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ARTICLE INFO ABSTRACT
Keywords: The accumulation of DNA damage induced by oxidative stress is a crucial pathogenic factor of endothelial loss in
Diabetes diabetic vascular complications, but it is still unknown whether aberrant glucose metabolism leads to defective

Endothelial cell

. DNA repair and accounts for hyperglycemia-induced endothelial oxidative stress injury. Here, we showed that
Oxidative stress

Foxo1 knockdown alleviated diabetes-associated retinal DNA damage and vascular dysfunction. Mechanistically,

DNA d
DNA r;;l?rge FOXO1 knockdown avoided persistent DNA damage and cellular senescence under high glucose in endothelial
Glycolysis cells by promoting DNA repair mediated by the MRN (MRE11-RAD50-NBS1 complex)-ATM pathway in response

to oxidative stress injury. Moreover, FOXO1 knockdown mediated robust DNA repair by restoring glycolysis
capacity under high glucose. During this process, the key glycolytic enzyme PFKFB3 was stimulated and, in
addition to its promoting effect on glycolysis, directly participated in DNA repair. Under genotoxic stress,
PFKFB3 relocated into oxidative stress-induced DNA damage sites and promoted DNA repair by interaction with
the MRN-ATM pathway. Our study proposed that defective glycolysis-dependent DNA repair is present in dia-
betic endothelial cells and contributes to hyperglycemia-induced vascular dysfunction, which could provide
novel therapeutic targets for diabetic vascular complications.

adenine dinucleotide (NAD) pool and impairs glycolysis. Glucose is,
therefore, fluxed into side branching pathways, including the polyol
pathway, formation of intracellular advanced glycation end products
(AGEs), protein kinase C (PKC) pathway, and hexosamine pathway.
Although previous studies have confirmed that the increasing DNA
damage accounts for diabetic vasculopathy [6-9], diabetes-related
pulmonary and renal fibrosis [10], it is currently unclear whether
defective DNA repair leads to DNA damage together with oxidative
stress during the loss of diabetic ECs. To date, studies on impaired DNA
repair in diabetes feature extensive analyses of DNA damage markers
and the genetic polymorphisms and gene expression of DNA damage
repair enzymes [11-14] but lack research on specific mechanisms. Our
previous study [15] has revealed that defective DNA repair leads to the
accumulation of DNA damage together with oxidative stress during the
loss of diabetic ECs. Here, we further explored the molecular

1. Introduction

Diabetic cardiovascular disease and microvascular complications,
such as diabetic retinopathy (DR), are the leading cause of morbidity
and mortality in people with diabetes [1] and the prevalence of diabetic
vascular complications has been increasing rapidly [2]. A key event of
diabetic vascular complications is increased vascular permeability with
the loss of endothelial cells (ECs) [3].

The unifying mechanism [4,5] has drawn attention to the role of
oxidative stress-induced DNA damage in the pathologies of diabetic ECs:
Increased reactive oxygen species (ROS) cause DNA damage and over-
activation of DNA repair enzyme poly (ADP-ribose) polymerase (PARP),
which modifies glyceraldehyde-3 phosphate dehydrogenase (GAPDH)
with poly-ADP-ribose by consuming the intracellular nicotinamide
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Abbreviations

Ad adenovirus

AGE advanced glycation end product
ATM ataxia telangiectasia mutated

ATR ATM and RAD3-related
DNA-PK DNA-dependent protein kinase
DR diabetic retinopathy

DRR DNA repair reporter

DSB DNA double-strand break

DSBR DSB repair

EB Evans blue

EC endothelial cell

ECAR extracellular acidification rate

GAPDH glyceraldehyde-3 phosphate dehydrogenase

HR homologous recombination repair
HUVEC human umbilical vein endothelial cell
MRN MRE11-RAD50-NBS1 complex

NAD Nicotinamide adenine dinucleotide
NHEJ non-homologous end joining

OCR oxygen consumption rate

OLIGO  oligomycin

PARP poly (ADP-ribose) polymerase

PFA paraformaldehyde

PFK phosphofructokinase

PFKFB3 phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3
PKC protein kinase C

PKM pyruvate kinase

qPCR quantitative real-time PCR

ROS reactive oxygen species

ROT/AA rotenone/antimycin

SA-B-Gal senescence-associated-p-galactosidase
SD standard deviation

yH2AX  phosphorylated H2AX

2DG 2-deoxy-glucose

mechanisms of DNA repair impairment from the metabolic perspective
as diabetes is a metabolic disease.

The Forkhead box transcription factor O1 (FOXO1) has multiple
roles in diabetic pathology [16-20]. The regulation of systemic glucose
metabolism by FOXO1 in hepatocytes has been extensively studied
[21-23] while Wilhelm et al. have reported that FOXO1 also serves as an
essential regulator of vascular growth, which couples metabolic and
proliferative activities in ECs by reducing a series of associated gene
expression with glycolysis and mitochondrial respiration [24]. FOXO1
has been reported to participate in the endothelial loss in DR by
increasing apoptosis [25]. However, whether the metabolic abnormality
induced by FOXO1 plays a part in the loss of diabetic ECs or affects DNA
repair function remains unknown since metabolic homeostasis is crucial
for ECs to coordinate responses to environmental stress [26].

In the present study, we revealed for the first time how aberrant
glucose metabolism impairs DNA repair in response to oxidative stress
injury in ECs. Through the knockdown of FOXO1, we provided conclu-
sive evidence that maladaptive glycolysis hindered DNA repair and led
to persistent oxidative stress injury in ECs under high glucose and retinal
vascular dysfunction in diabetic mice, which were rescued by FOXO1
knockdown. We also revealed that 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase 3 (PFKFB3), a key glycolytic enzyme stimulated by
FOXO01 knockdown, directly participated in DNA repair, in addition to
its promoting effect on glycolysis in ECs. We demonstrated that PFKFB3
relocated into oxidative stress-induced DNA damage sites and facilitated
DNA repair by interaction with the MRN (MRE11-RAD50-NBS1
complex)-ATM pathway in ECs. This study characterized impaired
glycolysis-dependent DNA repair in response to oxidative stress injury in
diabetic ECs, which may be a target for vascular protection in diabetes.

