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Abstract glycolysis and oxidative phosphorylation. Microarray analysis
revealed that fructose upregulates PFKFB3, and PFKFB3 knockout
Pulmonary microvascular endothelial cells contribute to the cells increase fructose-specific GLUTS5 (glucose transporter 5)
integrity of the lung gas exchange interface, and they are highly expression. Using conditional endothelial-specific PFKFB3
glycolytic. Although glucose and fructose represent discrete knockout mice, we demonstrated that endothelial PFKFB3
substrates available for glycolysis, pulmonary microvascular knockout increases lung tissue lactate production after fructose
endothelial cells prefer glucose over fructose, and the gavage. Last, we showed that pneumonia increases fructose in BAL
mechanisms involved in this selection are unknown. fluid in mechanically ventilated ICU patients. Thus, PEKFB3
6-Phosphofructo-2-kinase/fructose-2, 6-bisphosphatase knockout increases GLUTS5 expression and the hexokinase-
3 (PFKFB3) is an important glycolytic enzyme that drives mediated fructose use in pulmonary microvascular endothelial
glycolytic flux against negative feedback and links glycolytic and cells that promotes their survival. Our findings indicate that
fructolytic pathways. We hypothesized that PFKFB3 inhibits PFKFB3 is a molecular switch that controls glucose versus fructose
fructose metabolism in pulmonary microvascular endothelial use in glycolysis and help better understand lung endothelial cell

cells. We found that PFKFB3 knockout cells survive better than metabolism during respiratory failure.
wild-type cells in fructose-rich medium under hypoxia. Seahorse

assays, lactate and glucose measurements, and stable isotope tracing ~ Keywords: GLUT5 (SLC2A5); hexokinase; ketohexokinase;
showed that PFKFB3 inhibits fructose-hexokinase-mediated hypoxia; 2-deoxyglucose
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Fructose metabolism has been an important
evolutionary strategy used by animals to
evade extinction (1, 2). Fructose increases
glycolytic flux, which enables the rapid
production of energy and carbon sources for
cell proliferation while promoting the
storage of fat, glycogen, and water, which
can be used under challenging
environmental conditions. Naked mole rats,
which are mouse-sized rodents that live
underground in a hypoxic environment (3),
uniquely rewire their metabolic pathways to
use fructose to fuel anaerobic glycolysis to
tolerate extreme degrees of hypoxia that are
generally lethal to laboratory mice (4, 5). It is
unknown whether fructose metabolism can
be used by other rodents that normally
reside in a normoxic environment to better
endure hypoxic stresses and, if not, whether
it is because their fructose use is suppressed
by a molecular regulator. Elucidating this
question may help better understand
metabolic shifts that occur during human
hypoxic respiratory failure and other
diseases that induce tissue-level
microenvironmental hypoxia and potentially
identify therapeutic targets.

Despite the significant link between
fructose metabolism and hypoxia (6), little is
known regarding whether and how the lungs
use fructose to meet their metabolic
demands. The lungs are highly glycolytic at
baseline, with at least 60% of glucose being
converted to lactate (6), and glucose is used
by the lungs at a 20-fold higher rate than is
fructose (7). In isolated and ventilated rat
lungs, fructose is metabolized mainly to
fructose 1-phosphate by ketohexokinase
(KHK; fructokinase) (Figure 1A) and
incorporated into fatty acids and
phospholipids rather than being converted to
lactate (8). Although the role of fructose in
lung metabolism seems limited at baseline,
some transformed lung cells use fructose as
an alternative fuel for glycolysis to promote
their growth via upregulation of the GLUT5
(glucose transporter 5) (SLC2AS5 [solute
carrier family 2 member 5]) fructose
transporter (9). Thus, it is possible that lung
cells use fructose metabolism under
pathologic conditions. Furthermore,
although shifts in blood glucose and insulin
concentrations do not affect KHK activity,
they sensitively alter the activity of
hexokinase (HK), the first rate-limiting

enzyme of glycolysis. These findings suggest
that fructose may be a stable alternative
energy source and signaling mediator of
the lungs, especially under pathologic
conditions that alter metabolic homeostasis,
such as hypoxia.

Pulmonary microvascular endothelial
cells (PMVECs) are at the forefront of the gas
exchange interface, and they depend primarily
on aerobic glycolysis (10, 11). Under hypoxic
conditions, endothelial cells upregulate the
expression of a series of glycolytic enzymes,
including 6-phosphofructo-2-kinase/fructose-
2, 6-bisphosphatase 3 (PFKFB3) (12). Proteins
of the PFKFB family possess two mutually
exclusive catalytic domains, kinase and
phosphatase domains (13), and the PFKFB3
isoform exhibits a higher kinase:phosphatase
activity ratio than other PFKFB isoforms
(12, 14). PFKFBS3 facilitates the conversion of
fructose 6-phosphate, the third major substrate
in the glycolysis pathway, to fructose-2,6-
bisphosphate (F-2,6-P2) (Figure 1A). F-2,6-P2
is a potent allosteric activator of 6-
phosphofructo-1-kinase (PFK-1), the rate-
limiting glycolytic enzyme that is negatively
controlled by ATP (15). PFKFB3 kinase
activity increases F-2,6-P2 production and
enhances PFK-1 activity, overriding negative
regulation of PFK-1 by excessive ATP;
PFKFB3 exerts a powerful influence on
glycolytic flux. These actions of PFKFB3
influence adaptive and maladaptive vascular
remodeling. PFKFB3 promotes angiogenesis
(12) and mediates pulmonary arterial
vasculopathy (16) and cardiac remodeling (17)
in pulmonary arterial hypertension.

Although PFKFB3 regulates fructose
6-phosphate, which is a direct link to the
fructose pathway, limited studies have
investigated the significance of this link,
probably because HK affinity for glucose is
significantly higher than it is for fructose (18,
19). Yet in an interesting zebrafish study,
investigators reported that angiogenesis was
impaired in PFKFB3 knockout fish, an effect
that could be rescued by fructose but not by
glucose (20). Altogether, these findings
indicate that PFKFB3 may have a direct
regulatory role on fructose metabolism in
endothelial cells, especially upon exposure to
hypoxia. Therefore, we hypothesized that
PFKFB3 serves as a molecular switch in
PMVECs, inhibiting fructose metabolism
while promoting glucose metabolism.

Methods

PMVEC Isolation and Generation of
PFKFB3-depleted Cells

All procedures were approved by the
University of South Alabama Institutional
Animal Care and Use Committee. PMVECs
were isolated from a Sprague-Dawley rat
(11). PFKFB3 knockout PMVECs were
generated using the CRISPR-Cas9 (CRISPR-
associated protein 9) technique (21, 22).
PFKFB3 knockout was evaluated using
western blot (21).

