balance in
obesity. We found that eNOS expression and NO bioavailability are significantly decreased
in endothelial cells (ECs) from T2D patients and animal models of obesity. In parallel,
PFKFB3, a key glycolytic regulatory enzyme, is significantly increased in ECs of obese
animals. EC overexpression of wild-type and a cytosol-restricted mutant PFKFB3 decreased
NO production due to increased eNOS-T495 phosphorylation. PFKFB3 also blunted Akt-
S473 phosphorylation, reducing stimulus-dependent phosphorylation of S1177 and the
activation of eNOS. Furthermore, PFKFB3 enhanced the activities of NOX1 and NOX5,
which are major contributors to endothelial dysfunction. Prolonged exposure of ECs to
high glucose or TNFα, which are hallmarks of T2D, leads to increased PFKFB3 expression.
These results demonstrate a novel functional relationship between endothelial metabolism,
ROS, and NO balance that may contribute to endothelial dysfunction in obesity.

Keywords: PFKFB3; eNOS; nitric oxide; ROS; NOX1; NOX5; type 2 diabetes

1. Introduction
Over the past decades, the levels of obesity have risen alarmingly and it is one of

the major health problems in developed and developing countries [1]. According to the
World Health Organization (WHO), in 2022, one in eight people worldwide were living

Antioxidants 2025, 14, 172 https://doi.org/10.3390/antiox14020172

https://doi.org/10.3390/antiox14020172
https://doi.org/10.3390/antiox14020172
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0002-1400-6732
https://orcid.org/0000-0002-0305-4122
https://orcid.org/0000-0003-3508-8834
https://orcid.org/0000-0003-3805-8868
https://orcid.org/0000-0001-9864-571X
https://orcid.org/0000-0002-0184-3830
https://orcid.org/0000-0002-1528-1517
https://doi.org/10.3390/antiox14020172
https://www.mdpi.com/article/10.3390/antiox14020172?type=check_update&version=1


Antioxidants 2025, 14, 172 2 of 20

with obesity [2]. It is well established, that excessive body weight and obesity [3], are major
risk factors for cardiovascular disease in both males and females [4,5], which in large part
is due to an altered metabolic state [6,7].

One of the earliest features of cardiovascular dysfunction in obesity is the loss of
endothelial function and impaired nitric oxide (NO) signaling [8]. NO is best known as the
mediator of endothelium-dependent relaxation, but it is also vital for maintaining blood
vessel homeostasis through the inhibition of leukocyte adhesion, platelet activation, and
smooth muscle proliferation [9]. In blood vessels, NO is synthesized by endothelial nitric
oxide synthase (eNOS), and dysregulation of eNOS has been shown to occur through
changes in its expression and post-translational modifications, such as phosphorylation [9].
The biological actions of NO can be further compromised by rapid binding to reactive
oxygen species (ROS), such as superoxide anions, which are generated by NADPH oxidases
(NOX), as well as numerous other enzyme systems [10]. It has been previously shown that
an imbalance between NO and superoxide-generating pathways is responsible for the loss
of endothelial function in obese type 2 diabetic mice [11]. However, the signaling pathways
in the endothelium of people with obesity that connect altered metabolism with loss of NO
and increased superoxide production remain incompletely defined.

It is well established that type 2 diabetes (T2D) is associated with high blood glucose
levels. Furthermore, endothelial cells are more susceptible to hyperglycemia-induced
damage than other cell types [12] because of their ability to uptake glucose, as the pri-
mary glucose transporter in ECs is via the insulin-insensitive Glut-1 [13,14]. This is one
mechanism distinguishing EC glucose metabolism from other cell types. Recently, a new
hypothesis has emerged, suggesting that increased glucose metabolism in endothelial
cells could be an essential driver of physiological/pathophysiological processes [15]. One
of the main regulators of glycolysis in endothelial cells is the bi-functional enzyme 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) [16]. Mechanistically,
PFKFB3 catalyzes the synthesis (kinase activity) and degradation (phosphatase activity) of
fructose-2,6-bisphosphate (F2,6P2), which is a highly potent allosteric activator of the rate-
limiting enzyme of glycolysis, PFK1 [17]. Four isoforms of PFKFB (1–4) have been identified,
and all of them encode a different version of the enzyme, 6-phosphofructokinase-2/fructose
bisphosphatase-2 that produces and degrades F2,6P2. PFKFB1 is mainly expressed in hep-
atocytes and skeletal muscle and heart, PFKFB2 in the kidney, placenta, and pancreatic
islets, PFKFB3 (also known as the inducible isoform) is ubiquitously expressed in vascular
cell types, and PFKFB4 is expressed in testis [16]. Of these isoforms, PFKFB3 has the
highest kinase activity with a 710:1 kinase/phosphatase ratio [18] and is a strong activator
of glycolysis [16]. Inhibition of PFKFB3 suppresses glycolytic flux, indicating that it plays
a major non-redundant role in regulating cellular glucose metabolism [19]. PFKFB3 gene
expression is increased in cells with increased energy demands, such as rapidly prolifer-
ating cells [20,21], and several types of cancer [22]. Furthermore, PFKFB3 expression is
increased in response to growth factors, such as insulin [23], inflammatory stimuli such
as interleukin-6 (IL-6), LPS, interleukin-1β [24–26], and under hypoxic conditions via
HIF-1α [24]. Although it is generally accepted that glycolysis occurs in the cytosol with
very few exceptions (trypanosomes) [25], surprisingly, wild-type PFKFB3 (wt-PFKFB3) is
predominantly localized in the nucleus [26], which is not seen with the other three PFKFB
isoforms (PFKFB1-2, 4). In response to physiological increases in energy demands, AMPK
can phosphorylate PFKFB3 at S461, leading to activation of the enzyme [27]. It has also
been reported that the chemotherapeutic drug cisplatin induces the acetylation of PFKFB3
at its nuclear localization signal (NLS) at lysine 472, impairing the function of the NLS and
resulting in the accumulation of PFKFB3 in the cytosol [28]. Nuclear PFKFB3, as opposed
to cytosolic PFKFB3, regulates the expression of several cell cycle-related proteins, such
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as cyclin-dependent kinase 1 and Cdc25C, and decreases the expression of the cell cycle
inhibitor p27 via a secondary effect of its metabolite, F2,6P2 [26], indicating a broader role
for PFKFB3 than just the regulation of glycolysis.

