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Abstract

Background

Retinal degenerative diseases such as diabetic retinopathy and diabetic macular edema are

characterized by impaired retinal endothelial cells (RECs) functionality. While the role of gly-

colysis in glucose homeostasis is well-established, its contributions to REC barrier assembly

and cell spreading remain poorly understood. This study aimed to investigate the impor-

tance of upper glycolytic components in regulating the behavior of human RECs (HRECs).

Methods

Electric cell-substrate impedance sensing (ECIS) technology was employed to analyze the

real-time impact of various upper glycolytic components on maintaining barrier functionality

and cell spreading of HRECs by measuring cell resistance and capacitance, respectively.

Specific inhibitors were used: WZB117 to inhibit Glut1/3, lonidamine to inhibit hexokinases,

PFK158 to inhibit the PFKFB3-PFK axis, and TDZD-8 to inhibit aldolases. Additionally, the

viability of HRECs was evaluated using the lactate dehydrogenase (LDH) cytotoxicity

assay.

Results

The most significant reduction in electrical resistance and increase in capacitance of

HRECs resulted from the dose-dependent inhibition of PFKFB3/PFK using PFK158, fol-

lowed by aldolase inhibition using TDZD-8. LDH level analysis at 24- and 48-hours post-

treatment with PFK158 (1 μM) or TDZD-8 (1 and 10 μM) showed no significant difference

compared to the control, indicating that the disruption of HRECs functionality was not attrib-

uted to cell death. Conversely, inhibiting Glut1/3 with WZB117 had minimal impact on
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HREC behavior, except at higher concentrations (10 μM) and prolonged exposure. Lastly,

inhibiting hexokinase with lonidamine did not noticeably alter HREC cell behavior.

Conclusion

This study illustrates the unique impacts of components within upper glycolysis on HREC

functionality, emphasizing the crucial role of the PFKFB3/PFK axis in regulating HREC

behavior. Understanding the specific contributions of each glycolytic component in preserv-

ing normal REC functionality will facilitate the development of targeted interventions for

treating endothelial cell dysfunction in retinal disorders while minimizing effects on healthy

cells.

Introduction

Under normal physiological conditions, the retinal endothelium plays a vital role in strengthen-

ing the inner blood-retinal barrier (iBRB) to block the entry of fluid and solutes from the circu-

lation into the inner retina [1]. Disruption to the integrity of the iBRB has been linked to the

advancement of various retinal vascular diseases [2, 3]. For example, non-proliferative diabetic

retinopathy (NPDR), the most common form of DR, is characterized by endothelial cell damage

and increased permeability of the iBRB at early stages [4]. As the disease progresses, the dam-

aged blood vessels continue to leak, allowing larger cystoid spaces to develop in the macula (the

specialized area in the retina responsible for central vision), resulting in diabetic macular edema

(DME) and eventually vision loss [5]. Therefore, a significant amount of research has been con-

ducted to determine the operative mechanisms that maintain the barrier functionality of endo-

thelial cells, and in recent years glucose hemostasis has received considerable attention [6].

The maintenance of glucose homeostasis is regulated by interplay between glycolysis, Krebs

cycle, and oxidative phosphorylation (OxPhos). In cell biology, glycolysis is among the most

conserved metabolic pathway in prokaryotic and eukaryotic cells [7]. Unlike the Krebs cycle

and OxPhos, glycolysis does not require oxygen or compartmentalization by internal mem-

branes, Nobel laureates Embden, Meyerhof, and Parnas [8] elucidated metabolic steps of glycol-

ysis that converts glucose into pyruvate with net production of two adenosine triphosphate

(ATP) molecules, dividing it into two parts; the lower part of glycolysis where ATP is produced,

preceded by an initial investment of ATP in the upper glycolysis, where glucose is broken down

into two trioses: glyceraldehyde 3-phosphate (GA3P) and dihydroxyacetone phosphate

(DHAP) by fructose bisphosphate aldolase (Fig 1). Although the endothelium is highly depen-

dent on glycolysis to produce ATP [9], it is unclear how each glycolytic component contributes

to the barrier integrity of human retinal endothelial cells (HRECs) and how disruption of these

components would differentially affect the barrier functionality. Specifically, the roles of the

components in the upper part of glycolysis are of interest, as disruption of upper glycolysis has

been implicated in the shunting of glycolytic metabolites into damaging pathways such as the

polyol, hexosamine, PKC, and AGEs pathways. These pathways diverge from upper glycolysis

at different points. For instance, the polyol pathway generates sorbitol from glucose when hexo-

kinase is saturated, while the hexosamine pathway is triggered by fructose-6-phosphate. The

PKC and AGEs pathways arise from disturbances in GA3P metabolism [10].

Glucose entry in HRECs via its transporters is of considerable interest because it is the first

rate-limiting step of glucose metabolism and glycolysis. Glucose transporters (Glut)1 and 3 are

the most widely distributed glucose transporters and are reported to be concentrated in the
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endothelium of barrier tissues. 50% of Glut1 resides in cytosolic stores; however, in response

to hypoxia or growth factors, Glut1 rapidly translocates to the plasma membrane, where it

mediates glucose entry into the endothelium [11, 12]. The recent solving of the human Glut1

and 3 crystal structure [13] enabled the discovery of the selective Glut1/3 inhibitor WZB117

[14], yet the importance of Glut1 and 3 in sustaining the barrier functionality of HREC under

physiological conditions still needs to be addressed.