Survival Assays

PMVECs were grown to confluence, then
washed, and medium containing glucose or
fructose (with or without bromodeoxyuridine
[BrdU]) was loaded. Cells were incubated in
normoxia (21% O,) or hypoxia (1% O,) with
5% CO, for 24 or 48 hours. ATP, BrdU
incorporation, propidium iodide staining,
annexin V staining, and Hoechst staining
were performed.

Real-Time Metabolic Analysis
Extracellular acidification rate (ECAR) and
oxygen consumption rate (OCR) were
measured on PMVECs using a Seahorse
(Agilent) extracellular flux analyzer.

Lactate and Glucose Measurement
Cells were grown to confluence, then
medium was replaced with medium
containing different concentrations of
glucose and fructose with or without 2
deoxyglucose (2DG) and were incubated in
normoxia or hypoxia for 24, 48, or 96 hours.
Supernatant or lysate lactate and glucose
concentrations were measured.

Ultrahigh-Pressure Liquid
Chromatography-Mass Spectrome-
try-based Metabolomics Analyses
PMVECs were grown to confluence in
unlabeled glucose medium. Cells were rinsed
and treated with medium containing labeled
D-glucose (U-3C) or D-fructose (U-'3C)
and incubated under normoxia or hypoxia
for 18 hours. Cell supernatant and pellets
were shipped to the University of Colorado
School of Medicine Metabolomics Facility.
Metabolites from cell pellets and supernatant
were measured and analyzed as described
previously (23, 24).

This article has a related editorial.

This article has a data supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.
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Figure 1. 6-Phosphofructo-2-kinase/fructose-2, 6-bisphosphatase 3 (PFKFB3) decreased PMVEC survival in a fructose-rich environment.

(A) Schematic representation of our hypothesis. Fructose can be converted either to F-1-P, catalyzed by KHK, or to fructose 6-phosphate
(F-6-P), mediated by hexokinase (HK). PFKFB3 regulates the conversion from F-6-P to fructose 2,6-bisphosphate, which directly links

the glycolysis and fructolysis pathways. We hypothesized that PFKFB3 suppresses fructose-HK-mediated glycolysis in PMVECs. (B) PFKFB3
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RNA Sequencing and Confirmatory
Quantitative PCR

PMVECs were treated with glucose or
fructose medium under normoxia or
hypoxia. Twenty-four hours later, RNA was
isolated. RNA samples were processed and
analyzed by Novogene. Quantitative real-
time PCR was performed by us (25).

Mouse Fructose Challenge
PFKFB3"1,Cdh5(PAC)-CreERT2 mice were
used. One week after the last dose of
tamoxifen, animals were gavaged with
fructose. Two hours later, lactate was
measured in the blood and lung tissue lysate.

Human BAL Fluid

Patients were enrolled from the ICU at the
University of Alabama at Birmingham
Hospital. All studies were approved by the
Institutional Review Boards of the University
of Alabama at Birmingham Hospital. BAL
fluid (BALF) fructose, lactate, and glucose
were measured in mechanically ventilated
patients anytime within 14 days of
admission.

Statistics for Data Other Than RNA
Sequencing Analysis
Student’s ¢ tests, one-way ANOVA and
Bonferroni post hoc tests, and two-way or
three-way ANOVA and Sidék’s multiple-
comparisons test were used as indicated.
Significance was considered at P < 0.05.
See the data supplement for further
details.

Results

PFKFB3 Decreased PMVEC Survival
in a Hypoxic Fructose-Rich
Environment

To study the role of PFKFB3 in fructose
metabolism, we first generated PFKFB3

knockout PMVECs using the CRISPR-Cas9
technique. Successful deletion of the PFKFB3
gene was confirmed using western blot
(Figure 1B). To identify whether PFKFB3
contributes to cellular ATP concentration,
proliferation, and/or apoptosis, we incubated
wild-type and PFKFB3 knockout cells in
either glucose or fructose medium under
either normoxic or hypoxic conditions

(1% O, with 5% CO,). Two days after
glucose or fructose treatment, cells exhibited
visible differences in their viability,
concomitant with measurements of ATP,
BrdU incorporation, propidium iodide
staining, and annexin V staining. In glucose
medium, there were no differences in ATP
concentrations (Figure 1C), BrdU
incorporation (Figure 1D), and propidium
iodide (Figure 1E) and annexin V

(Figure 1F) staining intensity between wild-
type and PFKFB3 knockout cells under
normoxia and hypoxia. In contrast, in
fructose medium, ATP concentrations
(Figure 1C) and BrdU incorporation

(Figure 1D) were lower in wild-type cells
compared with PFKFB3 knockout cells,
indicating an inhibitory effect of fructose on
wild-type cell viability and proliferation,
respectively, under normoxia and hypoxia.
There was a significant difference between
wild-type and PFKFB3 knockout cells in
ATP concentrations (Figure 1C) but not in
BrdU incorporation (Figure 1D) in fructose
medium. Fructose medium increased wild-
type cell necrosis and apoptosis under
hypoxia, but not under normoxia, as assessed
by increased propidium iodide (Figure 1E
and G) and annexin V (Figure 1F and G)
staining, respectively, in wild-type cells under
hypoxia. PEKFB3 knockout cells
demonstrated an unchanged phenotype with
preserved survival under hypoxia. These
findings indicate that PFKFB3 inhibits
PMVEC survival in a hypoxic fructose-rich
environment.

Seahorse Assays and Lactate and
Glucose Measurements Suggested
That PFKFB3 Decreases
Fructose-HK-mediated Glycolysis
in PMVECs
To further characterize the metabolic profile
that promotes survival differences among
wild-type and knockout cells in fructose
medium, we exposed wild-type and PFKFB3
knockout cells to glucose or fructose
medium, followed by sequential introduction
of glycolytic and mitochondrial stressors,
while monitoring real-time ECAR and OCR
as surrogate markers for the degree of
glycolysis and oxidative phosphorylation,
respectively. Upon glucose challenge, both
wild-type and PFKFB3 knockout cells had
increased ECAR (Figure 2A). However, in
response to fructose loading, wild-type cells
showed no change in ECAR, whereas
PFKFB3 knockout cells had increased ECAR,
to the same degree as was seen with glucose
exposure. Interestingly, both wild-type and
PFKFB3 knockout cells showed dynamic
OCR changes in response to mitochondrial
stressors, as expected. These findings indicate
that the inhibitory effect of PFKFB3 on
fructose metabolism starts within 30 minutes
of fructose exposure, and it affects primarily
the glycolytic pathway rather than oxidative
phosphorylation during this acute phase.
We then extended the timeline and
incubated wild-type and PFKFB3 knockout
PMVECs in glucose medium, fructose
medium, or a combination of glucose and
fructose media under normoxic and hypoxic
conditions for 3 days. Lactate and glucose
concentrations were measured as an index of
glycolytic flux. In glucose medium, wild-type
cells had higher lactate and lower glucose
concentrations in supernatant compared
with PFKFB3 knockout cells, consistent with
its allosteric regulation of PFK-1 (Figure 2B).
2DG is a competitive HK inhibitor.
Interestingly, whereas 2DG treatment