We and others have previously shown that PFKFB3 expression is upregulated in
the aortic endothelium and β-cells of type 1 diabetic (Akita) mice [29,30], in diabetic
mouse liver [31], and in cardiac progenitor cells to promote insulin resistance in type 2
diabetic patients [32]. However, a direct link between obesity-induced EC dysfunction and
PFKFB3 is not yet established. In the present study, we hypothesized that alterations in
endothelial cell glucose metabolism contribute to impaired vascular relaxation through
the dysregulation of eNOS signaling and decreased NO bioavailability. We further show
that the upregulation of PFKFB3 is a hallmark of T2D in both micro- and macrovascular
ECs, and we identify the signaling mechanisms upstream of eNOS by which glycolysis
promotes endothelial dysfunction.

2. Materials and Methods
2.1. Cell Culture

Primary human aortic endothelial cells (HAECs) and type 2 diabetic human aortic
endothelial cells (T2D HAECs) were obtained from LONZA (Walkersville, MD, USA) and
cultured in endothelial cell basal medium 2 (EBM2), supplemented with endothelial cell
growth medium-2 (EGMTM-2) BulletKitTM medium (37 ◦C, 5% CO2). Cells were used for
experiments between passages 2 and 6. To increase the expression of PFKFB3, HAECs
were transduced with wild-type-PFKFB3 (wt-PFKFB3) adenovirus, K472/473A mutant
PFKFB3 (cytosolic), and kinase-dead (KD) mutant-PFKFB3 expressing adenoviruses, or
control adenoviruses expressing a green fluorescent protein (Ad-GFP), at a multiplicity
of infection of 10–40 MOI in Opti-MEM media for 3 h. Next, media was replaced with
complete EBM2, and 48 h later cells were collected, and samples were subjected to Western
blot or real-time quantitative PCR (qPCR) analysis.

HEK293A and COS-7 cells were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). HEK-eNOS and HEK-NOX5 cells, which constitutively
express human eNOS or the NOX5 isoform, were generated using the Flp-in systemTM

(ThermoFisher Scientific), as previously described. HEK293A, HEK-eNOS, HEK-NOX5,
and COS-7 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing
100 U/mL penicillin, 100 mg/mL streptomycin, and 10% fetal bovine serum (FBS), (37 ◦C,
5% CO2). To increase PFKFB3, cells were transfected using Lipofectamine 3000 (Invitrogen,
Grand Island, NY, USA) according to the manufacturer’s instructions.

2.2. Animal Studies

All experiments involving mice were conducted under Augusta University Animal
Care and Use Committee (Augusta, GA, USA; IACUC protocol number: 2011-0309) and in
line with the US National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Leptin receptor mutant mice (db/db, #000697; Jackson Laboratory, Bar Harbor,
ME, USA) were maintained on a C57/Bl6 background in the animal facility of Augusta
University. Since db/db mice are sterile, progeny were generated from heterozygous mice.
Heterozygous mice for leptin receptor mutation served as littermate controls. Homozygous
mice develop obesity and T2D through overconsumption of food. A maximum of five
sex-matched adult mice were housed in standard shoebox cages, ~75 in2, with irradiated
Bed-o’Cob as bedding. Mice had ad libitum access to water (sterilized tap water) and
food (Teklad 2918) and were kept under a 12/12-h dark/light cycle. Only male mice
were used in the study at the age of 18–20 weeks. Mice had paper tubes to enrich their
environment. Cages were changed every other week. Housing conditions and animal
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health were overseen by both the research team and the veterinary staff. Power analysis
and prior experience were used to define the number of animals in each group to achieve
statistical significance.

For experiments, mice were randomly selected for each group, and the primary
endpoint was to determine the expression pattern of eNOS, NOX1, and PFKFB3 genes using
qPCR analysis. Animals were excluded if they died prematurely due to any unexpected
condition or technical errors. For each study, three different investigators were involved in
executing the different stages of experiments, such as randomization, cell isolation, and
molecular analysis. Animals were sacrificed at approximately 20 weeks of age by being
anesthetized in an induction chamber with 5% isoflurane at 1 L/min O2 and decapitated
by guillotine.

2.3. Endothelial Cell Isolation

Male mice were housed separately before the experiments. Conduit (aorta) and resistance
(mesenteric) arteries were isolated from 4 to 6 euthanized mice. First, the arteries were flushed
with sterile PBS and trimmed of any visceral adipose tissue. Isolated arteries were digested
with diapase/collagenase II at 37 ◦C for 1 h, spun down, and resuspended in PBS. Suspensions
were incubated with anti-CD31 microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany;
Lot no. 5191031675) at 4 ◦C for 20 min. Suspensions were then applied to a magnetic column,
where flow-through fractions were collected, followed by elution fractions containing isolated
CD31+ endothelial cells. Cells were then stored in Trizol or Laemmli sample buffer for qPCR
or WB, respectively.

2.4. Gene Expression Analysis

RNA was isolated using Direct-zol RNA Miniprep Plus Kit (Zymo, Irvine, CA, USA;
Lot no. ZRC204808) as per the manufacturer’s instructions. cDNA was synthesized
using OneScript cDNA Synthesis SuperMix (ABM, New York, NY, USA; cat no. G452) as
per the manufacturer’s instructions. qPCR was performed in a CFX-Connect Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, USA) with BrightGreen Express 2× qPCR
MasterMix-iCycler (ABM). Briefly, genetic products were amplified using specific primer
sets for each gene of interest (Table 1) at 95 ◦C for 3 min followed by 40 cycles of 95 ◦C for
15 s, 58.5 ◦C for 15 s, and 72 ◦C for 15 s. Gene expression was calculated using the 2−∆∆CT

method, normalized to 18S rRNA or GAPDH as an internal control.

Table 1. List of primers.