The highly regulated steps of upper glycolysis are the reactions catalyzed by hexokinase and

phosphofructokinase (PFK). Hexokinase is the first enzyme in upper glycolysis that phosphor-

ylates glucose into glucose-6-phosphate, an essential step in glucose metabolism. The struc-

tures of several hexokinase isoforms have been determined using X-ray crystallography, which

enabled the discovery of Lonidamine [15, 16], which has been used to understand the role of

hexokinases in different cellular behaviors [17]. However, the relative contribution of hexoki-

nases in maintaining the barrier integrity of HRECs remains largely unknown.

PFK is the second rate-limiting enzyme in upper glycolysis, and its three-dimensional

structure was elucidated by X-ray crystallography [18]. The catalytic domain of PFK con-

tains the active site where the phosphorylation of fructose-6-phosphate (F6P) occurs to pro-

duce fructose-1,6-bisphosphate (F1,6BP), while the regulatory domain has binding sites for

allosteric inhibitory effectors (ATP and citrate) as well as for allosteric activators (fructose-

Fig 1. Illustration depicting the glycolysis process in HRECs, distinguishing between upper and lower glycolysis.

Upper glycolysis involves the utilization of 2 ATP and begins with the transportation of glucose into HRECs through

glucose transporters (Glut). The inhibitors targeting upper glycolytic components, indicated in blue, are WZB117,

Lonidamine, PFK158, and TDZD. Abbreviations: GA3P (glyceraldehyde-3-phosphate), TPI (triose phosphate

isomerase), DHAP (dihydroacetone phosphate), GAPDH (glyceraldehyde-3-phosphate dehydrogenase), 1,3-Bis-PG

(1,3-bisphosphoglycerate), PGK (phosphoglycerate kinase), 3-PG (3-phosphoglycerate), PGM (phosphoglycerate

mutase), 2-PG (2-phosphoglycerate), PEP (phosphoenolpyruvate), PK (pyruvate kinase), L-LD (L-lactic

dehydrogenase).

https://doi.org/10.1371/journal.pone.0294909.g001
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2,6-bisphosphate [F2,6BP] and ADP) [18, 19]. PFKFB (6-phosphofructo-2-kinase/fructose-

2, 6-bisphosphatase) is an important enzyme that controls the activity of PFK by regulating

the level of F2,6BP, an allosteric activator of PFK. In endothelial cells, F2,6BP is synthesized

by PFKFB isoform 3 (PFKFB3) [20], where PFKFB3 expression is tightly regulated by hyp-

oxia-inducible factor (HIF)-1 [21] and vascular endothelial growth factor (VEGF) [22].

PFK158 is a potent and selective inhibitor of PFKFB3 that interferes with PFKFB3 kinase

activity to prevent the production of F2,6BP [23]. Although PFKFB3 has been shown to play

a major role in the formation of filopodia and lamellipodia in endothelial cells in response

to angiogenic stimuli [22], it remains unclear whether PFKFB3 is important for maintaining

the barrier integrity of HRECs.

Another critical upper glycolytic component is Aldolase, as it controls the flux of metabo-

lites between the upper and lower parts of glycolysis. Specifically, Aldolase catalyzes the revers-

ible cleavage of F1,6BP into two three-carbon molecules; GA3P and DHAP. The resulting

GA3P proceeds through the lower glycolysis pathway to generate pyruvate and produce ATP

[8, 24]. TDZD-8 (1,2,4-thiadiazolidine-3,5-dione)-8 has been studied for its potential inhibi-

tory effects on Aldolase enzymes as TDZD-8 covalently modifies the enzyme’s active cysteine

residue number-239, which eventually affects several cellular processes that rely on glycolysis

[25]. However, there has been little research on the role of Aldolase in maintaining the barrier

function of HRECs.

To explore the dynamic responses of barrier-forming cells, such as retinal endothelial cells,

to metabolic stressors, the ECIS (electric cell-substrate impedance sensing) system serves as an

invaluable tool. Our previous research utilizing ECIS provided compelling evidence that,

through uncoupling the electron transport chain from OxPhos and inhibiting Complex I and

V, specific components of mitochondrial OxPhos exhibit distinct functions in controlling the

cellular behavior of HRECs beyond their role in ATP production [26]. In this current study,

our objective is to investigate, in real-time, the influence of upper glycolytic components on

regulating HRECs’ cellular behavior, including barrier functionality and spreading over the

substrate surface, utilizing the ECIS technology.

Materials and methods

ECIS experiment

The effects of two different concentrations (1 μM, and 10 μM) of four different inhibitors that

target upper glycolytic components on retinal endothelial cellular behaviors were studied by

monitoring the overall cellular impedance (Z) using ECIS1Zθ technology (Applied Biophys-

ics Inc., Troy, NY, USA) as previously described [26, 27]. The four inhibitors were WZB117 (a

Glut1/3 inhibitor), lonidamine (a hexokinase inhibitor), PFK158 (a PFKFB3 inhibitor), and

TDZD-8 (an aldolase inhibitor). Initially, a 96-well array (96W20idf PET; Applied Biophysics

Inc.) was treated with 100 μM cysteine (50 μL/well; Applied Biophysics) for 30 minutes and

then aspirated. Afterwards the array was covered with 0.02% gelatin (50 μL/well; Sigma, Bur-

lington, MA, USA) for 30 minutes, followed by aspiration. The next was that HRECs from Cell

Systems (Kirkland, WA, USA) were seeded in Microvascular Endothelial Cell Growth

Medium-2 BulletKit (Lonza, Walkersville, MD, USA; Catalog #: CC-3202 EGM-2 MV). Once

the HRECs became confluent and formed a mature monolayer (capacitance < 20 nF), the cul-

ture media were replaced by media free of growth factors for 10–12 hrs before applying differ-

ent concentrations of the four aforementioned inhibitors. Then the Z of the HREC monolayer

was assessed over time and frequency by applying a 1 μA alternating current (AC) to the elec-

trode array located at the base of the 96-well plate. Nine frequencies ranging from 250 to