2. Results

2.1. Foxol knockdown attenuates oxidative stress damage in diabetic
mouse retina

Consistent with a previous study [25], the FOXO1 protein level
increased and was mainly concentrated in the nuclei of ECs in the retinal
vascular net of diabetic mice (Fig. 1A-C). DNA double-strand breaks
(DSBs) are the most toxic among various forms of DNA damage,
threatening chromosomal stability and cell survival if not repaired
correctly. Thus, we detected phosphorylated H2AX (yH2AX) foci, a
sensitive marker of DSBs, in immunofluorescence staining and deter-
mined the protein level of YH2AX and PARP1 to confirm if the accu-
mulation of oxidative DNA damage existed in the retinas of diabetic

mice. The level of yH2AX and PARPI increased significantly in the
retinas of diabetic mice, while adenoviruses for Foxol knockdown
decreased the protein level of yH2AX and PARP1 and the accumulation
of yH2AX foci (Fig. 1B-D), demonstrating its potential protective effect
against diabetes-induced DNA damage.

Next, Evans blue (EB) assays were conducted to detect retinal
vascular leakage, and retinal trypsin digestion assays were conducted to
measure the number of acellular capillaries. Foxol knockdown signifi-
cantly reduced retinal vascular leakage and acellular capillary number
induced by high glucose (Fig. 1E-H). TUNEL assay was conducted to
determine the apoptosis of the whole retinas, showing that Foxol
knockdown reduced excessive apoptosis in the diabetic retinas
(Fig. S1A).

2.2. FOXO1 knockdown reduces oxidative stress-induced DNA damage
and cellular senescence in HUVECs under high glucose

Similarly, high glucose increased both the FOXO1 protein levels in
the whole cell and in the nucleus of human umbilical vein endothelial
cells (HUVECs) (Fig. 2A and B). To further confirm the effect of FOXO1
knockdown on the improvement of oxidative stress-induced DNA dam-
age under high glucose in vitro, we treated HUVECs with HyO», one
major form of reactive oxygen species, to induce moderate DNA damage.
Immunofluorescence microscopy was conducted to illustrate further the
distribution of FOXO1. FOXO1 was distributed more evenly in the nuclei
and plasma in the control group, while high glucose increased its con-
centration in the nuclei with and without HyO, treatment (Fig. 2C).

The YH2AX level was measured and the comet assay was conducted
to determine the DNA damage level. Notably, the increased yH2AX
under high glucose was reversed by the FOXO1 knockdown with and
without HyO; (Fig. 2D-F). DNA damage caused by high glucose alone
was not detectable using comet assay (Fig. S1B), as more than 20% DNA
in the tail is recommended in the comet assay considering the recovery
capacity of cells [27]. After HyO5 treatment, the average tail moment
under high glucose, which was higher than that of the control group,
declined after FOXO1 knockdown (Fig. 2G and H), indicating that the
recovery from HyO5-induced DNA damage was severely impaired after
high glucose treatment, but it was rescued by FOXO1 knockdown. As
persistent nuclear DNA damage is causatively associated with cellular
senescence [28], SA-B-Gal activity was conducted to determine the de-
gree of cellular senescence. It showed that FOXO1 knockdown alleviated
aggravated cellular senescence under high glucose with and without
H50, treatment (Fig. 2I and J, and Figs. S1C and D).
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Fig. 1. Foxol knockdown attenuates oxidative stress damage in diabetic mouse retina. A The localization of FOXO1 in the retina of nondiabetic C57BL/6 mice (WT)
and diabetic mice (DR). White arrows indicate the nuclear translocation of FOXO1. n = 12. Scale bar, 100 pm. B and C Western blot analysis of PARP1, FOXO1 and
yH2AX in the whole retina extracts. WT and DR mice received the intravitreal injection of adenovirus (Ads) for FoxoI knockdown (sh-Foxo1), or vehicle controls (sh-
ctrl) as indicated. n = 10. D Immunofluorescence staining of yH2AX. White arrows indicate yH2AX foci. n = 12. Scale bar, 50 pm. E and F Retinal vascular leakage
assessed by Evans blue (EB) dye. The confocal analysis of whole-mounted retinas (E, scale bar: 500 pm) and statistical results of spectrophotometrically measured EB
extravasation (F) are shown. n = 12. G and H The number of acellular capillaries. Scale bar, 20 pm. n = 10. Black arrows indicate acellular capillaries. All results are
displayed as means + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA analysis. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

2.3. FOXO01 knockdown alleviates oxidative stress-induced DNA damage
by enhancing DNA repair mediated by the MRN-ATM pathway

To gain an insight into the role of FOXO1 knockdown behind its
enhancement of the recovery from oxidative stress-induced DNA dam-
age, the intracellular ROS level was measured to determine if the source
of DNA damage was reduced. However, FOXO1 knockdown did not
reduce the intracellular ROS in the high glucose group (Fig. S2A),
indicating that FOXO1 knockdown alleviated DNA damage independent
of direct anti-oxidative mechanism. Thus, we next evaluated the level of

DNA repair function employing the DNA repair reporter (DRR) assay.
The activity of two major DSB repair (DSBR) pathways, homologous
recombination (HR) and non-homologous end joining (NHEJ) repair,
decreased in high glucose but was ameliorated by FOXO1 knockdown
(Fig. 3A and B).