Gene Primer Pairs

Human eNOS Forward primer 5′-TGATGGCGAAGCGAGTGAAG-3′

Reverse primer 5′-ACTCATCCATACACAGGACCC-3′

Mouse eNOS Forward primer 5′-TCAGCCATCACAGTGTTCCC-3′

Reverse primer 5′-ATAGCCCGCATAGCGTATCAG-3′

Mouse NOX1 Forward primer 5′-CCTGATTCCTGTGTGTCGAAA-3′

Reverse primer 5′-TTGGCTTCTTCTGTAGCGTTC-3′

Mouse PFKFB3 Forward primer 5′-CAACTCCCCAACCGTGATTGT-3′

Reverse primer 5′-TGAGGTAGCGAGTCAGCTTCT-3′

2.5. Site-Directed Mutagenesis

Site-directed mutagenesis was carried out using a Q5 Site-Directed Mutagene-
sis kit (New England Biolabs, Ipswich, MA, USA) according to the manufacturer’s
instructions. The following primer pairs were used to produce the cytosolic and
kinase-dead (kinase inactive) mutations, which were all verified by DNA sequenc-
ing: K472A/K473A mutant (cytosolic)was generated using the following primers: 5′-
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CCTCGCATCAACAGCTTTGAGGAGCATGTGGC-3′ (forward primer), and 5′-
GGCTGCGGTGGGTTCGGGGCTGGC-3′ (reverse primer); R75A/R76A mutant (kinase-
dead) was generated using the following primers: 5′-GGAGGCTGTGAAGCAGTACAGC-
3′ (forward primer) and 5′-GCTGCATACTCCCCGACGTTGAA-3′ (reverse primer).

2.6. Measurement of Superoxide Production

HAECs were transduced with 10 MOI of Nox1 alone or with 10 MOI of Nox1, NoxA1,
and NoxO1 adenoviruses, respectively, in the presence or absence of GFP, wt-, cyt-, or
KD-PFKFB3 adenoviruses. In other experiments, HEK-NOX5 cells constitutively overex-
pressing human NOX5 were transfected with GFP, wt-, cyt-, or KD-PFKFB3 in pcDNA3.1.
Forty-eight h later, transduced HAECs or transfected HEK-NOX5 cells were subcultured
into 96-well white microplates at ∼104 cells/well density and cultured overnight. Next, the
cells were washed once with HBSS, and culture media were changed to phenol-free Dul-
becco’s modified Eagle’s Medium (Sigma Aldrich, St. Louis, MO, USA) containing 400 µM
L-012 (Wako Chemicals, Richmond, VA, USA) and 1 mM activated orthovanadate [33].
The cells were incubated for 10 min at 37 ◦C in a CO2 incubator; then, luminescence was
recorded using a PolarSTAR luminometer (BMG Labtech, Cary, NC, USA), as previously
described [33].

2.7. Measurement of Nitric Oxide Release

Nitric oxide production was measured by NO-specific ozone chemiluminescence
using a Sievers NO Analyzer, NOA 280i (Sievers Instruments Inc., Boulder, CO, USA), as
previously described [34]. HEK-eNOS cells overexpressing GFP, wt-, cyt-, or KD-PFKFB3 in
pcDNA3.1, HAECs, or T2D HAECs, were cultured for 48 h in cell culture microplates, after
which the media were collected for analysis of basal NO. In other experiments, the media
were replaced with fresh complete media, supplemented with either vehicle (in control
experiments) or 1 µM ionomycin for 30 min, and media were collected for subsequent
analysis of stimulated NO release. During this period of incubation, NO that is released
from cells into the media is primarily converted to nitrite in the presence of oxygen. Protein
in the cell culture medium was precipitated with 100% ethanol in a 1:2 ratio. Twenty-
five microliters of each sample were applied to the reaction chamber, where nitrite was
converted to NO by sodium iodide and liberated by nitrogen purging. The NO liberated
was converted by ozone to NO2, and the chemiluminescence equivalent to NO formation
was calculated using a standard curve.

2.8. Seahorse Assay

Primary human aortic endothelial cells (P3-6) were seeded at a cell density of
70,000 cells/well in Seahorse XFe24 cell culture plates (Agilent, Cat. #100777-004,
Santa Clara, CA, USA) and cultured overnight at 37 ◦C in a CO2 incubator. The next
day the cells were washed with Seahorse XF DMEM (pH 7.4) supplemented with 1 mM
pyruvate, 2 mM glutamine, and 10 mM glucose. Then Seahorse XF96 glycolytic rate assays
(Agilent, Catalogue # 103344-100, Santa Clara, CA, USA) were performed to evaluate the
glycolytic rate according to the manufacturer’s instructions.

2.9. Immunoblotting Analysis

Cells were washed once with ice-cold PBS on ice, then lysed in 2× Laemmli Sample
Buffer, scraped, sonicated for 3 × 10 s, and then boiled for 5 min at 100 ◦C. Protein samples
were separated by 10% SDS-PAGE and transferred to a 0.20 µM pore size nitrocellulose
membrane using the Trans-Blot® Turbo™ Transfer System, 1.3 A and 25 V for 10 min.
The membranes were then blocked with 5% (w/v) nonfat dry-milk powder solution in
TBS-Tween 20 (TBST) and incubated overnight at 4 ◦C with specific antibodies (Table 2).
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Table 2. List of antibodies.

Antibody Dilution Rate Vendor Cat. No. RRID

eNOS 1:2000 Transduction Laboratories 610286 AB_2314377
eNOS-pS1177 1:1000 Cell Signaling Technology 9571 AB_329837
eNOS-pT495 1:1000 Cell Signaling Technology 9574 AB_2153176
PFKFB3 1:1000 Cell Signaling Technology 13123 AB_2617178
β-actin 1:1000 Cell Signaling Technology 5125 AB_1903890
β-tubulin 1:1000 Cell Signaling Technology 86298 AB_2715541
GAPDH 1:1000 Cell Signaling Technology 97166 AB_2756824
Akt-pS473 1:1000 Cell Signaling Technology 9271 AB_329825
PKC-pT514 1:1000 Cell Signaling Technology 38938 AB_2799144
NF-kappaB-p65-
pS536 1:1000 Cell Signaling Technology 3031 AB_330559

TOPO2β 1:1000 Thermo Fisher Scientific A300-950A AB_805860

After incubation with the primary antibodies, the membranes were washed three
times with TBST and incubated with horseradish peroxidase (HRP) conjugated secondary
antibody. Immunoreactive proteins were visualized by enhanced chemiluminescence (ECL)
using autoradiography films. Representative images were cropped using Adobe Photoshop
Software (Adobe Systems Inc., San Jose, CA, USA). The brightness and contrast of the
images were adjusted in a linear manner across the whole image in some instances. ImageJ
software (Research Services Branch, National Institute of Health, Bethesda, MD, USA) was
used for densitometry analyses.