64,000 Hz were employed to measure Z. To obtain the normalized Z value at each time point,
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the raw Z value obtained at each time point was divided by the Z value obtained prior to treat-

ment with glycolytic inhibitors and plotted against time. Additionally, ECIS software was uti-

lized to calculate the resistance (R) and capacitance (C) across the HREC monolayer based on

the measured Z. These data points were either collected at the end or throughout the experi-

ment by calculating the area under the curve (AUC). For transfection, the seeded HRECs

underwent transfection using the TriFECTa1 RNAi Kit designed for Glut1 (hs.Ri.

SCL2A1.13), PFKFB3 (hs.Ri.PFKFB3.13.1,3), or control Dicer-substrate RNA (DsiRNA)

duplexes (Integrated DNA Technologies) using lipofectamine 2000 (Invitrogen) per the manu-

facturer’s instructions.

Assessment of HREC viability

The effect of different concentrations of the four different inhibitors on cell viability of HRECs

was determined by lactate dehydrogenase (LDH) Cytotoxicity Assay (CyQUANT™; Invitro-

gen-C20300, Waltham, MA, USA). This method employed the following: HRECs were cul-

tured in 96-well plates (1 × 104/well), and after cells became confluent, the culture media were

replaced by media free of growth factors for 10–12 h before applying different concentrations

of the four inhibitors (0, 1 and 10 μM) for 24 and 48 hrs. Subsequently, the amount of LDH

released into the medium was determined by following the manufacturer’s instructions.

Western blot analysis

Briefly, HRECs were resuspended in RIPA lysis buffer containing protease and phosphatase

inhibitors as previously described [28]. Glut1 protein expression was detected by anti-Glut1

antibody (Abcam, Catalog # ab14683) per the manufacture’s instruction of not boiling the cell

lysate to avoid protein aggregations of Glut1. PFKFB3 and β-actin protein expressions were

detected by anti- PFKFB3 and β-actin antibodies, respectively (Cell signaling, Catalog # 13123

and Santa Cruz, Catalog # sc-47778, respectively) after boiling the samples. All the primary

antibodies incubations were followed by a horseradish peroxidase-conjugated secondary anti-

body and enhanced chemiluminescence detection system (Thermo Fisher Scientific, Rockford,

IL, USA). iBright Imaging Systems (Thermo Fisher Scientific) was used to take blot images,

and protein expression was quantified by Image J software.

Statistical analysis

Statistical comparisons among the experimental groups were performed using one-way analy-

sis of variance (ANOVA). To address multiple comparisons, the False Discovery Rate (FDR)

was controlled using the two-stage linear step-up procedure of Benjamin, Krieger, and Yeki-

tieli, with a threshold of<0.05. Statistical comparisons among siRNA transfection experimen-

tal groups were performed using unpaired t-test analyses. The p-values were visually depicted

as follows: * for p� 0.05, ** for p� 0.01, *** for p� 0.001, and **** for p� 0.0001. The figure

legends included the number of biological replicates for each analysis.

Results

Real-time monitoring the effect of different upper glycolytic components

on HREC bioimpedance

To investigate the importance of different glycolytic components in maintaining the barrier

function of HRECs, we performed bioimpedance analysis using the ECIS technology. Specifi-

cally, we used inhibitors such as WZB117 (Fig 2B and 2C) to inhibit Glut1/3, lonidamine (Fig

2D and 2E) to inhibit hexokinases, PFK158 (Fig 2F and 2G) to inhibit the PFKFB3-PFK axis,
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and TDZD-8 (Fig 2H and 2I) to inhibit aldolases. Various concentrations of these glycolytic

inhibitors were added to the HRECs once they reached a plateau in the impedance (Z) curve,

indicating the formation of a confluent monolayer (black arrows in Fig 2). We continuously

monitored the barrier integrity (Fig 2A–2I) over a 120-hour period (represented on the z-axis

in the 3D model) and across a frequency range from 250 to 64,000 Hz (represented on the x-

axis in the 3D model) to determine the effects of treatments with different glycolytic inhibitors

on HREC barrier integrity. Among the treatments, PFK158 treatments showed the most visu-

ally dramatic decrease in Z post-treatment (Fig 2F and 2G). The WZB117 treatment at 10 μM

displayed a noticeable loss in Z towards the end of the experiment (gray arrow in Fig 2C),

while the TDZD-8 treatment at 10 μM consistently reduced Z throughout the experiment,

which recovered towards the end (Fig 2I). In contrast, a lower concentration (1 μM) of

WZB117 (Fig 2B) or TDZD-8 (Fig 2H) did not affect the Z of HRECs compared to the control

group (Fig 2A) treated with the vehicle (DMSO). Interestingly, lonidamine treatments at both

1 μM and 10 μM showed no discernible differences in Z compared to the control treatment

(Fig 2D and 2E). These findings highlight the distinct contributions of Glut1/3, Hexokinase,

PFK, and aldolase in preserving the barrier functionality of HRECs. We have further explored

and investigated these roles in subsequent experiments to gain a deeper understanding.

The effect of Glut1/3 inhibition on the behavior of HRECs

From a mathematical perspective, the total Z of HRECs consists of two components: capaci-

tance (C) and resistance (R). These components serve as indicators for different cell behaviors.