Ataxia telangiectasia mutated (ATM), ATM and RAD3-related (ATR),
and the DNA-dependent protein kinase (DNA-PK) are three critical
PI3Ks in the DNA damage responses, which are indispensable for initi-
ating the subsequent DSBR [29]. As FOXO1 knockdown improved DSBR
activity, we next investigated if this effect would collapse upon the
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Fig. 2. FOXO1 knockdown reduces oxidative stress-induced DNA damage and cellular senescence in HUVECs under high glucose. A and B Western blot analysis of
FOXO1 in the whole cell extracts (A) and the nuclear protein extracts (B) of HUVECs in medium containing 5.5 (NG) or 30 mmol/L (HG) glucose for 48 h. C The
localization of FOXO1. After being cultured in NG or HG for 48 h, HUVECs were subjected to HyO5 (300 uM for 30 min) and harvested at the indicated time points or
left untreated. Scale bar, 20 pm. D Western blot analysis of FOXO1 and yYH2AX. HUVECs were infected with Ads for FOXO1 knockdown (sh-FOXO1) or vehicle
controls (sh-ctrl) and then cultured in NG or HG for 48 h. E Western blot analysis of YH2AX. After being infected with Ads and then cultured in NG or HG for 48 h,
HUVECs were subjected to H,O, (300 pM for 30 min) and harvested at the indicated time points. F Confocal analysis of yH2AX foci. After being infected with Ads and
cultured in NG or HG for 48 h, HUVECs were subjected to H,O2 (300 pM for 30 min, 2 h recovery), or left untreated. Scale bar, 10 pm. G and H DNA damage levels
examined by comet assay. After the Ads infection and the following 48 h culture in NG or HG medium, HUVECs were subjected to H,O» (300 uM for 30 min, 2 h
recovery). Representative images (G, scale bar: 100 um) and the scatter dot plot of the tail moment per cell (H) are shown. I and J Cellular senescence detected by SA-
B-Gal staining. After being treated with H,O5 (700 pM for 30 min), HUVECs were infected with the indicated Ads and then cultured in NG or HG for 48 h. Scale bar,
100 pm. Each experiment was repeated independently at least three times. All results are displayed as means + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001, one-way ANOVA analysis.

treatment of inhibitors for these three kinases. The results of the comet and downstream targets [30], we next hypothesized that FOXOI
assay showed that the decline of the tail moment by FOXO1 knockdown knockdown altered the level of ATM and MRN. This was confirmed by
was abrogated upon ATM inhibition, while neither ATR inhibitor nor Western blot showing that high glucose decreased the levels of ATM and
DNA-PK inhibitor affected it, suggesting that FOXO1 knockdown MRN, which were improved by FOXO1 knockdown with and without
enhanced DNA repair via the ATM-dependent pathway (Fig. 3C and D, H0, treatment (Fig. 3E-H) whereas ATM inhibitors blocked these ef-
and Fig. S2B). As ATM relies on the MRN complex as both its activators fects (Fig. 31 and J). We also detected the protein levels of some kinases
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Fig. 3. FOXO01 knockdown alleviates oxidative stress-induced DNA damage by enhancing DNA repair mediated by the MRN-ATM pathway. A and B HR and NHEJ
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involved in other DSBR pathways but found no measurable change,
which was in line with the result of the comet assay (Fig. S2C). Next, the
number of nuclear foci that represent the recruitment of kinases to the
DNA damage sites was measured through immunofluorescence.
Compared with the control group, high glucose decreased the foci
number of ATM and MRN during the recovery from Hy0O, treatment,
which was improved by FOXO1 knockdown (Fig. 3K).

The results above underscore that FOXO1 knockdown alleviated
oxidative stress-induced DNA damage under high glucose by enhancing
DNA repair function mediated by the MRN-ATM pathway in HUVECs.

2.4. FOXO1 knockdown improves impaired metabolic capacity of
glycolysis and mitochondrial respiration under high glucose

To investigate whether and how high glucose and FOXO1 knock-
down affect the glucose metabolism in ECs, the Real-Time ATP Rate Kit
was used to determine the general metabolic phenotype by measuring
the glycolysis-derived ATP (glycoATP), mitochondrial ATP (mitoATP),
and total ATP production rate (Fig. 4A and B). High glucose impaired the
glycoATP and mitoATP production rate under HyO stimulation, indi-
cating an impairment of energy production under oxidative stress, while
FOXO01 knockdown increased both glycoATP and mitoATP production
rates with and without HyO, treatment. Moreover, all groups had more
glycoATP production than mitoATP production rate, which is consistent
with previous studies [31,32].

The intracellular ATP and lactate-to-pyruvate ratio were also
measured to confirm this metabolic phenotype (Figs. S3A and B).
Consistent with the result from the Real-Time ATP Rate Kit, high glucose
decreased the ATP level under HyO, treatment, while FOXO1 knock-
down increased ATP production with and without H,O, treatment. The
lactate-to-pyruvate ratio in the control group significantly increased
after HoO5 treatment, suggesting a shift of glucose metabolism toward
glycolysis for more ATP supply to overcome energy shortage. However,
high glucose decreased the lactate-to-pyruvate ratio under HyO; treat-
ment, indicating that high glucose affected glycolytic mobilization.
Meanwhile, FOXO1 knockdown elevated the lactate-to-pyruvate ratio
with and without H,0, treatment, in synchrony with the ATP level. The
intracellular NAD pool is a key metabolic component in glucose meta-
bolism and exerts a critical role in boosting DNA damage repair [33]. As
shown in Fig. S3C, high glucose decreased the intracellular NAD pool
while FOXO1 knockdown elevated that.