2.10. Immunoprecipitation

HEK-eNOS cells were transfected with wt-PFKFB3 using Lipofectamine 3000™ trans-
fection reagent (ThermoFisher Scientific Inc., Waltham, MA, USA) according to the manu-
facturer’s instructions. After 48 h of incubation, cells were lysed using Pierce™ IP Lysis
Buffer (ThermoFisher Scientific Inc., Waltham, MA) containing 0.5% (v/v) protease in-
hibitor and centrifuged at 13,000× g for 10 min at 4 ◦C. Immunoprecipitation of eNOS was
carried out using mouse anti-eNOS (BD Biosciences, Franklin Lakes, NJ, USA) antibody
(mouse IgG was used as control) coupled with PierceTM protein A/G magnetic beads. After
overnight incubation with the cell lysates at 4 ◦C, the beads were washed 3x with washing
buffer consisting of 0.1% (v/v) Triton X-100, 0.5 mM NaCl, 50 mM Tris-HCl (pH 7.4), 20 mM
EDTA, and 0.5% (v/v) protease inhibitor cocktail. Each of the samples was then boiled
in 100 µL 2× Laemmli buffer for 5 min at 100 ◦C. Immune complexes were analyzed by
immunoblotting.

2.11. Confocal Microscopy

COS7s were transfected with wild-type-, cytosolic-, or kinase-dead-PFKFB3 in the
pcDNA3.1 plasmid using Lipofectamine 3000 transfection reagent and cultured at 37 ◦C,
5% CO2. After 48 h of incubation, the transfected cells were trypsinized, plated onto gelatin-
coated glass coverslips, and grown overnight. Next, the cells were washed with HBSS and
fixed with 4% (v/v) PFA for 10 minutes. Then, the cells were permeabilized with 0.1% (v/v)
Triton X-100, 4% (m/v) BSA, and 0.01% (m/v) NaN3 in PBS (pH 7.4) for 1 h, washed three
times with 4% (m/v) BSA in PBS, and once with antibody diluting buffer (0.1% (v/v) Triton
X-100, 0.1% (m/v) BSA, and 0.01% (m/v) NaN3 in PBS (pH 7.5) for 10 min each time. After
blocking, the cells were incubated with rabbit anti-PFKFB3 antibody at a 1:200 dilution in
an antibody diluting buffer for 3 h at room temperature. Next, the cells were washed gently
(three times) with PBS and incubated with goat polyclonal Alexa-488 (1:200)-conjugated
secondary antibodies for 1 hour at room temperature. Finally, the cells were washed three
times with PBS and covered in Prolong Gold antifade mounting medium. The localization
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of PFKFB3 mutants was visualized using a Zeiss LSM780 upright laser scanning confocal
microscope (Zeiss, Oberkochen, Germany). The optical thickness of the images was 1µm.

2.12. Cell Fractionation

HEK293 cells were transfected with GFP (control), wild-type-, cytosolic-, or kinase-
dead PFKFB3 in pcDNA3.1 vector, using Lipofectamine 3000 transfection reagent and
cultured for 48 h at 37 ◦C, 5% CO2, followed by cell fractionation using NE-PER nuclear and
cytosolic extraction reagent (ThermoFisher Scientific Inc., Waltham, MA, USA) according
to the manufacturer’s instructions. In short, after trypsinization, transfected HEK293 cells
were collected, and washed with PBS. Then, 9 × 106 cells were transferred from each
group into new pre-chilled microcentrifuge tubes and centrifuged at 500× g for 3 min. The
supernatant was removed, and 200 µL CER I buffer was added to 20 µL cell pellet. The
pellet was vortexed for 15 s, and then 11 µL CER II was added. The cells were vortexed and
after 1 min of incubation, the lysates were centrifuged for 5 min at maximum speed. The
supernatants were immediately transferred into new microcentrifuge tubes, and 100 µL
of NER buffer was added to the insoluble fraction containing the nuclei. The pellets
were vortexed every 10 min for 40 min; the lysates were centrifuged again at maximum
speed, 4 ◦C, and the supernatants were again immediately transferred into new tubes. The
resulting cytosolic and nuclear fractions were then boiled in Laemmeli sample buffer for
5 min, and the samples were subjected to Western blot analysis.

2.13. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 10 Software (GraphPad
Software, Boston, MA, USA), and all data are expressed as means ± standard error of the
mean (SEM). When two groups were compared, a student t-test was performed. Analyses
between multiple groups were performed using one-way ANOVA with Tukey’s or Dunnet’s
post hoc test where appropriate. Statistical significances were considered as p < 0.05.

3. Results
3.1. Type 2 Diabetes Results in Decreased eNOS Expression and NO Bioavailability and Correlates
with Endothelial Glycolysis