Figure 1. (Continued). knockout (KO) PMVECs were generated using the CRISPR-Cas9 technique. Western blot analysis showed nondetectable
PFKFB3 protein in PFKFB3 KO cell lysate, indicating successful deletion of the target gene. (C—F) Survival assays were performed on wild-type
and PFKFB3 KO PMVECs. (C and D) ATP concentrations (C) and BrdU incorporation (D) were lower in wild-type cells in fructose medium under
normoxia and hypoxia, indicating decreased cell viability and proliferation, respectively. (E and F) Propidium iodide (E) and annexin V (F) staining
intensities were higher in wild-type cells in fructose medium under hypoxia, indicating increased necrosis and apoptosis in these cells, respectively.
(G) Representative images of propidium iodide and annexin V double-stained cells are shown. At least four independent experiments were
performed. Three-way ANOVA and Sidék’s multiple-comparisons test were used to compare different groups. Scale bars, 170 um. *Significant
difference (P<0.05). Data are expressed as mean * SD. 2DG = 2-deoxyglucose; BrdU = bromodeoxyuridine; Cas9 = CRISPR-associated protein 9;
DHAP = dihydroxyacetone phosphate; EX/EM = excitation/emission; F-1,6-P2 = fructose 1,6-bisphosphate; F-1-P = fructose 1-phosphate;

F-2,6-P2 = fructose 2,6-bisphosphate; G3P = glycerol 3-phosphate; GA = glyceraldehyde; GA3P = glyceraldehyde 3-phosphate; Glucose 6-P = glucose
6-phosphate; hypox. = hypoxia; KHK = ketohexokinase; normox. = normoxia; ns = not significant; OXPHOS = oxidative phosphorylation;

PFK = phosphofructokinase; PMVEC = pulmonary microvascular endothelial cell; TXRED = Texas red; WT = wild-type.
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Figure 2. Seahorse assays and lactate and glucose measurements suggested that PFKFB3 decreases fructose—hexokinase-mediated
glycolysis in PMVECs. (A) A Seahorse extracellular flux analyzer was used to measure real-time fructose use by wild-type and PFKFB3 knockout
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decreased supernatant lactate in wild-type
cells, it increased supernatant lactate in
PFKFB3 knockout cells. In fructose medium,
wild-type cells exhibited lower supernatant
lactate concentrations compared with
PFKFB3 knockout cells, and 2DG
profoundly suppressed supernatant lactate
concentrations in all fructose medium
conditions. When glucose and fructose
media were equally mixed, lactate and
glucose concentrations represented an
average of the effect of either substrate
alone. These data indicate that PFKFB3
promotes glucose metabolism to

lactate while inhibiting fructose metabolism
to lactate.

Hypoxia generally enhanced lactate
and decreased glucose supernatant
concentrations. As we found the paradoxical
2DG response in PFKFB3 knockout cells in
glucose medium to be intriguing, we also
analyzed cell pellet lactate and glucose
concentrations in glucose-treated conditions.
Lactate and glucose concentrations in the cell
pellet matched those of the supernatant,
indicating that the paradoxical response to
2DG in PFKFB3 knockout cells was not due
to a transcellular shift in lactate but rather
to an increase in glycolysis (Figure 2C).
Representative images of the pH-sensitive
medium color changes and the microscopic
appearance of cells are shown in Figure 2D;
these images match with the pattern of
survival and glycolytic activity.

Together, these results may indicate that
PFKFB3 promotes glucose-mediated
glycolysis and inhibits fructose-mediated
glycolysis, suggesting that it functions as a

molecular switch in control of substrate
metabolism through glycolysis. PEFKFB3
seems to be required for 2DG to suppress
glucose-mediated glycolysis, and the finding
that 2DG suppresses fructose-mediated
glycolysis suggests that HK, rather than
KHK, catalyzes fructose-mediated glycolysis
in PMVECs.

Metabolomic Analysis Reveals That
PFKFB3 Inhibits Fructose-mediated
Glycolysis and Oxidative Phosphory-
lation in PMVECs

To validate our Seahorse, lactate and glucose
data and expand our understanding of the
global PMVEC metabolic program, we
cultured wild-type and PFKFB3 knockout
cells with stable isotope-labeled D-glucose
(U-13Cg) or D-fructose (U->Cy) for 18 hours
under normoxic or hypoxic conditions.
Metabolites from cells and supernatants were
separated and measured using an ultrahigh-
pressure liquid chromatography-mass
spectrometry-based platform. In glucose
medium, PFKFB3 did not seem to affect
intracellular concentrations of glycolytic
intermediates (Figure 3A); however,
significantly higher supernatant lactate
concentrations suggest that glycolysis and
lactate export are both higher in wild-type
cells (Figure 3B). Enrichment of most
tricarboxylic acid (TCA) intermediates was
lower in wild-type cells, indicating lower
TCA flux in glucose medium (Figure 3A).
These findings suggest that PFKFB3
promotes glycolysis but suppresses TCA flux
in PMVECs under normoxic conditions.
Hypoxia generally increased glycolysis and

decreased TCA flux in glucose medium,
consistent with canonical anaerobic
responses of PMVECs.

In heavy fructose-supplemented
medium, wild-type cells showed minimal
metabolic flux, whereas PFKFB3 knockout
cells exhibited dramatically increased
fructose-mediated glycolysis (Figure 3A).
TCA flux was also increased in PFKFB3
knockout cells in fructose medium
(Figure 3A). Notably, PEKFB3 knockout cells
tended to retain glycolytic and TCA
intermediates intracellularly, resulting in
disproportionally lower glycolytic and TCA
intermediates in the medium (Figures 3A
and 3B), which indicates that PFKFB3 may
be involved in transcellular substrate
transport. Hypoxia appeared to decrease
fructose-mediated glycolytic and TCA flux,
on the basis of the cell pellet analysis
(Figure 3A). However, significantly higher
medium lactate under hypoxia, compared
with normoxia (Figure 3B), indicates
equivalent or increased fructose-mediated
glycolytic flux under hypoxic conditions.
Hypoxia decreased TCA flux in fructose
medium, similar to the observations in
glucose medium (Figure 3A).