Therefore, FOXO1 knockdown improves the impaired metabolic ca-
pacity of both glycolysis and mitochondrial respiration under high
glucose and glycolysis is the primary source of ATP production in ECs.

2.5. FOXO01 knockdown promotes DNA repair mediated by the MRN-
ATM pathway independent of the mitochondrial function

Endothelial mitochondria are closely related to ROS generation and
are considered the sensors and initiators of EC death [34]. To confirm
the impact of FOXO1 knockdown on mitochondrial respiration, HUVECs
were subjected to the Mito Stress Test Kit. High glucose impaired the
spare respiratory capacity with or without HyO, treatment. FOXO1
knockdown increased the spare respiratory capacity without HyO
treatment and further elevated basal and spare respiratory capacities
after the stimulation of HyO» treatment (Fig. 4C and D). To investigate if
the enhancement of mitochondrial respiration by FOXO1 knockdown
affects DNA damage and repair, the comet assay and Western blot for
ATM and MRN were conducted after the treatment of mitochondrial
electron transport chain inhibitors rotenone/antimycin (ROT/AA) or
mitochondrial protonophore uncoupler BAM15 or FCCP. The mito-
chondrial electron transport chain inhibition did not block the effects of
FOXO1 knockdown on the oxidative DNA damage (Fig. 4E and F) and
the MRN-ATM pathway (Fig. 4G) under high glucose. Moreover, the
mitochondrial protonophore uncoupler neither alleviated oxidative
DNA damage (Fig. 4H and I) nor significantly activated the MRN-ATM

Redox Biology 59 (2023) 102589

pathway (Fig. 4J). SA-p-Gal staining further showed that the mito-
chondrial electron transport chain inhibition did not block the protec-
tive effects of FOXO1 knockdown on cellular senescence but led to a
certain increase in SA-B-Gal activity of both the control group and
FOXO1 knockdown group (Fig. S3D). Therefore, mitochondrial
dysfunction may play a role in cellular senescence through mechanisms
other than direct inhibition of the MRN-ATM pathway, for example
maintaining ongoing aberrant DNA damage responses by inducing ROS,
as reported in a previous study [35].

2.6. FOXO01 knockdown enhances DNA repair mediated by the MRN-
ATM pathway in a glycolysis-dependent manner

The above metabolic data provided a strong hint that the mobiliza-
tion of glycolysis is critical for the energy supply in ECs to overcome
oxidative stress. Therefore, the Glycolysis Rate Kit was used next to
determine the impact of FOXO1 knockdown on glycolysis. Under the
stress of HyOy treatment, high glucose impeded the HUVECs’ basal
glycolysis, which was not mobilized and led to a lower glycoPER-to-
mitoOCR ratio. Meanwhile, FOXO1 knockdown increased basal and
compensatory glycolysis, as well as the glycoPER-to-mitoOCR ratio
under high glucose with and without HyO5 treatment (Fig. SA and B).
The comparison between glycolysis with and without HyO, treatment
further illustrated the importance of glycolytic mobilization in response
to oxidative stress, showing that after HyO, treatment, basal and
compensatory glycolysis leveled up in both the control group and
FOXO1 knockdown group but failed to increase in the high glucose
group, suggesting either an impairment of glycolysis capacity under
high glucose or a high level of oxidative stress under high glucose that
cannot be further significantly increased by HyO4 (Figs. S4A and B).

The HUVECs were then subjected to the inhibition of glycolysis with
2DG to investigate whether glycolysis influenced DNA repair. Comet
assay and Western blot for ATM and MRN showed that glycolysis inhi-
bition increased the tail moment in all three groups, which hindered the
effect of FOXO1 knockdown accompanied by a decrease in the protein
level of ATM and MRN (Fig. 5C-F). We also used the PFKFB3 inhibitor
KANO0438757, another confirmed inhibitor of glycolysis in ECs [36], to
further testify to the impact of glycolysis. The results of the comet assay
showed that the PFKFB3 inhibitor also eliminated the effect of FOXO1
knockdown (Fig. 5G and H).

2.7. FOXO01 knockdown improves DNA repair mediated by the MRN-
ATM pathway via PFKFB3 activation

As the inhibition of glycolysis impaired DNA repair, we next
measured the level of PFKFB3 and three glycolytic rate-limiting en-
zymes, namely, hexokinase, pyruvate kinase (PKM), and phosphofruc-
tokinase (PFK), to determine which enzyme may be involved in the
effects of FOXO1 knockdown on glycolysis and DNA repair. FOXO1
knockdown elevated both the mRNA amount and protein level of
PFKFB3, but no change was found for hexokinase, PFK, and PKM
(Figs. S5A-C), indicating that PFKFB3 may be involved in the effect of
FOXO1 knockdown.