The C reflects the spreading of cells over the substrate, while the R describes the strength of cell-

cell junctions, cell-matrix adherence, and changes in cell morphology. Therefore, our aim was

to investigate the significance of Glut1/3 modulation on these cell parameters using the Glut1/3

inhibitor (WZB117). Initially, we examined the effect of WZB117 on the spreading movement

of HRECs over the substrate by monitoring the C across HRECs (Fig 3A). To do so, we selected

the optimum frequency of 64,000 Hz, which corresponds to the maximum spreading extent of

HRECs over the electrode based on our previous publication [27]. Since the C decreases in

inverse proportion to the spreading extent, it was crucial to assess the impact of inhibiting

Glut1/3 on HRECs’ spreading once the cells reached a state of electrical quiescence. We defined

electrical quiescence as the point at which the cells achieved stable minimum plateaus in C

curves after being placed on the electrode, which was also determined from our previous publi-

cation [27]. The results, depicted in Fig 3A–3C, revealed that treatment with WZB117 (1 μM)

did not affect the C and, thus, the spreading behavior of HRECs either at the end of the experi-

ment (Fig 3B) or throughout its entirety (Fig 3C). Interestingly, it took approximately 100–120

hours for HRECs treated with a higher concentration of WZB117 (10 μM) to exhibit a signifi-

cant increase in C compared to the control (Fig 3B). However, when comparing the AUCs in

Fig 3C, neither treatment with WZB117 resulted in a significant increase (29.5%) in C through-

out the entire experiment when compared to the control.

Next, to determine whether inhibiting Glut1/3 impacts the barrier function of HRECs, the

R parameter of the HREC monolayer impedance was measured at a frequency of 4000 Hz,

which corresponds to the peak resistance determined from our previous publication [27]. As

shown in Fig 4A, treatment with WZB117 (1 μM) did not influence the R or the barrier integ-

rity of HRECs at the end of the experiment (Fig 4B) or throughout its duration (Fig 4C). How-

ever, treatment with a higher concentration of WZB117 (10 μM) led to a decline in R (16.2%)

only after prolonged exposure, specifically towards the end of the experiment (Fig 4B), while

not affecting R throughout the entire experiment, as indicated by the AUC in Fig 4C. These

findings suggest that inhibition of Glut1/3 primarily affects HREC behavior only at higher
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concentrations and following prolonged exposure. These results were confirmed by subse-

quent transfection of Glut1 siRNA, which revealed that siRNA silencing of Glut1 significantly

decreased R of HRECs at the end of the experiment (S1 Fig).

The impact of hexokinase inhibition on HREC behavior

We subsequently assessed the influence of inhibiting Hexokinase on the behavior of HRECs

using the Hexokinase inhibitor, lonidamine. Firstly, we examined the effect of lonidamine on

the spreading behavior of HRECs by monitoring the response of C across HRECs at a fre-

quency of 64,000 Hz over time (Fig 5A). The C of HRECs did not show any significant changes

following treatment with either lonidamine concentration (1 or 10 μM) at the end of the

120-hour experiment (Fig 5B). Furthermore, the AUC for each C response was calculated to

evaluate the effect of lonidamine on the C throughout the duration of the experiment. As

shown in Fig 5C, the AUCs for both lonidamine groups remained insignificantly different

from the control. Secondly, we examined the impact of lonidamine on the barrier function of

HRECs by monitoring the R response across the cells at a frequency of 4000 Hz over time. As

depicted in Fig 6A, no notable reductions were observed in the R curves at the end of the

experiment (Fig 6B) or throughout the experimental duration (Fig 6C) following treatment

Fig 2. Bioimpedance analysis of the impact of various upper glycolytic inhibitors on the barrier function of HRECs using ECIS technology. Three-

dimensional plots illustrating the logarithm of impedance (Z) measured in ohms (O) over time and the logarithm of the 1 μA alternating current (AC). (A)

HRECs treated with the vehicle DMSO. (B and C) HRECs treated with 1 μM and 10 μM Glut1/3 inhibitor (WZB117), respectively. (D and E) HRECs treated

with 1 μM and 10 μM HK inhibitor (Lonidamine), respectively. (F and G) HRECs treated with 1 μM and 10 μM PFK (PFKFB3 inhibitor), respectively. (H

and I) HRECs treated with 1 μM and 10 μM TDZD-8 (aldolase inhibitor), respectively. The treatment of HRECs commenced at t = 0 hours when a confluent

monolayer was formed. The impedance value (Z0) at t = 0 hours was used to normalize all other impedance measurements (Zt) using the ratio Zt/Z0. Real-

time impedance measurement was conducted using different AC frequencies ranging from 250 to 64,000 Hz. Abbreviations: Z (impedance), Norm

(normalized), Freq (frequency), Zt (impedance at time t), Z0 (impedance at time 0).

https://doi.org/10.1371/journal.pone.0294909.g002
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with 1 or 10 μM of lonidamine. These findings provide evidence that Hexokinase does not

play a significant role in regulating the behavior of HRECs.

The impact of PFKFB3/PFK inhibition on HREC behavior

After having shown that the inhibition of PFKFB3/PFK by PFK158 altered the bioimpedance

signature of HRECs largely and rapidly (Fig 2F and 2G), interest has been expanded to dissect

the effect of inhibiting PFKFB3/PFK on the parameters that govern the total bioimpedance of

HRECs, which include C and R. According to Fig 7A, the C of HRECs exhibited a rapid accel-

eration following treatments with PFK158 (1 and 10 μM), causing a dose-dependent increase

in the C (96.5% and 110.9%, respectively) towards the end of the experiment (Fig 7B). To

assess whether the effects of PFK158 on the C were dose-dependent throughout the entire

experiment, the AUC was calculated for each C curve (Fig 7C). Notably, each PFK158 dose

displayed a significant difference in their AUCs compared to each other or to the control

group (139.5% and 158.5% increase with 1 μM and 10 μM, respectively), which supports the

notion that inhibiting PFKFB3/PFK had a dose-dependent impact on compromising the

spreading behavior of HRECs over the substrate not only at the end of the experiment but also

throughout the entire experimental duration.