The ratio of phosphogluconate to
hexose phosphate was determined to gain
insight on hexose flux through the pentose
phosphate pathway. In glucose medium,
PFKFB3 knockout cells had increased
pentose phosphate pathway flux (Figure 3A).
In fructose medium, PFKFB3 had no
significant effect on pentose phosphate
pathway flux (Figure 3A). In addition, we
quantified the ratio of M+6 (i.e., fully °C

Figure 2. (Continued). PMVECs. Cells were sequentially challenged by glycolytic and mitochondrial stressors, including glucose (25 mM) or
fructose (25 mM), oligomycin (1 wM), FCCP (1 uwM), and a combination of rotenone (1 M), antimycin A (1 pM), and 2DG (100 mM). Glucose-

induced increases in extracellular acidification rates (ECARs), a surrogate for aerobic glycolysis, in both wild-type and PFKFB3 knockout cells.
Fructose did not change ECAR in wild-type but increased ECAR in PFKFB3 knockout cells, suggesting impaired fructose-mediated glycolysis in
wild-type cells. OCR, a surrogate for oxidative phosphorylation, was not affected by glucose or fructose loading and dynamically changed in
response to mitochondrial stressors, as expected, in both wild-type and PFKFB3 knockout cells. Together, these findings indicate that wild-type
cells do not use fructose for glycolysis but use it for oxidative phosphorylation. One-way ANOVA and Bonferroni post hoc tests were used to
compare different groups. (B) Wild-type and PFKFB3 knockout PMVECs were incubated in glucose medium (25 mM), fructose medium (25 mM),
or a combination of glucose (12.5mM) and fructose (12.5mM) media with and without 2DG (5 mM) final concentrations under normoxia or
hypoxia for 3days. Supernatant and cell lysate lactate and glucose concentrations were measured using the YSI 2500 (YS! Life Sciences)
lactate and glucose analyzer. In glucose medium, wild-type PMVECs showed higher glycolysis activity compared with PFKFB3 knockout cells.
Although 2DG treatment decreased glycolysis in wild-type cells, it paradoxically increased glycolysis in PFKFB3 knockout cells, indicating that
glycolytic pathways were rewired in these PFKFB3 knockout cells. In fructose medium, PFKFB3 knockout cells showed dramatically higher
glycolysis compared with wild-type cells, and 2DG profoundly suppressed glycolysis in all fructose medium conditions, indicating that PFKFB3
knockout cells actively use fructose for their glycolysis, and it is mediated by hexokinase rather than ketohexokinase. When glucose and
fructose were mixed equally, the resulting metabolic flux represented an averaging of the effect of each substrate alone. Hypoxia generally
enhanced lactate and decreased glucose in supernatant. Two-way ANOVA and Sidak’s multiple-comparisons test were used to compare
different groups. (C) Cell pellet analysis was equivalent with supernatant lactate and glucose concentrations. Three-way ANOVA and Sidék’s
multiple-comparisons test were used to compare different groups. (D) Representative images of cells and their pH-sensitive media color are
shown. At least three independent experiments were performed. Scale bar, 100 um. *Significant difference (P<0.05). Data are expressed as
mean * SD. FCCP = carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone; OCR = oxygen consumption rate.

Lee, Stevens, Pastukh, et al.: PFKFB3 Inhibits Fructose Metabolism 345



Peak Area

Poak Area

Peak Area

HEXOSE

=

5
5
3
5
5

¥o wr ko

Mommor. Hypex.  Normox. Hypox
Glucose

Fructose

HEXOSE PHOSPHATE

;

FRUCTOSE BISPHOSPHATE

[

Glucose Fructose.

PHOSPHOGLYCERATE

H

L.
seroe
ol
Wik w1 Ap | Wi ko Wi K
Nomnos, Fypor.  Horme. Hypox
Gluceso Fructose
PHOSPHOENOLPYRUVATE
-
-
|
Ty
el
|
] [ ;
ol
o Wt o | vt ro wr o
Normax. X MNormox. Hypox.
Glucose Fructose
-—
Lactate

LACTATE

Glycolysis

Glucose/Fructose

;

Hexose phosphate

Fructose-6-
phosphate

000000
Fructose 1,6-
bisphosphate

|

000
Glyceraldehyde-3-
phosphate

2‘3—Bisph06fhogEyoerate

000
Phosphoglycerate

|

Pyruvate

PYRUVATE

PHOSPHOGLUCONATE

Poak Area

——— PPP >
Phosphogluconate

PHOSPHOGLUCONATE | HEXOSE PHOSPHATE
(LABELED)

[

—;
F 4

—
]
4

n

H
H
I3
5
5

wr
Hy
Fructose.

5

]
il
il
i

Glucoss
FRUCTOSE BISPHOSPHATE | HEXOSE PHOSPHATE
(LABELED)
2t .

T

frem

§ e

h

H
]
H
3

§
]
3
¥

Fructose,

ORIGINAL RESEARCH

RIBOSE PHOSPHATE

WI KO WT KD | WT KD WT KO
Nosmax. Fypox.
Glucase, Fructase

y 4

00000 — > goo0e

Ribose phosphate

cooloes

Sedoheptulose phosphate

0000
Erythrose phosphate

et y ™

Enrichment
[ !
@ M+2
0 M+3
@ M+4
O M+5
O M+6
O M+7

SEDOHEPTULOSE PHOSPHATE

ERYTHROSE PHOSPHATE

4

Poak Aroa

GLUTAMATE

Poak Aroa

Lip
» 'P

GLUTAMINE

0600 ®e O 'Y s

Citrate\ Glutamate —>» Glutamine—» GSH

a-Ketoglutarate ‘

GSH
e
TCA Cycle )
Succinate H

Malate i = - =

@000 *Fuymarate =1
o O

Cell pellet analysis

WI_%O ¢ KD
MNormox. Hypor  Noemas. Hypox.

Glucose

FUMARATE

Peak Area

WI Ko WT kg

Fructase

Figure 3. Metabolomic analysis reveals that PFKFB3 inhibits fructose-mediated glycolysis and oxidative phosphorylation in PMVECs. (A and B)
Relative concentrations of metabolites in glycolysis, the pentose phosphate pathway (PPP), and the tricarboxylic acid (TCA) cycle were
measured in wild-type and PFKFB3 knockout PMVEC (A) cell pellet and (B) supernatant cultured in the presence of U-'*C glucose or U-'°C
fructose (25 mM) under normoxia or hypoxia for 18 hours. The data suggest that PFKFB3 promotes glucose-mediated glycolysis but suppresses
TCA and PPP flux, while PFKFB3 inhibits fructose-mediated glycolysis and TCA but promotes PPP under normoxia. Hypoxia enhanced
glycolysis and suppressed TCA flux. Three independent experiments were performed. Two-way ANOVA and Tukey’s multiple-comparisons test
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Figure 4. RNA sequencing analysis suggests that fructose increases PFKFB3 expression and PFKFB3 knockout increases GLUT5 (glucose
transporter 5) expression, which subsequently promotes fructose use in PMVECs. Wild-type and PFKFB3 knockout PMVECs were incubated in
medium containing glucose (25mM) or fructose (25 mM) under normoxia or hypoxia for 24 hours, and then RNA sequencing was performed on
cell lysates. (A and B) PCA (A) and heat map clustering (B) of genes showed clear separation among experimental groups. Wild-type cells
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uniformly labeled) fructose bisphosphate to
hexose phosphate, which can serve as a
readout of PFKFB enzymatic activity as a
kinase versus bisphosphatase (Figure 3A). In
our experimental settings, this ratio
represents the activities of all PFKFB
isoforms, including PFKFB1, PFKFB2,
PFKFB3 (only for wild-type), and PFKFB4.
In glucose medium, the ratio was not
significantly different among groups