Nitric oxide is a critical vasodilatory mediator that is produced by eNOS in endothelial
cells to maintain blood flow and pressure [35]. Decreased bioavailable NO has been
reported in T2D patients, in large part due to altered production and scavenging by reactive
oxygen species [36]. However, the expression of eNOS and its function have not been
studied in endothelial cells derived directly from T2D patients before. To further investigate
the mechanisms that could result in decreased NO production, we investigated eNOS
expression at the transcriptional and translational levels and found a significant decrease
in both eNOS protein (Figure 1A,B) and mRNA expression (Figure 1C) in endothelial cells
derived from human aorta. Next, we investigated eNOS enzyme activity in cells and found
that consistent with the transcriptional and translational changes in eNOS expression, NO
production was also decreased in T2D endothelial cells compared to endothelial cells from
control donors (Figure 1D).
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expression of eNOS and quantification of Western blots (B) in control and type 2 diabetic HAECs
(n = 3, unpaired t-test). (C) Expression of eNOS mRNA in HAECs derived from control (healthy) or
type 2 diabetic patients as determined by qRT-PCR (n = 3, unpaired t-test). (D) Nitric oxide (NO)
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To strengthen these data, we performed qPCR analysis on aortic and mesenteric artery
ECs derived from healthy or diabetic mice with obesity (Figure 2A,B). Similarly to human
data, eNOS expression was remarkably decreased in aortic ECs, and we observed a sig-
nificant decrease in eNOS mRNA expression in the microvasculature of obese diabetic
animals. Next, we investigated the expression of NOX1, a major source of ROS production
in ECs that we and others have previously shown [11,37,38]. We found that NOX1 expres-
sion was highly upregulated in macro- and microvascular ECs of obese diabetic animals
(Figure 2C,D). We next investigated whether endothelial cell glycolytic metabolism was al-
tered in obese, hyperglycemic mice by assessing PFKFB3 expression, which is a rate-limiting
step in glycolysis [39]. We found that PFKFB3 expression was significantly increased in both
macro and microvascular ECs (Figure 2E,F), suggesting an increase in the rate of glycolysis.

Next, we assessed the functional significance of upregulated PFKFB3 gene expression,
an indicator of increased glucose metabolism, on endothelial function. First, we mea-
sured NO levels in the presence and absence of the glycolysis inhibitor, 2DG (10–50 mM)
(Figure 3A). Surprisingly, we found that the inhibition of glycolysis increased NO pro-
duction in HAECs. We next investigated the direct role of PFKFB3 on NO production by
silencing PFKFB3 in HEK-eNOS cells and found that NO levels were significantly elevated.
Together, these data indicate that compromised endothelial function and NO bioavailabil-
ity in T2D may be due, at least in part, to changes in endothelial metabolism and, more
specifically, increased glycolysis.



Antioxidants 2025, 14, 172 9 of 20Antioxidants 2025, 14, x FOR PEER REVIEW 9 of 22 
 

 

Figure 2. Characterization of differential gene expression paĴerns of eNOS, NOX1, and PFKFB3 in 
type 2 diabetic mouse micro- and macrovascular endothelial cells. (A) eNOS mRNA expression lev-
els in mesenteric or (B) aortic endothelial cells. (C) NOX1 mRNA expression levels in mesenteric or 
(D) aortic endothelial cells. (E) PFKFB3 mRNA expression levels in mesenteric or (F) aortic endo-
thelial cells. Data are represented as mean ±SE; ns = not-significant; Unpaired t-test, * p < 0.05, ** p < 
0.01, *** p < 0.001. 

Next, we assessed the functional significance of upregulated PFKFB3 gene expres-
sion, an indicator of increased glucose metabolism, on endothelial function. First, we 
measured NO levels in the presence and absence of the glycolysis inhibitor, 2DG (10–50 
mM) (Figure 3A). Surprisingly, we found that the inhibition of glycolysis increased NO 
production in HAECs. We next investigated the direct role of PFKFB3 on NO production 
by silencing PFKFB3 in HEK-eNOS cells and found that NO levels were significantly ele-
vated. Together, these data indicate that compromised endothelial function and NO bio-
availability in T2D may be due, at least in part, to changes in endothelial metabolism and, 
more specifically, increased glycolysis. 

Figure 2. Characterization of differential gene expression patterns of eNOS, NOX1, and PFKFB3 in
type 2 diabetic mouse micro- and macrovascular endothelial cells. (A) eNOS mRNA expression levels
in mesenteric or (B) aortic endothelial cells. (C) NOX1 mRNA expression levels in mesenteric or
(D) aortic endothelial cells. (E) PFKFB3 mRNA expression levels in mesenteric or (F) aortic endothelial
cells. Data are represented as mean ± SE; ns = not-significant; Unpaired t-test, * p < 0.05, ** p < 0.01,
*** p < 0.001.
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Figure 3. Endothelial glucose metabolism regulates nitric oxide production. (A) HEK-eNOS cells
cultured in high-glucose-containing cell culture media were treated with vehicle (Veh.), 10 mM
or 50 mM glucose analog 2-deoxy-D-glucose (2-DG) for 48 h and NO was measured from the cell
cultures supernatant with ozone-chemiluminescence method. Data are represented as mean ± SE,
(n = 4); One-way ANOVA with Tukey’s post hoc testing, ns = non-significant, **** p < 0.0001.
(B) PFKFB3 silencing in HEK-eNOS cells. Media were collected 72 h post-silencing, and NO was
analyzed as described above. Data are represented as mean ± SE, (n = 3); Student t-test, * p < 0.05.
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3.2. PFKFB3 Induces Endothelial Cell Dysfunction via Altering eNOS Signaling