Next, we measured the protein level of PFKFB3 under oxidative
stress. High glucose decreased the protein level of PFKFB3, which was
reversed by the FOXO1 knockdown (Fig. 6A and B). Afterward, immu-
nofluorescence microscopy was conducted to illustrate the distribution
of PFKFB3. The results indicated that PFKFB3 was distributed in the
nuclei and plasma at the same time but show an obvious cluster around
the nuclei in ECs (Fig. S5D), which is consistent with a previous study
[31]. However, after HyO, treatment, PFKFB3 translocated into the
nuclei in the control group and the FOXO1 knockdown group but still
clustered in the perinuclear cytosol in the high glucose group (Fig. S5E),
suggesting that FOXO1 may influence the subcellular location of
PFKFB3, in addition to its protein level. The nuclear translocation of
PFKFB3 after HyO, treatment also hinted that PFKFB3 might be directly
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Fig. 4. FOXO1 knockdown promotes DNA repair mediated by the MRN-ATM pathway independent of the mitochondrial function. A-B ATP production rate detected
by Real-Time ATP Rate Kit. After being infected with sh-FOXO1 or sh-ctrl and then cultured in NG or HG for 48 h, HUVECs were subjected to HyO5 (B, 300 pM for 30
min, 2 h recovery), or left untreated (A). Then, the ECAR and OCR were measured sequentially under basal conditions, following treatments of ATP synthase inhibitor
Oligomycin (1.5 pM) and complex I/III inhibitors Rotenone/antimycin A (0.5 pM) and converted as ATP production rate. ATP production profiles, changes in
glycolysis-derived ATP (glycoATP), mitochondrial ATP (mitoATP) and total ATP production are shown as indicated. C-D Mitochondrial respiration detected by Mito
Stress Test. After being infected with sh-FOXO1 or sh-ctrl and cultured in NG or HG for 48 h, HUVECs were subjected to H,O, (D, 300 uM for 30 min, 2 h recovery), or
left untreated (C). Then, the OCR was measured sequentially under basal conditions, following treatments of ATP synthase inhibitor Oligomycin (OLIGO, 1.5 uM),
mitochondrial protonophore uncoupler FCCP (1 pM) and complex I/III inhibitors Rotenone/antimycin A (ROT/AA, 0.5 pM). OCR profiles, changes in basal respi-
ration and spare respiratory rate are shown as indicated. E-G DNA damage levels in comet assay and western blotting analysis of ATM and MRN. After being infected
with the indicated Ads, HUVECs were treated with DMSO or 0.5 uM of ROT/AA in NG or HG for 48 h and then subjected to HyO5 (300 pM for 30 min, 2 h recovery).
H-J DNA damage levels in comet assay and western blotting analysis of ATM and MRN. HUVECs were treated with DMSO or 1 pM of BAM15 or FCCP in NG or HG for
48 h, and then subjected to HyO5 (300 pM for 30 min, 2 h recovery). Scale bar in (E) and (H), 100 um. Each experiment was repeated independently at least three

times. All results are displayed as means + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA analysis.

involved in DNA repair within the nuclei of ECs in response to oxidative
stress. To elucidate the role of PFKFB3 in DNA repair in greater detail,
we assessed the co-localization of PFKFB3 foci with yH2AX and ATM foci
upon the induction of Hy02. The results of immunofluorescence mi-
croscopy after the removal of the cytoplasm showed that PFKFB3 had a
strong co-localization with the yH2AX and ATM foci (Fig. 6C), indicating
that PFKFB3 translocated to oxidative stress-induced DSB sites and
played a part in the DSBR function of the MRN-ATM pathway.

Therefore, we hypothesized that PFKFB3 knockdown would disrupt
DNA repair activity upon being subjected to oxidative stress and lead to
unrepaired DSBs. The comet assay showed that PFKFB3 knockdown
markedly increased the tail moment of all three groups (Fig. 6D and E).
SA-B-Gal staining also showed that PFKFB3 knockdown significantly
increased cellular senescence with and without HyO5 treatment (Fig. 6F
and G, and Figs. S6A and B). Both results manifested that FOXO1
knockdown alleviates DNA damage and cellular senescence in a
PFKFB3-dependent manner. Next, the DRR assay was conducted to
directly determine whether PFKFB3 participates in the improvement of
DNA repair by FOXO1 knockdown. The improvement of HR and NHEJ
activity by FOXO1 knockdown was abolished by PFKFB3 knockdown
(Fig. 6H and I). To elucidate the signaling pathways modulated by
PFKFB3, we next measured the protein levels of ATM and MRN, showing
that PFKFB3 knockdown decreased the protein level of ATM and MRN in
all three groups and eliminated the effects of FOXO1 knockdown (Fig. 6J
and K). Furthermore, in the immunofluorescence microscopy, PFKFB3
knockdown decreased the foci numbers of ATM and MRN with an in-
crease of YH2AX foci (Fig. 6L), indicating unrepaired DSBs accompanied
by defective DSBR under oxidative stress.

2.8. PFKFB3 overexpression restores impaired DNA repair in response to
oxidative stress under high glucose by interaction with the MRN-ATM
pathway

Adenoviruses for PFKFB3 overexpression were utilized next to
confirm whether PFKFB3 overexpression attenuates DNA damage by
improving DNA repair. PFKFB3 overexpression decreased the protein
level of yH2AX with and without HyO, treatment (Fig. 7A-D) and
reduced the comet tail moment under high glucose (Fig. 7E and F), and
the SA-p-Gal staining results showed that PFKFB3 overexpression also
alleviated cellular senescence under high glucose with and without
H,0, treatment (Fig. 7G and H, and Figs. S6C and D).

Then, Western blot for ATM and MRN and DRR assay were con-
ducted to further confirm the role of PFKFB3 in DNA repair. PFKFB3
overexpression increased the protein levels of ATM and MRN together
with the decline of yH2AX (Fig. 7C and D) and enhanced the HR and
NHEJ activities under high glucose (Fig. 71 and J). Coimmunoprecipi-
tation was conducted to confirm the direct interaction between ATM,
MRN and PFKFB3, showing that PFKFB3 interacted with ATM and MRN
during the recovery from HyO, treatment (Fig. 7K). Immunofluores-
cence microscopy further illustrated that the foci numbers of ATM and
MRN were elevated by PFKFB3 overexpression with the alleviation of
yYH2AX foci under high glucose (Fig. 7L) while ATM inhibition blocked

the formation of the PFKFB3 foci and the co-localization of PFKFB3 and
ATM (Fig. S6E). These results suggested the existence of an interactive
feedback between PFKFB3 and DNA damage response signals. More-
over, consistent with the effects of FOXO1 knockdown, PFKFB3 over-
expression increased the intracellular NAD pool of HUVECs under high
glucose (Fig. S6F), indicating a possible metabolic regulation by PFKFB3
on DNA repair.