(Figure 3A). In fructose medium, the ratio
was higher in PFKFB3 knockout cells under
normoxic conditions (Figure 3A), indicating
higher kinase activities in these cells, while
hypoxia resolved this difference. Although
neither this ratio nor F-2,6-P2 was different
between wild-type and PFKFB3 knockout
cells at the time of sample collection,
significantly higher glycolytic intermediates
in wild-type cell medium (Figure 3B) may
indicate a higher early phase of glycolytic flux
that slowed down at a later phase because of
negative feedback from accumulating
metabolites and ATP. A complete list of the
total metabolite plots is shown in Figure E1
in the data supplement.

Together, these findings indicate that
PFKFB3 promotes glucose-mediated
glycolysis while suppressing TCA and
pentose phosphate pathway flux and, further,
that PFKFB3 inhibits fructose-mediated
glycolysis and TCA flux under normoxia.
Hypoxia generally enhances glycolysis and
suppresses TCA flux. Thus, metabolomic
studies affirm the role of PFKFB3 as a
molecular switch in the control of glycolytic
substrate use.

RNA Sequencing Analysis Suggests
That Fructose Increases PFKFB3
Expression and PFKFB3 Knockout
Increases GLUT5 Expression, Which
Subsequently Promotes Fructose Use
in PMVECs

We next sought to resolve the gene
expression matrices that affect how PFKFB3

inhibits fructose metabolism in PMVECs. To
do this, we performed RNA sequencing on
wild-type and PFKFB3 knockout cells
after 24 hours of incubation in glucose or
fructose medium in both normoxic and
hypoxic conditions. The principal-
component analysis (Figure 4A) and heat
map (Figure 4B) demonstrated clear
separation of gene expression patterns
between wild-type and PFKFB3 knockout
cells. Although wild-type cells dynamically
changed gene expression patterns in
response to fructose or hypoxia, PFKFB3
knockout cells seemed to be modestly
affected by the same environmental stimuli.
We then screened genes that are known
to be linked to canonical fructose metabolic
pathways and highlighted significant
differences between any of the experimental
conditions in the analysis of differentially
expressed genes. We performed
confirmatory quantitative PCR experiments.
PFKFB1, PFKFB2, PFKFB3, PFKFB4,
GLUTS5, HK1, ALDOC (aldolase, fructose-
bisphosphate C), LDHB (lactate
dehydrogenase B), and LDHD (lactate
dehydrogenase D) were selected for the
initial screening. Among the selected genes,
PFKFB3, GLUT5, and LDHB showed the
most notable fold changes between
experimental groups (Figure 4C).
Interestingly, fructose exposure increased
PFKFB3 gene expression in wild-type cells,
and PFKFB3 deletion increased GLUT5
fructose transporter expression, regardless of
whether cells were in a glucose- or fructose-
rich environment. These findings indicate
that wild-type cells increase PFKFB3, leading
to the suppression of GLUTS5 expression and
fructose transport, which subsequently
inhibits fructose metabolism. Profoundly
suppressed LDHB expression in PFKFB3
knockout cells may suggest that LDHB
contributes to glucose-mediated glycolysis
but not fructose-mediate glycolysis in
PMVECs.

Gene Ontology and Kyoto Encyclopedia
of Genes and Genomes enrichment analysis
was performed on all groupings. In fructose
medium, pathways related to DNA
metabolism and the cell cycle were
significantly higher in PFKFB3 knockout
cells, and similar pathways were
downregulated by fructose treatment in wild-
type cells, consistent with our findings of the
detrimental effects of fructose on wild-type
cell survival (Figure 4D). Unlike in wild-type
cells, the fructose effect was relatively minor
in PFKFB3 knockout pathways; the most
significant changes were limited to lipid
metabolism, which is a major subsequent
pathway linked to fructolysis (26). Overall,
these gene expression changes match with
our survival and metabolic/metabolomic
studies, and they support the idea that
PFKFB3 knockout increases GLUT5
expression, fructose metabolism, and
subsequently cell survival in PMVECs.

Endothelial PFKFB3 Decreases Lung
Tissue Glycolysis after Fructose
Gavage in Mice

We next examined the physiological
relevance of our findings in vitro and in vivo.
Although we used 25 mM glucose and
fructose media for our in vitro studies,
circulating blood glucose and fructose
concentrations are lower in most
physiological conditions in humans.
Therefore, we repeated lactate and glucose
assays in 6 mM glucose or 100 uM

fructose medium, the concentrations closer
to those of normal circulating blood. In

6 mM glucose medium, PFKFB3 knockout
PMVECs showed lower supernatant lactate
compared with wild-type cells in 24 hours,
which is consistent with the finding shown in
25 mM glucose medium (Figure 5A).
However, unlike in 25 mM glucose medium,
hypoxia did not significantly increase
supernatant lactate in wild-type cells. This is
most likely due to relatively limited substrate

Figure 4. (Continued). showed more dramatic shifts in the PCA distributions and heat map clustering in response to fructose or hypoxia
challenge, whereas PFKFB3 knockout cells tend to cluster for the same environmental changes. (C) Genes linked to canonical fructose
metabolism were selected and confirmatory quantitative PCR was performed. Fructose exposure increased PFKFB3 expression in wild-type
cells. PFKFB3 knockout cells expressed the GLUTS5 fructose transporter at higher concentrations in glucose medium. Three-way ANOVA and
Sid&k’s multiple-comparisons test were used to compare different groups. (D) GO and KEGG pathway enrichment analysis showed significantly
suppressed survival pathways, including those linked to DNA metabolism and the cell cycle in wild-type cells in fructose medium, which
matches with our survival assay findings. PFKFB3 knockout cells increased lipid metabolism upon fructose exposure, most likely indicating
upregulated lipogenesis as a subsequent destination of fructose metabolism substrates. Three independent experiments were performed.
*Significant difference (P<0.05). Data are expressed as mean = SD. DEG = differentially expressed gene; fruc. = fructose; gluc. = glucose;

GO = Gene Ontology; KEGG = Kyoto Encyclopedia of Genes and Genomes; LDHB = lactate dehydrogenase B; padj=adjusted P value;