Fig 3. Real-time spread of HRECs over the electrode in response to Glut1/3 inhibitor (WZB117). (A) The plot shows the normalized capacitance across

HRECs over time, measured at an AC frequency of 64,000 Hz for both the control group and HRECs treated with WZB117 (1 μM & 10 μM). The capacitance

values were normalized using the capacitance measurement taken before the addition of the inhibitor, considered as t = 0 hour. (B) The bar graph displays

the normalized capacitance for the control group and HRECs treated with WZB117 (1 μM & 10 μM) at the end of the experiment (t = 120 hours). (C) The

bar graph presents the areas under the normalized capacitance curve for the control group and HRECs treated with WZB117 (1 μM & 10 μM) during the

time interval of t = 0–120 hours. Significant changes are indicated by p the value of symbol ****<0.0001; n = 4 biological replicates for each group.

Abbreviations: Norm (normalized), AUC (area under the curve), ns (no significance).

https://doi.org/10.1371/journal.pone.0294909.g003
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Next, we aimed to determine the impact of PFK158 on the overall barrier functionality of

HRECs by evaluating the total R across the HREC monolayer at a frequency of 4000 Hz. The

HREC groups were subjected to different concentrations of PFK158, and their total R values

vs. time were measured for a duration of 120 hours (Fig 8). Interestingly, the inhibition of

PFKFB3/PFK through PFK158 treatment exhibited a dose-dependent decrease in R, observed

both at the end of the experiment (39.2% and 43.2% decrease with 1 μM and 10 μM, respec-

tively) (Fig 8B) and consistently throughout the entire experimental period (46.4% and 49.6%

decrease 1 μM and 10 μM, respectively) (Fig 8C). Therefore, it can be inferred that the inhibi-

tion of PFKFB3/PFK has a significantly detrimental and irreversible effect on the barrier func-

tion of HRECs. These results were confirmed by subsequent transfection of PFKFB3 siRNA,

which revealed that siRNA silencing of PFKFB3 significantly decreased R of HRECs (S2 Fig).

The effect of aldolase inhibition on the behavior of HRECs

In contrast to the impact of PFKFB3/PFK inhibition, the inhibition of aldolase using TDZD-8

exhibited a significantly lesser influence on the C of HRECs, as observed in Fig 9A. Neither of

the TDZD-8 treatments affected the final C of HRECs at the end of the experiment, as depicted

in Fig 9B. However, a comparison of the AUCs in Fig 9C reveals a dose-dependent increase in

Fig 4. The real-time measurement of the total resistance across HRECs under the effect of the Glut1/3 inhibitor (WZB117). (A) The plot illustrates the

normalized resistance across HRECs over time, measured at an AC frequency of 4000 Hz for both the control group and HRECs treated with WZB117 (1μM

& 10 μM). The resistance was normalized using the measurement taken before the addition of the inhibitor, considered as t = 0 hour. (B) The bar graph

represents the normalized resistance for the control group and HRECs treated with WZB117 (1μM & 10 μM) at the endpoint of the experiment (t = 120

hours). (C) The bar graph displays the areas under the normalized resistance curve for the control group and HRECs treated with WZB117 (1μM & 10 μM)

during the time interval of t = 0–120 hours. Significant changes are indicated by the p value of symbol ****<0.0001; n = 4 biological replicates for each group.

Abbreviations: Norm (normalized), AUC (area under the curve), ns (no significance).

https://doi.org/10.1371/journal.pone.0294909.g004

PLOS ONE Glycolysis and retinal endothelial cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0294909 November 30, 2023 9 / 20

https://doi.org/10.1371/journal.pone.0294909.g004
https://doi.org/10.1371/journal.pone.0294909


capacitance throughout the entire experiment when TDZD-8 was administered (3.8% and

9.3% increase with 1 μM and 10 μM, respectively). This suggests that the impact of aldolase

inhibition on the spreading of HRECs is reversible. Next, we proceeded to evaluate the impact

of TDZD-8 on the barrier function of HRECs by monitoring the changes in R of HRECs at

4000 Hz over time (Fig 10A). Interestingly, the administration of TDZD-8 at both 1 μM and

10 μM did not result in significant decreases in the R of HREC when measured at the end of

the experiment (Fig 10B). However, both concentrations of TDZD-8 induced a notable and

dose-dependent reduction in R compared to the control shortly after treatments (2.9% and

6.9% decrease with 1 μM and 10 μM, respectively). As the experiment progressed, there was a

subsequent recovery of R towards the end (Fig 10A and 10C). These findings suggest that

while the initial impact of aldolase inhibition affects the integrity of the HREC barrier, it exhib-

its a recoverable nature in the long run.

Assessing the viability of HRECs with different upper glycolytic inhibitors

To ensure that the observed effects of glycolytic inhibitors on the barrier integrity of HRECs

were not due to cell cytotoxicity, we conducted a cytotoxicity assay for all groups of HRECs by

measuring lactate dehydrogenase (LDH) release. The time frame selected for analysis was 24–

Fig 5. Real-time spread of HRECs over the electrode in response to hexokinase inhibitor (Lonid; lonidamine). (A) The plot shows the normalized

capacitance across HRECs over time, measured at an AC frequency of 64,000 Hz for both the control group and HRECs treated with Lonid (1 μM & 10 μM).