2.9. Pfkfb3 overexpression attenuates oxidative stress damage in diabetic
mouse retina

To investigate the state of PFKFB3 in vivo, we analyzed the PFKFB3
protein level in the retinas of diabetic mice (Fig. 8A). The results showed
that PFKFB3 decreased in diabetic retina, but Foxol knockdown restored
it. The decline in PFKFB3 expression was also confirmed in the retinal
fibrovascular membrane of diabetic patients compared with that of the
macular epiretinal membrane of non-diabetic patients, as shown in the
results of qPCR and immunofluorescence staining (Fig. 8B and C). The
intravitreal injection of adenovirus for Pfkfb3 overexpression was con-
ducted next to confirm the effect of PFKFB3 in vivo. We determined the
protein level and foci number of yH2AX, showing that Pfkfb3 over-
expression alleviated YH2AX accumulation in the retinas of diabetic
mice (Fig. 8D and E). EB assays and retinal trypsin digestion assays were
next conducted to assess the vascular dysfunction, showing that the
increased retinal vascular leakage and acellular capillary number in the
retinas of diabetic mice were decreased by Pfkfb3 overexpression
(Fig. 8F-I). Given these results, Pfkfb3 overexpression attenuated
diabetes-induced retinal DNA damage and vascular dysfunction in vivo.

3. Discussion

In the present study, we propose a pathological model where the
impairment of DNA repair driven by aberrant glycolysis is a critical
trigger for hyperglycemia-induced endothelial oxidative DNA damage
and vascular dysfunction. Persistent oxidative stress-induced DNA
damage is a crucial pathological factor for the development of diabetic
vascular complications [4,5,37] and higher radiosensitivity has been
observed in the microvasculature of patients with diabetes [38-40]. Our
study determined impaired glycolysis-dependent DNA repair as a key
factor in persistent oxidative stress injury of diabetic ECs. It has been
reported that enhanced glycolysis confers radio-resistance by facilitating
DNA repair in tumor cells [41,42] and diabetic patients have a higher
risk for cancer in virtually any site [43,44]. Moreover, recent evidence
has shown that high glucose also impedes DNA repair in mesangial cells
and hepatocytes and restoring DNA repair reduces diabetes-related
pulmonary and renal fibrosis [10,11,45]. Those reports signify that
the interaction between metabolic reprogramming and maladaptive
DNA repair may be a unifying model for multisystemic diabetic
complications.

FOXOL1 is stimulated by various damaging triggers under hypergly-
cemia, including oxidative and genotoxic stress. Oxidative stress leads to
the activation of SIRT1 that deacetylates FOXO1, causing its nuclear
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Fig. 5. FOXO1 knockdown enhances DNA repair mediated by the MRN-ATM pathway in a glycolysis-dependent manner. A and B Glycolysis detected by Glycolysis
Rate Kit. After being infected with sh-FOXO1 or sh-ctrl and then cultured in NG or HG for 48 h, HUVECs were subjected to H>O» (B, 300 uM for 30 min, 2 h recovery),
or left untreated (A). The ECAR and OCR were measured sequentially under basal conditions, following treatments of ROT/AA (0.5 uM) and 2-deoxy-glucose (2DG,
50 mM), and converted as glycolytic proton efflux rate (glycoPER) and mitochondrial oxygen consumption rate (mitoOCR). GlycoPER profiles, changes in basal
glycolysis, compensatory glycolysis and glycoPER/mitoOCR are shown as indicated. C and D DNA damage levels assessed using comet assay. After being infected
with sh-FOXO1 or sh-ctrl, HUVECs were treated with DMSO or 50 mM of 2DG in NG or HG for 48 h, and then subjected to H,O5 (300 pM for 30 min, 2 h recovery).
The representative images (C, scale bar: 100 pm) and the scatter dot plot of the tail moment per cell (D) are shown. E and F Western blot analysis of ATM and MRN.
HUVECs were treated in the same conditions as (C) and (D). G and H DNA damage levels were assessed using comet assay. After being infected with sh-FOXO1 or sh-
ctrl, HUVECs were treated with DMSO or 25 pM of KAN0438757 in NG or HG for 48 h, and then subjected to H,O2 (300 pM for 30 min, 2 h recovery). The
representative images (G, scale bar: 100 pm) and the scatter dot plot of the tail moment per cell (H) are shown. Each experiment was repeated independently at least
three times. All results are displayed as means + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA analysis.
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Fig. 6. FOXO1 knockdown improves DNA repair mediated by the MRN-ATM pathway via PFKFB3 activation. A and B Western blot analysis of PFKFB3. After being
infected with sh-FOXO1 or sh-ctr]l and then cultured in NG or HG for 48 h, HUVECs were subjected to H,O» (300 pM for 30 min) and harvested at the indicated time
points. C Confocal analysis of the recruitment of PFKFB3 to DNA damage sites yH2AX foci and the colocalization between PFKFB3 and ATM in HUVECs upon H30,
(300 pM for 30 min, 2 h recovery). White arrows indicate co-localized foci. Scale bar, 10 pm. D and E DNA damage levels assessed by comet assay. After being
infected with Ads for PFKFB3 knockdown (sh-PFKFB3), sh-FOXO1 or sh-ctrl and then cultured in NG or HG for 48 h, HUVECs were subjected to H,O, (300 pM for 30
min, 2 h recovery). The representative images (D, scale bar: 100 pm) and the scatter dot plot of the tail moment per cell (E) are shown. F and G Cellular senescence in
HUVEGCs. After being treated with HyO, (700 uM for 30 min), HUVECs were infected with the indicated Ads and then cultured in NG or HG for 48 h. Scale bar, 100
pm. H and I HR and NHEJ activity. After being treated with DNA repair reporter (DRR) assay, HUVECs were infected with Ads and then cultured in NG or HG for 48
h. J and K Western blotting analysis of ATM, MRN and PFKFB3. HUVECs were treated in the same conditions as (D) and (E). L Confocal analysis of YH2AX, ATM and
MRN foci. After being infected with sh-PFKFB3 or sh-ctrl for 48 h, HUVECs were subjected to H,O5 (300 uM for 30 min, 2 h recovery), or left untreated. Scale bar, 10
pm. Each experiment was repeated independently at least three times. All results are displayed as means + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001,

one-way ANOVA analysis.