PC1 =principal component 1; PC2 = principal component 2; PCA = principal-component analysis; PPAR = peroxisome proliferator activated
receptor; SLC2A5 = solute carrier family 2 member 5.
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Figure 5. Endothelial PFKFB3 decreases lung tissue glycolysis in mice. Physiological
relevance was examined in in vitro and in vivo settings. Medium concentrations of glucose and
fructose were lowered to mimic circulating systemic human blood to investigate the role of
PFKFB3 in PMVEC metabolism. (A) Wild-type and PFKFB3 knockout PMVECs were incubated
in 6mM glucose medium under normoxia and hypoxia for 24 hours. Supernatant lactate
concentrations were measured using the YSI 2500 lactate and glucose analyzer. Wild-type
PMVECs showed higher lactate compared with PFKFB3 knockout cells. Hypoxia increased
lactate in both groups, but the degree of increase was limited by glucose availability in the
media. Two-way ANOVA and Sidék’s multiple-comparisons test were used to compare different
groups. (B) Wild-type and PFKFB3 knockout PMVECs were incubated in 100 uM fructose
medium under normoxia and hypoxia for 2days. Supernatant lactate concentrations were
higher in PFKFB3 knockout PMVECs, and hypoxia increased lactate in all groups, similar to the
findings shown in 25 mM fructose medium. Two-way ANOVA and Sidak’s multiple-comparisons
test were used to compare different groups. (C) Tamoxifen-inducible endothelial-specific
PFKFB3 knockout mice (PFKFB3™™:Cdh5[PAC]-CreERT2) were used to investigate the role of
PFKFB3 in fructose metabolism in vivo. Cre-positive PFKFB3 knockout mice (PFKFB3%M) were
compared with Cre-negative littermate control mice (PFKFB3™™). All animals were treated with
tamoxifen daily (72mg/kg, intraperitoneal injection) for 5days. One week after the last dose of
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availability, considering that a starting
supernatant concentration of 6 mM glucose
falls to an undetectable concentration by

24 hours in hypoxic conditions (data not
shown). Next, we tested 100 pM fructose
medium in the same conditions with an
extension of the endpoint to 48 hours to
better detect differences between
experimental groups. Compared with
wild-type cells, PFKFB3 knockout cells
showed higher supernatant lactate under
both normoxia and hypoxia (Figure 5B),
which is consistent with the finding shown in
25 mM fructose medium. These results
suggest that the regulatory role of PFKFB3
on fructose metabolism persists in
micromolar concentrations of fructose, and
our findings are relevant to in vivo and
clinical settings.

We then investigated whether PFKFB3
plays any role in fructose metabolism in vivo.
For this study, we used tamoxifen-inducible
endothelial-specific PFKFB3 knockout mice
(PFKFB3"%Cdh5[PAC]-CreERT2).
Cre-positive PFKFB3 knockout mice
(PFKFB3“4") were compared with
Cre-negative littermate control mice
(PFKFB3ﬂ/ﬂ). All animals were treated with
tamoxifen regardless of Cre positivity. To
study the effect of fructose on pulmonary
endothelial metabolism, animals were
gavaged with fructose. Two hours after
fructose gavage, lactate was measured in the
blood and lung tissue lysate. There was no
difference in blood lactate, but a significant
increase in lung tissue lactate in PFKFB3“I
mice compared with PFKFB3" was
observed (Figure 5C). These findings suggest
that PFKFB3 inhibits fructose use in
pulmonary endothelial cells, which is
consistent with our in vitro findings.

As PFKFB3 deletion in our
PFKFB3“™ mice is not limited to PMVECs,
and pulmonary endothelial cells are
heterogeneous in their metabolic
characteristics (10), we studied how
pulmonary arterial endothelial cells (PAECs)
use fructose compared with PMVECs
in vitro. Wild-type and PFKFB3 knockout
PMVECs and PAECs were incubated in
25 mM glucose or fructose medium for
4 days, and lactate and glucose
concentrations were measured in
supernatant. In glucose medium, lactate was
lower in PAECs (Figure 5D), as expected
from our previous work (11). In fructose
medium, there was no difference between
wild-type PMVECs and PAECs in their
lactate concentrations. Hypoxia uniformly
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Table 1. Baseline Characteristics of University of Alabama at Birmingham Hospital

Patients

Characteristic

Age, yr, median (range)
Male sex, n/total (%)
Race, n/total (%)
White
Black
Hispanic
Primary diagnosis, n/total (%)
Motor vehicle collision/trauma
Brain hemorrhage
Burn
Bowel perforation
Myasthenic crisis
Status epilepticus
Tongue mass
Mechanical ventilator, n/total (%)
Vasopressor, n/total (%)
Length of ICU stay, d,
median (range)
Length of hospital stay, d,
median (range)
Deceased, n/total (%)
BAL culture, n/total (%)
S. aureus
K. pneumoniae
P. aeruginosa
H. influenzae
S. pyogenes
S. aureus and P. aeruginosa
H. influenzae and S. maltophilia

Control Pneumonia Total

(n = 9) (n = 14) (n = 23)
53 (20-87)  52.5 (20-74) 53 (20-87)
3/9 (33.3) 9/14 (64.3) 12/23 (52.2)
6/9 (66.7) 10/14 (71.4) 16/23 (69.6)
2/9 (22.2) 3/14 (21.4) 5/23 (21.7)
1/9 (11.1) 114 (7.1) 3/23 (8.7)
5/9 (55.6) 8/14 (57.1) 13/23 (56.5)
0/9 (0.0) 3/14 (21.4) 3/23 (13.0)
1/9 (11.1) 1/14 (7.1) 2/23 (8.7)
1/9 (11.1) 0/14 (0.0) 1/23 (4.93)
1/9 (11.1) 0/14 (0.0) 1/23 (4.93)
1/9 (11.1) 0/14 (0.0) 1/23 (4.93)
0/9 (0.0) 1/14 (7.1) 1/23 (4.93)
9/9 (100) 14/14 (100) 23/23 (100)
8/9 (88.9)* 5/14 (35.7)* 13/23 (56.5)
19 (8-31) 15 (6-105) 18 (6-105)
32 (11-69)  20.5 (10-105) 21 (10-105)
2/9 (22.2) 4/14 (28.6) 6/23 (26.1)

— 6/14 (42.9) —

— 2/14 (14.3) —

— 114 (7.1) —

— 114 (7.1) —

— 1/14 (7.1) —

— 114 (7.1) —

— 114 (7.1) —

Definition of abbreviations: H. influenzae = Haemophilus influenzae; K. pneumoniae = Klebsiella

pneumoniae; P. aeruginosa= Pseudomonas aeruginosa; S. aureus = Staphylococcus aureus;,
S. maltophilia= Stenotrophomonas maltophilia; S. pyogenes = Streptococcus pyogenes.
Chi-square and Wilcoxon rank sum tests were used for categorical and quantitative data,

respectively.