The capacitance values were normalized using the capacitance measurement taken before the addition of the inhibitor, considered as t = 0 hour. (B) The bar

graph displays the normalized capacitance for the control group and HRECs treated with Lonid (1 μM & 10 μM) at the end of the experiment (t = 120

hours). (C) The bar graph presents the areas under the normalized capacitance curve for the control group and HRECs treated with Lonid (1 μM & 10 μM)

during the time interval of t = 0–120 hours. n = 4 biological replicates for each group. Abbreviations: Norm (normalized), AUC (area under the curve), ns

(no significance).

https://doi.org/10.1371/journal.pone.0294909.g005
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48 hours after treatment. At both the 24-hour and 48-hour marks, only PFK158 (10 μM)

caused a significant increase in LDH release, indicating cytotoxicity, while PFK158 (1 μM) and

TDZD-8 (1 and 10 μM) did not exhibit any cytotoxic effects (Fig 11A and 11B). This contrasts

with the observations in Figs 8A and 10A, where clear reductions in total resistance were

already evident in the PFK158 (1 μM) group (Fig 8A) and both TDZD-8 groups (Fig 10A) at

this 24-48-hour time interval. Notably, the resistance of the PFK158 (1 μM) group had reached

a minimum level several hours prior to this time interval, yet Fig 11 demonstrates that this

group had not lost viability. Taken together, these findings indicate that the disruption of

HRECs’ barrier integrity is an early event that occurs in response to PFKFB3/PFK and aldolase

inhibition, preceding any noticeable effects on cell viability.

Discussion

The key finding of this study is that the components involved in upper glycolysis exhibit dis-

tinct effects on HREC functionality, with PFKFB3/PFK playing a crucial role in regulating

both the barrier functionality and spreading behavior of HRECs, extending beyond its role in

ATP production. The following results support this conclusion: Firstly, inhibiting PFKFB3/

PFK with PFK158 (1 μM) resulted in the most significant reduction in the electrical impedance

Fig 6. The real-time measurement of the total resistance across HRECs under the effect of the Hexokinase inhibitor (Lonid; lonidamine). (A) The plot

illustrates the normalized resistance across HRECs over time, measured at an AC frequency of 4000 Hz for both the control group and HRECs treated with

Lonid (1μM & 10 μM). The resistance was normalized using the measurement taken before the addition of the inhibitor, considered as t = 0 hour. (B) The

bar graph represents the normalized resistance for the control group and HRECs treated with Lonid (1μM & 10 μM) at the endpoint of the experiment

(t = 120 hours). (C) The bar graph displays the areas under the normalized resistance curve for the control group and HRECs treated with Lonid (1μM &

10 μM) during the time interval of t = 0–120 hours. n = 4 biological replicates for each group. Abbreviations: Norm (normalized), AUC (area under the

curve), ns (no significance).

https://doi.org/10.1371/journal.pone.0294909.g006
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of HRECs within the first 10 hours, followed by aldolase inhibition using TDZD-8 (1 μM). In

contrast, inhibiting Glut1/3 with WZB117 (1 μM) or hexokinase with lonidamine (1 μM) did

not show a noticeable decrease in electrical impedance. Secondly, and importantly, the break-

down of HREC barrier function caused by PFKFB3/PFK inhibition was not due to cell death.

This was evidenced by the absence of elevated levels of released LDH at 24–48 hours post-

administration of PFK158 at 1 μM. Additionally, the breakdown of barrier integrity in HRECs

treated with PFK158 was unlikely driven solely by the lack of glycolytic ATP production. This

is supported by the minimal impact of lonidamine and TDZD-8, which are other glycolytic

inhibitors, on HREC impedance, as well as their minimal effects on R and C parameters. To

the best of our knowledge, this study is the first to demonstrate such temporal relationships

between HREC barrier parameters in response to inhibitors targeting different upper glyco-

lytic components, using the ECIS mathematical modeling system.

Several studies have indicated that the modulation of PFKFB3/PFK activity leads to various

pathological alterations in endothelial cells besides its role in ATP production. For example,

the activation of PFKFB3 has been associated with harmful effects on endothelial progenitor

cells (EPCs) observed in patients with poor graft function. This involvement occurs by facili-

tating the expression of the pro-apoptotic transcription factor FOXO3A and its downstream

genes, including p21, p27, and FAS [29]. Moreover, PFKFB3 has shown to promote

Fig 7. Real-time spread of HRECs over the electrode in response to the PFKFB3-PFK inhibitor (PFK158). (A) The plot shows the normalized

capacitance across HRECs over time, measured at an AC frequency of 64,000 Hz for both the control group and HRECs treated with PFK158 (1 μM &

10 μM). The capacitance values were normalized using the capacitance measurement taken before the addition of the inhibitor, considered as t = 0 hour. (B)

The bar graph displays the normalized capacitance for the control group and HRECs treated with PFK158 (1 μM & 10 μM) at the end of the experiment

(t = 120 hours). (C) The bar graph presents the areas under the normalized capacitance curve for the control group and HRECs treated with PFK158 (1 μM &

10 μM) during the time interval of t = 0–120 hours. Significant changes are indicated by p values of symbol ****<0.0001 and *<0.05; n = 3–4 biological

replicates for each group. Abbreviations: Norm (normalized) and AUC (area under the curve).