Although PFKFB3 has a predominant role as a rate-limiting step in regulating gly-
colytic metabolism in the cytosol, paradoxically, it is predominantly found in the nucleus.
Yalcin et al., have demonstrated that wild-type PFKFB3 can regulate the expression of Cdk1,
Cyclin D3, and Cdc25C, as well as p27 phosphorylation, indicating potential functional
effects of nuclear-localized PFKFB3 on cell cycle regulation [26]. These data prompted us
to generate a K472/473A (cytosolic, hereafter referred to as cyt-PFKFB3) and kinase-dead
(R75/76A, hereafter referred to as KD-PFKFB3) mutants of PFKFB3. Next, we confirmed the
subcellular localization of wild-type and mutant PFKFB3 isoforms by confocal microscopy
(Figure 4A). Indeed, wt- and KD -PFKFB3 were localized to the nuclei of transfected cells,
while cyt-PFKFB3 was excluded from the nucleus (middle panels). These data were con-
firmed using cell fractionation to isolate nuclear and cytosolic proteins (Figure 4B) revealing
wt- and KD-PFKFB3 in both subcellular compartments and cyt-PFKFKB3 only in the cy-
tosolic fraction. To investigate the impact of the above mutations and changes in subcellular
location on the function of PFKFB3, we generated adenoviruses to overexpress wt-, cyt-,
or KD-PFKFB3 or GFP (control) in HAECs and performed glycolytic rate analysis using a
Seahorse XFe24 bio-analyzer (Figure 4C,D). Our data indicate that compared to control and
KD-PFKFB3, both the wt- and cyt-PFKFB3 significantly increased the basal glycolytic rate
of endothelial cells. Furthermore, cyt-PFKFB3 overexpressing HAECs have a significantly
higher compensatory glycolytic rate, indicating increased glucose metabolism.
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Figure 4. Characterization of mutant PFKFB3 constructs. (A) COS7 cells were transfected with wild-type
(wt), cytosolic (cyt), or kinase-dead (KD) mutant PFKFB3, and their localization determined by confocal
microscopy. Scale bar 25 µm. (B) Subcellular fractionation of HEK293A cells transfected with GFP, wt-,
cyt-, or KD-PFKFB3. (C) Glycolytic rate assay measurement of HAECs transduced with GFP, wt-, cyt-,
or Kinase dead PFKFB3 adenoviruses. Real-time ECAR values at basal level and after ROT/AA and 2-
deoxy-D-glucose (2-DG) treatments were monitored by the Seahorse XFe24 analyzer. (D) Quantification
of basal and compensatory glycolysis. Data are represented as mean ± SE, (n = 3); One-way ANOVA
with Tukey’s post hoc testing, ns = non-significant, * p < 0.05, *** p < 0.001.
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Since PFKFB3 can regulate processes other than glycolysis, such as protein expression
and phosphorylation, in subsequent experiments, we have investigated the effect of these
PFKFB3 constructs on NO production and eNOS post-translational modifications. We
found that overexpression of both wt- and cyt-PFKFB3 in HEK-eNOS cells significantly
decreased NO bioavailability over 48 h of incubation as opposed to GFP and KD-PFKFB3
overexpressing cells (Figure 5A). eNOS activity is regulated by changes in intracellular
Ca2+ concentrations [40]. Therefore, we next assessed NO production following iono-
mycin stimulation, which increases intracellular Ca2+ levels. We found that in contrast to
GFP and KD-PFKFB3-transfected cells wt-, and cyt-PFKFB3 both significantly attenuated
ionomycin-stimulated increases in NO production (Figure 5B). Dysregulation of eNOS
activity and NO production has been shown to occur not only through changes in its
expression but via post-translational modifications [41–43]. Phosphorylation is one of the
most important post-translational modifications regulating eNOS activity [34,44]. Thus, we
next investigated eNOS phosphorylation at both inhibitory (T495) and activating (S1177)
sites [45]. Interestingly, overexpression of wt-, and cyt-PFKFB3 significantly increased
eNOS phosphorylation at T495 in parallel with an increase in pPKC-T514, which lies in the
PKC activation loop. At the same time, pAkt-S473 levels did not change with WT or Cyt
PFKFB3 (Figure 5C–E). The addition of ionomycin increased the eNOS-S1177 phosphory-
lation; however, phosphorylation levels of eNOS-T495 remained high, which could have
contributed to the decreased NO levels. To investigate if changes in eNOS phosphorylation
are due to elevated F2,6-BP levels or direct effects of PFKFB3, we immunoprecipitated
eNOS from HEK-eNOS cells overexpressing wt-PFKFB3. However, we did not see a direct
protein–protein interaction between eNOS and PFKFB3 despite the high intracellular levels
of these proteins (Figure 5F).
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from cell cultures supernatant using a Sievers 280i NOA. (B) HEK-eNOS cells overexpressing wt-, cyt-,
KD-PFKFB3, or RFP (control) were treated with vehicle (Veh.) or ionomycin (1 µM) for 30 min then
NO was measured using NO-specific chemiluminescence. (C) Representative images of eNOS-T495,
Ser1177, PKC-pT514, Akt-pSer473 phosphorylation, and PFKFB3 overexpression. (D,E) Quantification
of Western blots (C) of eNOS pT495 and pS1177 levels, respectively. (F) Western blot analysis of
eNOS binding partners in immunoprecipitates. In each lane lysates from HEK-eNOS cells (left
panel) or from HEK-eNOS cells overexpressing wt PFKFB3 (right panel) were immunoprecipitated
using anti-eNOS antibody or mouse IgG (control). Immunoprecipitated proteins were subjected to
Western blotting with anti-eNOS and anti-PFKFB3 antibodies. All data are represented as mean ± SE,
(n = 4); One-way ANOVA with Tukey’s post hoc testing, ns = non-significant, * p < 0.05, *** p < 0.001,
**** p < 0.0001.

3.3. Upregulation of PFKFB3 Expression Increases NOX Activity

Reactive oxygen species generated by NADPH oxidases are known to contribute to
vascular dysfunction in obesity [11,46]. To further investigate the mechanisms by which
PFKFB3 contributes to endothelial dysfunction and decreased NO bioavailability, we
transduced HAECs with NOX1 adenovirus (in addition to its coactivators NOXA1 and
NOXO1) and either GFP (control) or wt-, cyt-, or KD-PFKFB3 (Figure 6A). We found that
wt- and cyt-PFKFB3 significantly increased superoxide production; however, the ability
of cyt-PFKFB3 to stimulate superoxide production was more pronounced. To investigate
whether the effect of PFKFB3 on ROS production was unique to NOX1, we also investigated
the effects of the above-mentioned PFKFB3s on NOX5 activity. NOX5 is different from
other NOXs because it is the only calcium-activated isoform and does not require cytosolic
subunits for its activity [46,47]. We found that superoxide production by NOX5 was
similarly increased by wt- and cyt-PFKFB3 (Figure 6B).
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Figure 6. PFKFB3 increases the production of reactive oxygen species. (A) PFKFB3 increases NOX1
activity. HAECs were transduced with NOX1, (also with NOX activator 1 and NOX organizer 1
subunits) in the presence of GFP (control) or wt-, cyt- or KD-PFKFB3 adenoviruses and superoxide
anion production was detected using enhanced L-012 chemiluminescence. (B) PFKFB3 increases
NOX5 activity. HEK-NOX5 cells were transfected with GFP (control) or wt-, cyt- or KD-PFKFB3
constructs, and 72 h later superoxide production was detected using L-012 chemiluminescence.
Data are represented as mean ± SE, (n = 5); One-way ANOVA with Dunnett’s post hoc testing;
ns = non-significant, * p < 0.05, ** p < 0.01, **** p < 0.0001.