*Significant difference (P < 0.05), control versus pneumonia.

increased lactate in all groups. These findings
suggest that wild-type PMVECs and PAECs

are similar in that they minimally use
fructose for glycolysis. Whether PAEC

PFKFB3 contributed to the increased lung
tissue fructose use in PFKFB3““" mice is yet

to be determined.

wondered whether fructose is detected in
BALF and how pneumonia that generates

hypoxic microenvironments affects BALF
fructose concentrations. To answer this

question, we measured fructose in BALF
obtained from mechanically ventilated ICU

patients anytime within 14 days of ICU
admission. Patients were grouped on the

Pneumonia Increases Fructose in the
BALF of ICU Patients

Having seen fructose-induced glycolytic
activity changes in mouse lung tissue, we

basis of BALF bacterial culture results.
Table 1 shows the baseline characteristics of
these patients, illustrating that there were no
significant differences in the measured

variables, except for a higher rate of
vasopressor use in control patients. BALF
fructose was significantly higher in patients
with pneumonia compared with control
subjects (Figure 6A). We also measured
lactate (Figure 6B) and glucose (Figure 6C)
on the same BALF samples for comparison,
which did not reveal any significant
differences between groups. Our findings
suggest that fructose is readily detectable in
BALF and that fructose BALF concentrations
increase during pneumonia.

Discussion

In this study, we investigated the role that
PFKFB3 plays in the regulation of fructose
metabolism in PMVECs. We report six key
findings: 1) PFKFB3 decreases PMVEC
survival in a hypoxic, fructose-rich
environment; 2) Seahorse assays and lactate
and glucose measurements suggest that
PFKFB3 decreases fructose-HK-mediated
glycolysis in PMVECs; 3) metabolomic
analysis reveals that PFKFB3 inhibits
fructose-mediated glycolysis and oxidative
phosphorylation in PMVECs; 4) RNA
sequencing suggests that fructose increases
PFKFB3 expression and PFKFB3 knockout
increases GLUTS5 expression, which
subsequently promotes fructose use in
PMVEC:s; 5) endothelial PFKFB3 decreases
lung tissue glycolysis after fructose gavage in
mice; and 6) pneumonia increases fructose in
the BALF of ICU patients. These findings
reveal that PFKFB3 functions as a molecular
switch in control of substrate use for
glycolysis (Figure 5). PFKFB3 could be a
potential therapeutic target to enhance
fructose use in PMVECs.

Detailed molecular interactions
responsible for the PFKFB3-dependent
inhibition of fructose metabolism in
PMVECs remain incompletely understood.
GLUTS5 is upregulated in PFKFB3 knockout
cells. It is therefore possible that transcellular
fructose transport in wild-type cells is low
simply because GLUT5 expression and/or

Figure 5. (Continued). tamoxifen, animals were gavaged with fructose (2 g/kg body weight). Two hours after fructose gavage, blood was sampled
from the right ventricle, and lung tissue was collected. Lactate was measured on blood and lung tissue lysate. There was no difference in blood
lactate, but lung tissue lactate was significantly higher in PFKFB3°9" compared with PFKFB3™", suggesting an inhibitory role of pulmonary
endothelial PFKFB3 on fructose-mediated glycolysis. Student’s t tests were used to compare different groups. (D) Wild-type and PFKFB3 knockout
PMVECs and pulmonary arterial endothelial cells (PAECs) were incubated in 25mM glucose or fructose medium under normoxia or hypoxia for

96 hours. Supernatant lactate concentrations were measured using the YSI 2500 lactate and glucose analyzer. In glucose medium, supernatant
lactate was lower in PAECs compared with wild-type PMVECs. In fructose medium, there was no significant difference in supernatant lactate
between wild-type PMVECs and PAECs. Three-way ANOVA and Sidék’s multiple comparisons tests were used to compare different groups.
*Significant difference (P<0.05). Data are expressed as mean = SD. At least three independent experiments were performed.
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Figure 6. Pneumonia increases fructose in the BAL fluid (BALF) of ICU patients. BALF was
collected from mechanically ventilated patients anytime within 14 days of ICU admission.
Patients were grouped into control versus pneumonia on the basis of BALF culture results.
(A) BALF fructose was higher in patients with pneumonia compared with control subjects.

(B and C) There was no difference in (B) BALF lactate or (C) glucose between groups.

(D) A schematic representation of how PFKFB3 functions as a molecular switch for glucose
versus fructose use in glycolysis is shown. In wild-type PMVECs, glucose-mediated glycolysis
is increased, whereas fructose-mediated glycolysis is decreased because of decreased
GLUTS5 expression and fructose uptake. In PFKFB3 knockout PMVECs, glucose-mediated
glycolysis is decreased, whereas fructose-mediated glycolysis is increased via

increased GLUT5 expression and fructose uptake. Unlike the canonical fructolytic pathway,
which is mediated by KHK, fructose-mediated glycolysis in PMVECs is mediated primarily by
HK. Therefore, PFKFB3 serves as a molecular switch that determines glucose versus
fructose use in glycolysis in PMVECs. Wilcoxon rank sum tests were used to compare
different groups. *Significant difference (P<0.05).

activity is also low. However, Seahorse assays
showed that although fructose does not fuel
glycolysis in wild-type cells, it supports
oxidative phosphorylation at a degree
comparable with what is seen in the PFKFB3
knockout cells. This finding is inconsistent
with the idea that impaired fructose-
mediated glycolysis in wild-type cells is due
solely to slower fructose transcellular
transport. It still may be possible that the

relationship between fructose transport and
oxidative phosphorylation is a time-
dependent phenomenon due to a slower
cycling rate of oxidative phosphorylation,
where suppressed oxidative phosphorylation
in wild-type cells becomes measurable later
in the time course when samples were
collected for metabolomic analysis. In the
future, studies addressing mitochondrial
function over an extended time course will

ORIGINAL RESEARCH

help resolve the link between fructose
transport into the cell and oxidative
phosphorylation. Hypoxia-induced
acceleration of wild-type cell death in
fructose medium seems to indicate that
wild-type cells rely on oxidative
phosphorylation for survival under
normoxia, and when they are exposed to
hypoxia, anaerobic suppression of oxidative
phosphorylation leads to cell death, as wild-
type cells have no glycolytic reserve in
fructose medium. It is most likely that
PFKFB3 inhibits GLUT5 expression and
fructose transcellular transport, which
results in decreased fructose-mediated
glycolysis and, subsequently, oxidative
phosphorylation. Further studying
transcriptional regulation of GLUT5 and
PFKFB3 and exploring potential
involvement of noncoding RNAs in linking
these mediators of metabolism may offer
additional insights and therapeutic targets for
yet to be uncovered clinical applications (27).
Fructose is the second most abundant
blood glucose in humans (9), but peripheral
plasma fructose concentrations are typically
in the micromolar range (28). Plasma
concentrations can reach low millimolar
amounts after fructose ingestion, but the
majority of fructose is extracted by the liver,
decreasing circulating concentrations to
the micromolar range within a couple of
hours (29). Under physiological conditions,
70% of intestinally absorbed fructose is
converted into glycogen and fat in the liver,
and relatively small amounts are distributed
to other organs (30). However, studies
measuring fructose extraction rate by the
liver did not specify whether blood samples
were obtained from the right side or the left
side of the heart (7). If blood was taken
from the systemic circulation, it is possible
that the fraction of fructose extracted by the
lungs could have been included in “the
fraction of fructose extracted by the liver.”
Considering that fructose is not under tight
endocrinological control, as glucose is, it is
unclear how dynamically fructose
concentrations fluctuate, particularly during
pathologic conditions that involve hepatic
dysfunction or other metabolic
derangements. In our studies, both 100 uM
and 25 mM fructose medium induced similar
metabolic changes, and cell exposure to
similar glucose and fructose concentrations
induced a mixed metabolic phenotype,
representing a balance of the metabolic
activity of each substrate alone. Fructose
assays are not part of routine laboratory tests
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in most hospital settings; fructose plasma and
tissue-level monitoring, especially in the
setting of global and tissue hypoxia, would
offer valuable insight into the patient’s
metabolic status.