trapping and increasing its transcriptional activity [25,46,47]. Geno-
toxic stress reduces the phosphorylation of FOXO1 by CDK2, which also
results in its nuclear localization [48-51]. FOXO1 can also be activated
by inflammatory factors TNF-a and induce cascading inflammatory re-
sponses [18,25,52] and persistent DNA damage itself can promote
inflammation as well as ROS [53]. Our study exposed ECs to oxidative
and genotoxic stress through both the high glucose and HyO, treatment.
We observed how FOXO1 overactivation under high glucose impeded
the necessary interaction of DNA repair and glycolysis, and more
importantly, we elucidated how preserved glycolysis-dependent DNA
repair under high glucose by FOXO1 knockdown operated timely to cope
with endothelial oxidative damage, which helps to comprehensively
discern the role of metabolic abnormality in the DNA repair disability in
diabetic ECs.

Although FOXO1 helps maintain the quiescent state of ECs in most
healthy tissues by reducing glycolysis [24], our data showed that
healthy ECs after HoO5 treatment have a metabolic divert to glycolysis to
support timely DNA repair responses, but ECs under hyperglycemia
failed to mobilize glycolysis due to the hyperactivation of FOXO1, with
concomitant impairment of DNA repair. We also determined abnormal
glycolysis as the primary culprit of impaired DNA repair, although
FOXO01 knockdown enhanced both glycolysis and oxidative phosphor-
ylation. Consistent with that, an aberrant relative metabolic shift from
glycolysis to oxidative phosphorylation under metabolic and oxidative
stress has also been identified in diabetic retinas [54-56] and
endothelial-specific FOXO1 depletion contributes to a prevention of
obesity-related disorders by increasing endothelial proliferative and
glycolytic capacities [57]. Intriguingly, the cardiomyocyte-specific
deletion of Foxol also rescues diabetic cardiac dysfunction via a shift
in the metabolic substrate usage to glucose [19] and FOXO1 inhibition
alleviates diabetes-related diastolic dysfunction by increasing myocar-
dial pyruvate dehydrogenase activity and glucose tolerance [20], indi-
cating a common role of inhibited glycolysis by FOXO1 for diabetic
cardiovascular complications.

PFKFB3 is a key regulatory enzyme of glycolysis by synthesizing and
degrading fructose-2,6-bisphosphate, an allosteric activator for the rate-
limiting enzyme PFK [31]. PFKFB3 regulates EC proliferation and vessel
sprouting by controlling the formation of filopodia/lamellipodia and
directional migration [31,32], which reveals the remarkable signifi-
cance of the link between metabolism and EC function. PFKFB3 has been
linked to the malignancy of tumor cells via enhancing glycolysis in the
cytoplasm [58,59] as well as via facilitating DNA repair with its nuclear
form [60,61]. Similar to the Warburg effect in tumor cells, healthy ECs
produce ATP mainly by aerobic glycolysis [31,32] while in senescent
ECs PFKFB3 is significantly downregulated, leading to a decline of
glycolysis and glucose tolerance [62]. Our results confirmed that
PFKFB3 knockdown aggravated cellular senescence, while PFKFB3
overexpression alleviated cellular senescence by increasing the defen-
sive capability from DNA damage in diabetic ECs. Cardiomyocytes under
high glucose have also been reported to have a lower level of PFKFB3,
which reduces glucose metabolism and results in susceptibility to hy-
perglycemia [63], indicating a common pathological model related to
the inhibition of PFKFB3 for diabetic cardiovascular complications.
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As previously reported [14,64,65], impaired DNA repair involving
the MRN-ATM pathway is a potential therapeutic target for diabetic
complications. Our results showed that PFKFB3 directly relocated to the
DSB foci in response to oxidative stress and is indispensable for the
activation of the MRN-ATM pathway. Moreover, ATM inhibitor blocked
the PFKFB3 recruitment to DNA damage sites, suggesting that PFKFB3
can also promote DNA repair downstream of ATM. Therefore, oxidative
stress-induced DSBs initiate cascade-amplified DNA repair responses
through a positive-feedback loop consisting of MRN, ATM, yH2AX, as
well as PFKFB3. Defects in any step would hamper the complex system
consisting of DNA damage response and DSBR signaling.

Our study focused on the relation of DNA repair with the general
level of glycolysis. But glycolysis is fluxed into four damaging pathways
with a variation in numerous metabolic components under hypergly-
cemia. The conversion of sorbitol in the polyol pathway to fructose and
the activation of PARP can drain intracellular NAD pool [66], impairing
DSBR activity and causing cellular senescence [67]. Our results showed
that both FOXO1 knockdown and PFKFB3 overexpression increased the
intracellular NAD pool, and a previous study has reported that a
small-molecule PFKFB3 inhibitor 3PO suppresses glucose uptake and
decreases the intracellular concentration of NAD + and NADH [68].
Therefore, future studies need to address whether these pathways impair
DNA repair or are mechanistically related to FOXO1 or PFKFB3. We
have discussed the role of preserved DNA repair in the onset of early DR.
A recent study also revealed that the elimination of the senescent subsets
of ECs yields physiological vascular repair in the mouse model of
oxygen-induced retinopathy [69]. Taking these into account, whether
the improvement of DNA repair and the alleviation of endothelial
senescence by the knockdown of FOXO1 or overexpression of PFKFB3
could be beneficial to retinopathy with pathological angiogenesis re-
mains to be studied.