https://doi.org/10.1371/journal.pone.0294909.g007
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pathological endothelial cell proliferation and vessel sprouting through filopodia/lamellipodia

formation and directional migration [30]. Additionally, PFKFB3 activation has been linked to

the impairment of endothelial barrier function within the tumor microenvironment by pro-

moting VE-cadherin endocytosis in endothelial cells and reducing the adhesive properties of

pericytes through downregulating N-cadherin expression [31]. Conversely, a recent study has

shown that inhibiting PFKFB3 exacerbates cellular senescence by compromising the defensive

capability against DNA damage in diabetic endothelial cells [32]. These findings collectively

provide insight into the complex role of PFKFB3 in endothelial cell biology and its potential

implications for pathological conditions. However, there have been no investigations into the

contribution of PFKFB3/PFK in regulating retinal endothelial cell behavior under physiologi-

cal conditions. Our study is the first to demonstrate the crucial role of PFKFB3/PFK in main-

taining barrier integrity and spreading coverage of HRECs under normal conditions.

Interestingly, our observations have revealed that treating HRECs with an aldolase inhibitor

(TDZD-8) initially compromised both the barrier integrity and the spreading coverage of the

cells but over time, the cells were able to overcome these effects. It has been suggested that

blocking the enzymatic activity of aldolase results in cells entering a state of imbalanced glycol-

ysis, where upper glycolysis outpaces lower glycolysis, leading to the accumulation of F1,6BP

and depletion of its hydrolyzable product (GA3P) [33]. Because GA3P serves as a substrate for

Fig 8. The real-time measurement of the total resistance across HRECs under the effect of the PFKFB3-PFK inhibitor (PFK158). (A) The plot illustrates

the normalized resistance across HRECs over time, measured at an AC frequency of 4000 Hz for both the control group and HRECs treated with PFK158

(1μM & 10 μM). The resistance was normalized using the measurement taken before the addition of the inhibitor, considered as t = 0 hour. (B) The bar graph

represents the normalized resistance for the control group and HRECs treated with PFK158 (1μM & 10 μM) at the endpoint of the experiment (t = 120

hours). (C) The bar graph displays the areas under the normalized resistance curve for the control group and HRECs treated with PFK158 (1μM & 10 μM)

during the time interval of t = 0–120 hours. Significant changes are indicated by p values of symbol ****<0.0001 and *<0.05; n = 3–4 biological replicates for

each group. Abbreviations: Norm (normalized) and AUC (area under the curve).

https://doi.org/10.1371/journal.pone.0294909.g008
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lower glycolysis, the decrease in GA3P tends to slow down the velocity of lower glycolysis and

ATP production, thereby affecting ATP-dependent cellular processes [34], including those

responsible for maintaining endothelial barrier integrity and spreading coverage. These effects

can explain the initial dose-dependent decrease in R and increase in C. However, restoring

G3P concentration through alternative pathways, such as the glycerol kinase (GK)-mediated

phosphorylation of glycerol [35], can reestablish the balance between upper and lower glycoly-

sis by increasing the velocity of lower glycolysis to become equivalent to that of upper glycoly-

sis [34]. This rebalanced state likely explains the observed restoration of barrier integrity and

spreading coverage of HRECs following a prolonged period of aldolase inhibition. Taken

together, these findings highlight the dynamic interplay between aldolase inhibition, glycolysis

imbalance, and the restoration of normal cell behavior in HRECs.

It is important to note that while hexokinase plays a significant role in regulating glycolysis,

inhibiting hexokinase with lonidamine in HRECs did not result in any notable differences in

cell behavior suggesting that HRECs may utilize alternative pathways to bypass the inhibition

of hexokinase. One potential pathway could involve the hydrolysis of glycogen by glycogen

phosphorylase, which generates glucose 1-phosphate (G1P) that continues to fuel glycolysis by

the enzyme phosphoglucomutase, which converts G1P to G6P [36]. HRECs are known to

Fig 9. Real-time spread of HRECs over the electrode in response to the aldolase inhibitor (TDZD-8). (A) The plot shows the normalized capacitance

across HRECs over time, measured at an AC frequency of 64,000 Hz for both the control group and HRECs treated with TDZD-8 (1 μM & 10 μM). The

capacitance values were normalized using the capacitance measurement taken before the addition of the inhibitor, considered as t = 0 hour. (B) The bar

graph displays the normalized capacitance for the control group and HRECs treated with TDZD-8 (1 μM & 10 μM) at the end of the experiment (t = 120

hours). (C) The bar graph presents the areas under the normalized capacitance curve for the control group and HRECs treated with TDZD-8 (1 μM &

10 μM) during the time interval of t = 0–120 hours. Significant changes are indicated by p values of symbol ***<0.001, **<0.01, and *<0.05; n = 4

biological replicates for each group. Abbreviations: Norm (normalized) and AUC (area under the curve).

https://doi.org/10.1371/journal.pone.0294909.g009
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possess glycogen stores, which serve as an energy reserve during periods of high energy

demand or limited nutrient availability, such as hypoxia or nutrient deprivation [37].