Naked mole rats exhibit a fascinating
use of fructose to support their metabolic
demands under extreme hypoxia. Yet
significant concerns exist regarding the
impacts of fructose metabolism on human
health (31). In chronic lung disease settings,
concerns exist regarding the link between a
high-fructose diet and increased
inflammation in asthma, COPD, and
cigarette smoking-related parenchymal lung
diseases (32-34). However, these studies are
oftentimes confounded by simultaneous
high-fat diet and underlying obesity. In acute
settings, intravenous fructose infusion is
believed to be potentially dangerous, as KHK
bypasses the negative glycolytic feedback by
ATP, and unopposed fructolysis cycling can
lead to depletion of phosphate and increased
production of lactate and uric acid (35, 36).
However, this phenomenon is relevant only
if fructose is infused at high concentrations
and metabolized solely via KHK. KHK is
expressed primarily in the liver, kidney,
and small intestine (37), and our RNA
sequencing data showed that KHK
concentrations are extremely low or
undetectable in PMVECs. Similar findings
of nonfructolytic cells using HK rather than
KHK and increasing GLUTS5 to support
their proliferation have been reported (38).
We demonstrated that 2DG treatment
profoundly inhibits fructolysis, which also
indicates that fructose-mediated glycolysis
is mediated by HK rather than KHK in
PMVECs. We found that 2DG toxicity is
more powerful in fructose medium than
it is in glucose medium, most likely because
of the difference in the fructose and glucose
Michaelis constants (Km) for HK. The
fructose Km for HK is higher (19) than
the glucose Km for HK; therefore, 2DG
binding to HK is higher in fructose medium
than in glucose medium. Furthermore, in a
preliminary study (data not shown), we
found that the KHK inhibitor (PF-06835919,
also known as MDK1846) has no effect
on fructose-mediated glycolysis in our
experimental settings, which further
supports the idea that fructose metabolism

is mediated by HK rather than by KHK
in PMVECs.

How 2DG causes cytotoxicity and how
some cells develop resistance to 2DG are
poorly understood (31). In our study, 2DG
inhibited glucose-mediated glycolysis in
wild-type cells, which is consistent with
previous reports (39, 40). However, 2DG
paradoxically increased glucose-mediated
glycolysis in PFKFB3 knockout cells. This
paradoxical effect of 2DG on PFKFB3
knockout cells was not seen in the Seahorse
assays. This finding can be related to a dose-
related difference, as a 20 times higher
concentration of 2DG was used for Seahorse
assays. Alternatively, these findings may
indicate that the paradoxical 2DG effect is an
indirect cellular response to 2DG. It is
questionable whether there is any
noncanonical glycolytic pathway suppressed
by PFKFB3 that bypasses 2DG targets. The
fact that the paradoxical effect of 2DG is not
maintained under hypoxia could indicate
that this potential noncanonical glycolytic
pathway is not under hypoxic regulation.
Together, our data suggest that PFKFB3 may
rewire glucose-mediated glycolytic pathways,
but further investigation is warranted to
validate this idea.

Metabolomic and RNA sequencing data
were consistent with findings from the
survival and metabolic assays, and they
offered additional insights. In comparing cell
pellet and supernatant metabolomic analyses,
we found that PEKFB3 knockout cells retain
many glycolytic and TCA intermediates
inside the cell, out of proportion with their
extracellular concentrations. This was
particularly intriguing because, during our
preliminary studies, in which we extended
the experimental duration for up to 6 days,
we observed that PFKFB3 knockout cells
slowly acidify the media. We believe that
there are two important implications of this
finding. First, decreased proton secretion for
a given lactate production may serve as a
strategy to control extracellular acidosis,
while maintaining a high degree of glycolysis.
This possibility is relevant to critically ill
patients with sepsis, who often develop
uncontrollable acidosis because of excessive
metabolism. Second, increased intracellular
fructose metabolite accumulation may
facilitate lipogenesis, especially considering
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our RNA sequencing data showing strong
upregulation of lipid metabolic pathways in
these cells. Emerging evidence indicates
that fatty acids contribute to the
pathogenesis of pulmonary arterial
hypertension (41), and considering the
critical role of PFKFB3 in glycolysis,
angiogenesis, and lung injury and repair
(16, 17, 42, 43), further elucidating
molecular mechanisms involved in the
fructose-PFKFB3 axis will offer helpful
insight into how lungs handle the second
most abundant sugar in humans, fructose,
under stressful environments.

We probed for potential clinical
relevance of our findings with in vivo and
clinical data. Increased lung tissue lactate
production after fructose gavage in
PFKFB3“" mice, independent of blood
lactate changes, suggests PFKFB3-mediated
inhibition of fructose use in the pulmonary
circulation. However, further studies, such as
isotope tracing of lung tissue or metabolic
assays, on isolated pulmonary endothelial
cells from PFKFB3““" mice, will be needed
to validate our interpretation. Our BALF
fructose data on mechanically ventilated
patients with pneumonia is interesting, as
this is the first study to assess fructose
concentrations in BALF. However, our
studies are limited by small sample numbers.
Whether fructose is increased in pneumonia
BALF because of increased uptake or
decreased use by lung tissue, and whether it
plays any role in disease progression, remains
to be determined.

Conclusions

We report that PFKFB3 inhibits fructose
metabolism and cell survival, particularly
under hypoxic conditions, in PMVECs. Our
work reveals that PEKFB3 functions as an
essential molecular switch, coordinating
glucose versus fructose use in glycolysis.
Our findings suggest that inhibition of
PFKFB3 could be a potential therapeutic
strategy for critically ill patients with hypoxic
respiratory failure, in an effort to increase
fructose use and enhance pulmonary
capillary integrity. Il

Author disclosures are available with the
text of this article at www.atsjournals.org.
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