3.4. High Glucose and TNFα Increase PFKFB3 Expression via an NFκB-Dependent Mechanism

It is well established that obesity and T2D are associated with increased blood glucose
and TNFα levels, which may activate NFκB signaling [48]. Thus, we investigated the effect
of high glucose and TNFα on PFKFB3 expression. Our data indicate that exposure of
HAECs to high glucose (30 mM) significantly increased PFKFB3 expression, which was
associated with increased pNFκB-p65 phosphorylation (Figure 7A). We also found that
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exposure of HAECs to TNFα increased pNFκB-p65 phosphorylation in a dose-dependent
manner, and this was associated with an increase in PFKFB3 expression (Figure 7B).

Figure 7. High glucose and TNFα increase PFKFB3 via a NFκB dependent mechanism. (A) Western
blot analysis of the effect of high glucose conditions on PFKFB3 expression and phosphorylation
of NFκB-p65. HAEC cells were cultured in normal glucose (5.5 mM) or high glucose (30 mM)
containing complete media and phosphorylation of NFκBp65 and PFKFB3 expression was detected
by Western blotting, shown in triplicates. Left panel: densitometry analysis of PFKFB3 expression
and NFκBp65 phosphorylation. (B) Western blot analysis of the NFκB-p65 phosphorylation and
PFKFB3 expression upon TNFα treatment. Left panel: densitometry analysis of PFKFB3 expression
and NFκBp65 phosphorylation. All data are represented as mean ± SE, (n = 3); One-way ANOVA
with Dunnett’s post hoc testing; ns = non-significant, * p < 0.05, *** p < 0.001, **** p < 0.0001.

4. Discussion
Endothelial cells, often collectively referred to as the endothelium, line the inner sur-

face of all blood vessels. While the endothelium functions as a physical barrier between
the blood and the surrounding tissues, it has many other roles in maintaining vascular
homeostasis, including the regulation of blood flow and pressure [49]. Dysfunction of the
endothelium contributes to almost all major diseases including T2D [50]. Several factors
contribute to endothelial dysfunction in patients with obesity and T2D, such as hyper-
glycemia [51], insulin resistance [52], inflammation [53], advanced glycation end products
(AGEs) [54], oxidative stress [11] and impaired NO bioavailability [10,55]. The endothelium
is metabolically active, relying on glycolysis as its primary source of ATP (about 70%) [56].
Although it is well known that hyperglycemia can lead to increased glycolytic flux, elevated
ROS, and decreased NO bioavailability [57,58], the exact mechanisms by which glycolysis
regulates NO bioavailability have remained elusive. In the present study, we provide
evidence that PFKFB3, the rate-limiting enzyme for glycolysis, contributes to decreased
NO bioavailability via the promotion of eNOS phosphorylation at the inhibitory T495 site
via a PKC-dependent mechanism. In addition, we provide evidence that increased PFKFB3
expression facilitates ROS production via NADPH oxidases. Lastly, we show that both
increased glucose and TNFα levels contribute to the upregulation of PFKFB3 expression.

Loss of NO bioavailability can result from decreased production of NO and increased
scavenging. In human endothelial cells in culture, we found that eNOS expression is
decreased at the mRNA and protein levels in cells from patients with T2D. This was
associated with decreased NO production. In support of these findings, we also found that
eNOS mRNA expression is decreased in macro- and microvascular ECs from obese diabetic
animals. Our data correlate with other in vitro studies where decreased NO production
and eNOS uncoupling, as well as those reporting decreased eNOS protein levels, have been
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observed upon exposure to advanced glycation end products (AGEs) [57,59,60]. However,
the reduced expression of eNOS we observed in isolated endothelial cells is not seen in all
models of T2D and there are differences between cells in culture versus freshly isolated
vessels [61]. Taken together, these findings provide support for the hypothesis that NO
bioavailability can be impacted at the transcriptional, translational, and posttranslational
levels in T2D.

The upregulation of PFKFB3 can enhance glycolytic flux, which is often observed in
the pathogenic mechanisms underlying many diseases. The role of PFKFB3 in disease
mechanisms is perhaps best characterized by the development of cancer [62], but increas-
ing evidence supports the important roles of PFKFB3 in major vascular diseases, such as
atherosclerosis [63], pulmonary hypertension [64], diabetic retinopathy [65], and angiogen-
esis [21]. Furthermore, as we and others have previously shown, PFKFB3 upregulation
can be detected in conditions of metabolic stress, such as in type 1 diabetes in the endothe-
lium [29] and in hepatocytes [31]. However, to the best of our knowledge, no previous
study has reported PFKFB3 gene and protein upregulation in the context of endothelial
dysfunction in ECs related to T2D. Here, we provide evidence for the first time that PFKFB3
is upregulated in T2D HAECs and that downregulation of PFKFB3 via siRNA silencing
or inhibition of glycolysis using the substrate-based analog, 2-DG, increases the levels of
NO. These data correlate with our previous findings, demonstrating that pharmacological
inhibition of PFKFB3 with 3PO restored vascular function [29] and suggest that glycolysis,
and more specifically, PFKFB3 itself, is a negative regulator of NO signaling. Siragusa
et al., demonstrated that eNOS interacts with and inactivates pyruvate kinase 2 (PKM2),
another rate-limiting enzyme of glycolysis, to decrease the glycolytic flux [66], and maintain
endothelial redox homeostasis. These data indicate the existence of a more complicated
relationship linking endothelial glycolytic metabolism and eNOS-derived NO, including a
feedback mechanism between NO signaling and glycolysis.