Studies have demonstrated that human microvascular endothelial cells, including HRECs,

express glucose transporters from the SLC2A family, which are facilitative hexose transporters

[38, 39]. Among the 12 members of the Glut family, microvascular endothelial cells primarily

express Glut1 and Glut3, with lower expression levels of Gluts 6 and 10. HRECs do not express

glucose transporters from the Na+-glucose–linked transporter (SGLT) family, suggesting that

glucose enters HRECs mainly through Glut1 and Glut3 [37]. However, our findings indicate

that inhibiting Glut1/3 in HRECs did not significantly affect their behavior, except at higher

concentrations and with prolonged exposure, suggesting the presence of parallel routes for glu-

cose entry into HRECs. One such alternative pathway involves glycogen, which can undergo

degradation through glycophagy by lysophagosomal glucosidases [40]. Recent studies have

highlighted Glut6 as a lysosomal glucose transporter involved in transporting glucose from

lysosomes into the cytosol [41]. Notably, microvascular endothelial cells express Glut6,

although at lower levels compared to Glut1 and Glut3 [37]. Another mechanism explaining

the adaptation of HRECs to Glut1/3 inhibition is that around 20% of glucose taken up by the

cells is incorporated into glycogen [37]. This glycogen reserve can slowly release glucose into

the cytoplasm under stress conditions, including Glut1/3 inhibition. However, when glycogen

Fig 10. The real-time measurement of the total resistance across HRECs under the effect of the aldolase inhibitor (TDZD-8). (A) The plot illustrates the

normalized resistance across HRECs over time, measured at an AC frequency of 4000 Hz for both the control group and HRECs treated with TDZD-8 (1μM

& 10 μM). The resistance was normalized using the measurement taken before the addition of the inhibitor, considered as t = 0 hour. (B) The bar graph

represents the normalized resistance for the control group and HRECs treated with TDZD-8 (1μM & 10 μM) at the endpoint of the experiment (t = 120

hours). (C) The bar graph displays the areas under the normalized resistance curve for the control group and HRECs treated with TDZD-8 (1μM & 10 μM)

during the time interval of t = 0–120 hours. Significant changes are indicated by p values of symbol ****<0.0001 and *<0.05; n = 4 biological replicates for

each group. Abbreviations: Norm (normalized) and AUC (area under the curve).

https://doi.org/10.1371/journal.pone.0294909.g010
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stores are depleted due to prolonged inhibition of glucose entry, HRECs are unable to sustain

their activities. This could explain the significant increase in capacitance and a loss of barrier

resistance observed between 100–120 hours in HRECs treated with a higher concentration of

WZB117 (10 μM).

A limitation of our study is the absence of an analysis of how the inhibition of upper glyco-

lytic components influences the flow into lower glycolysis and aerobic glycolysis. GAPDH has

been identified as the key regulator of the transition from upper glycolysis to lower glycolysis,

whereas pyruvate kinase (pyk) primarily governs lower glycolysis [42]. Future studies should

investigate in depth the impact of inhibiting upper glycolysis on the activity of these enzymes

and on the flux through lower glycolysis. These studies will improve our understanding of how

the interplay between upper and lower glycolysis regulates the behavior of HRECs.

To conclude, this study provides insights into the dynamic role of upper glycolytic compo-

nents in regulating the functionality of HRECs under normal physiological conditions. Specifi-

cally, it emphasizes the importance of PFKFB3/PFK in preserving the integrity of the barrier

and promoting the coverage of HRECs. These findings present a promising direction for

screening potential agents that can enhance the effectiveness of the PFKFB3/PFK pathway,

thereby benefiting the clinical treatment of retinal barrier disorders associated with endothelial

dysfunction. In future studies aimed at manipulating glycolytic pathways in retinal endothelial

cells in various ischemic retinopathies, it is crucial to consider the relative significance of the

glycolytic components discussed in this research. Understanding their roles in maintaining the

regular activities of retinal endothelial cells under normal conditions will facilitate the

Fig 11. The effects of glycolytic inhibitors on HRECs viability. Lactate dehydrogenase (LDH) assays were conducted at 24 hours and

48 hours for both the control group and cells treated with various upper glycolytic inhibitors. HRECs death was monitored by

measuring the amount of LDH released in the culture media. (A) The impact of different glycolytic inhibitors on HRECs viability at 24

hours. (B) The impact of different glycolytic inhibitors on HRECs viability at 48 hours. Significant changes are indicated by the p value

of symbol ****<0.00001; n = 4 biological replicates for each group. Abbreviations: ns (no significance).

https://doi.org/10.1371/journal.pone.0294909.g011
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development of targeted interventions to address dysfunctional endothelial cells in retinal dis-

orders, while minimizing any adverse effects on normal endothelial cells.

Supporting information

S1 Fig. Real-time measurement of total resistance across HRECs under the influence of

Glut1 siRNA. (A) Relative Glut1 expression to actin post-transfection with Glut1 siRNA ana-

lyzed by Western blot. (B) The plot illustrates the resistance across HREC monolayers over

time, measured at an AC frequency of 4000 Hz, for both the control group transfected with

scramble siRNA (10 nM) and HRECs transfected with Glut1 siRNA (10 nM). (C) The bar

graph represents normalized resistance for the control group transfected with scramble siRNA

(10 nM) and HRECs transfected with Glut1 siRNA (10 nM) at the experiment’s endpoint. Sig-

nificant changes are denoted by the p-value symbol **<0.01; n = 5 biological replicates for

each group.

(TIF)

S2 Fig. Real-time measurement of total resistance across HRECs under the effect of

PFKFB3 siRNA. (A) Relative PFKFB3 expression to actin post-transfection with PFKFB3

siRNA analyzed by Western blot. (B) The plot illustrates the resistance across HREC monolay-

ers over time for both the control group transfected with scramble siRNA (10 nM) and HRECs

transfected with PFKFB3 siRNA (10 nM). (C) The bar graph represents normalized resistance

for the control group transfected with scramble siRNA (10 nM) and HRECs transfected with

PFKFB3 siRNA (10 nM) at the experiment’s endpoint. Significant changes are denoted by the

p-value symbols *<0.05 and ***<0.001; n = 5 biological replicates for each group.

(TIF)

S1 Raw images.

(PDF)
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