The subcellular localization of PFKFB3 is unique among the four known PFKFB
isoforms. Under baseline conditions, it is confined in the nucleus where it has been demon-
strated to regulate cell-cycle dynamics [26]. Our results partially confirmed these previous
findings, as we detected wt-PFKFB3 in the cytosolic compartment as well as in the nucleus.
The relative expression of PFKFB3 in the nucleus versus cytosol is difficult to determine
with precision but it is substantial. This raises questions about the functional role of nuclear
partitioning of PFKFB3 given that the cells and cell lines used in our experiments have
high glycolytic activity [67,68]. To study the mechanism by which PFKFB3 regulates eNOS
activity and NO signaling, we used a cytosolic and kinase-inactive mutant of PFKFB3
that was characterized by Yalcin et al. (2009). These constructs proved to be useful in
assessing whether PFKFB3 regulates eNOS and NO production via increased glycolysis
in the cytosol or through actions in the nucleus. We found that both, cyt- and wt-PFKFB3
significantly increased the basal rate of glycolysis, although cyt-PFKFB3 to a much greater
extent. However, they decreased NO production to a similar extent. Physiologically de-
creased NO levels could be achieved via eNOS post-translational modifications, such as
phosphorylation via several kinases, which can increase or decrease eNOS activity. Studies
have shown that PFKFB3 overexpression or silencing impacts Akt phosphorylation, [21],
a well-described kinase regulating eNOS activation [43,45]. It has also been reported that
hyperglycemia can impair eNOS phosphorylation at S1177 via o-GlcNAcylation [57]. How-
ever, we only detected a slight, but not significant, decrease in S1177 phosphorylation
when wt- and cyt-PFKFB3 were overexpressed, with no changes in either Akt expression
or phosphorylation. In contrast, both wt-, and cyt-PFKFB3 significantly increased the
phosphorylation of the inhibitory T495 site on eNOS under basal conditions, which may
explain the decreased NO levels. Surprisingly, the levels of peNOS-T495 were still elevated
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even when the cells were stimulated with ionomycin, which usually promotes dephos-
phorylation [69,70]. Our results indicate that increased PFKFB3 activity and the resulting
stimulation of glycolytic flux maintain eNOS inhibitory phosphorylation even when stimuli
that activate eNOS are applied, resulting in a remarkable decrease in NO production. The
eNOS phosphorylation of eNOS on T495 has been shown to be due to PKC activity [71,72].
In our study, we demonstrated that pPKC-T514 was elevated when wt-, and cyt-PFKFB3
was overexpressed.

Obesity and T2D are closely associated with impaired endothelial function, which
can result from heightened oxidative stress and increased pro-inflammatory cytokines [7].
Increased ROS result from enhancing NOX activity and have been demonstrated to reduce
NO bioavailability and compromise endothelial function [73,74]. Therefore, we hypothe-
sized that cyt-PFKFB3 upregulation and the accompanying increase in glycolytic flux can
increase ROS production via the activation of NOXs, such as NOX1 and NOX5 [29,75],
which, in turn, contribute to a decreased NO. Indeed, both wt- and cyt-PFKFB3 signifi-
cantly enhanced NOX1 and NOX5 activity despite the functional differences between these
NOXs. However, superoxide production was approximately 40% higher in cells expressing
cyt-PFKFB3 versus wt-PFKFB3, which correlates with the higher basal glycolytic rates seen
with the cyt-PFKFB3. However, the exact mechanisms by which PFKFB3 and glycolytic
metabolism stimulate NOX activity remain unknown and the subject of future studies.

It is well known that a complex interplay of factors contributes to the pathophysiology
of endothelial dysfunction in T2D, including hyperglycemia, as well as inflammatory
cytokines, such as TNF-α [76]. While earlier studies in TNFα-receptor-deficient mice failed
to support the concept that TNFα is a major contributor to obesity-associated insulin
resistance, [77] increasing evidence supports a positive correlation between TNF-α-induced
insulin resistance, NF-κB signaling, and pathogenesis of T2DM [48,78–80]. Others have
shown that NF-κB signaling is increased in patients with obesity and T2D, and could not
be reversed by exercise, suggesting refractory inflammation in these patients. The effect of
hyperglycemia on endothelial cell signaling is also complex and controversial. Some have
shown that chronic activation of the NF-κB pathway by hyperglycemia combined with
ischemia results in increased IκBα levels, leading to the inactivation of the canonical NF-κB
signaling pathway in PAD [81]. However, the general consensus is that hyperglycemia and
low-grade inflammation contribute not only to NF-κB activation in T2D [82,83] but also
endothelial dysfunction [84]. In accordance with these findings, we found that both high
glucose levels and TNFα activate NFκB-p65 and upregulate PFKFB3. Thus, it is likely that
together, they contribute to endothelial dysfunction in obesity-associated T2D.

Herein, we have used both in vivo and in vitro models, including a T2D animal model
and endothelial cells derived from T2D patients, to study the effect of glucose metabolism
on endothelial function, which is a strength of the presented work. However, there are
some limitations to our studies. The activity of eNOS can be compromised by multiple
mechanisms, namely by altered signaling mechanisms and protein expression. When
analyzing the post-translational modifications of eNOS, we did not see a decrease in eNOS
protein level upon 48 h of overexpression of either wt-, or cyt-PFKFB3, unlike that observed
in T2D HAECs. This could be partially explained by the differences between our in vitro
experimental conditions and the pathogenesis of T2D in vivo. Indeed, previous findings
suggest that a loss in eNOS expression and NO production during the pathogenesis of T2D
may take as long as 5 years after the onset of T2D [85]. This protracted mechanism may
provide an explanation for the variation in previous findings in animal models, where the
effectiveness of correcting poor glycemic control in diabetic rats was time dependent. The
longer the duration of diabetes, the less likely it was to be able to reverse the declining
NO levels [86]. These data suggest that the decline in eNOS expression in vivo and its
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role in causing endothelial dysfunction can be a chronic and progressive process in the
pathogenesis of T2D.

5. Conclusions
The studies herein provide evidence that eNOS expression and activity are downreg-

ulated in endothelial cells in T2D. A major mechanism was due to increased glycolytic
flux via PFKFB3, which alters the NO/ROS balance by facilitating the inhibitory phos-
phorylation of eNOS by PKC and increasing the activity of NOXs. Thus, pharmacological
inhibition of PFKFB3 and appropriate glycemic control may be of therapeutic value in
managing obesity-induced endothelial dysfunction. However, determining whether these
interventions can reverse the loss of eNOS expression and activity in T2D requires further
investigation.
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