Collectively, our study proposed that metabolic reprogramming
under hyperglycemia compromised genomic stability not only by
inducing oxidative stress but also by impairing glycolysis-dependent
DNA repair. In such a case, the inhibition of FOXO1 and supplement
of PFKFB3 could be novel protective approaches for diabetic vascular
complications due to their potential to promote oxidative DNA damage
repair in diabetic ECs. With our findings in mind, the interaction of
metabolic reprogramming and defective DNA repair should inspire the
future development of therapies against diabetic vascular
complications.

4. Methods
4.1. Adenoviruses

Adenoviruses (Ads) sh-Foxo1, sh-FOXO1, and sh-PFKFB3 expressing
short hairpin RNAs targeting mouse Foxol mRNA, human FOXOI
mRNA, or human PFKFB3 mRNA; ad-Pfkfb3 and ad-PFKFB3 over-
expressing mouse Pfkfb3 mRNA (GenBank NM_001177752) or human
PFKFB3 mRNA (GenBank NM_004566); and vehicle control sh-ctrl and
ad-ctrl were purchased from OBiO Technology (Shanghai, China). The
shRNAs were mixed before transfection. The knockdown target
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Fig. 7. PFKFB3 overexpression restored impaired DNA repair in response to oxidative stress under high glucose by interaction with the MRN-ATM pathway. A and B
Western blotting analysis of PFKFB3 and yYH2AX. HUVECs were treated with Ads for PFKFB3 overexpression (ad-PFKFB3) or vehicle control (ad-ctrl) and then
cultured in NG or HG for 48 h. C and D Western blotting analysis of ATM and MRN. After being infected with ad-PFKFB3 or ad-ctrl and then cultured in NG or HG for
48 h, HUVECs were subjected to H,O5 (300 pM for 30 min, 2 h recovery). E and F DNA damage levels assessed by comet assay. HUVECs were treated in the same
conditions as (C) and (D). The representative images (E, scale bar: 100 pm) and the scatter dot plot of the tail moment per cell (F) are shown. G and H Cellular
senescence detected by SA-p-Gal staining. After being treated with H,O5 (700 pM for 30 min), HUVECs were infected with Ads and then cultured in NG or HG for 48
h. Scale bar, 100 pm. I and J HR and NHEJ activity. After being treated with DNA repair reporter (DRR) assay, HUVECs were infected with Ads and then cultured in
NG or HG for 48 h. K HUVECs were treated with ad-PFKFB3 or ad-ctrl for 48 h as indicated, and then subjected to H,0, (300 uM for 30 min, 2 h recovery). Cell lysates
(left, INPUT) and immunoprecipitated PFKFB3 (right, IP: PFKFB3) was immunoblotted with ATM and MRN antibody. L Confocal analysis of yH2AX, ATM and MRN
foci. After being infected with ad-PFKFB3 or ad-ctrl and then cultured in HG for 48 h, HUVECs were subjected to H,O5 (300 pM for 30 min, 2 h recovery). Scale bar,
10 pm. Each experiment was repeated independently at least three times. All results are displayed as means + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <

0.0001, one-way ANOVA analysis.

sequences are shown in Supplementary Table 1.

4.2. DR mouse model and intravitreal injection

Wild-type (WT) C57BL/6 male mice were purchased from the
Shanghai Laboratory Animal Center, Chinese Academy of Sciences
(Shanghai, China). The type 1 diabetic mouse model was induced by
intraperitoneal injection of streptozotocin (STZ, Sigma Aldrich). Mice (8
weeks old, ~25 g body weight) were randomly assigned to the DR or WT

group. The DR group was fasted for 12 h before the first STZ injection
and then administered with STZ (55 mg/kg in 10 mM citrate buffer, pH
4.5) injection for 6 consecutive days. The WT group received sodium
citrate buffer as vehicle control. All mice had free access to food and
water in an air-conditioned room with a 12-h light-dark cycle. The mice
with random blood glucose levels over 300 mg/dL were determined as
diabetic mice, and then randomly assigned to different experimental
groups, n = 6-12 for each group.

Two months after diabetic induction, the mice received two
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Fig. 8. Pfkfb3 overexpression attenuates oxidative stress damage in diabetic mouse retina. A Western blot analysis of PFKFB3 in the whole retina extracts.
Nondiabetic C57BL/6 mice (WT) and diabetic mice (DR) received the intravitreal injection of sh-Foxol, or sh-ctrl as indicated. n = 10. B Human specimens include
macular epiretinal membranes from patients without DR (non-DR, n = 6 eyes) and retinal fibrovascular membranes from patients with DR (DR, n = 9 eyes). gPCR
was conducted to detect the expression of PFKFB3. C Immunofluorescence staining of PFKFB3 in macular epiretinal membranes from non-DR patients (n = 5 eyes)
and retinal fibrovascular membranes (n = 6 eyes) from DR patients. Scale bar, 100 pm. D Western blot analysis of PFKFB3 and YH2AX. Nondiabetic C57BL/6 mice
(WT) and diabetic mice (DR) received the intravitreal injection of Ads for Pfkfb3 overexpression (ad-Pfkfb3), or vehicle controls (ad-ctrl) as indicated. n = 10. E
Immunofluorescence staining of yH2AX. White arrows indicate YH2AX foci. n = 12. Scale bar, 50 pm. F and G Retinal vascular leakage assessed by EB dye. The
confocal analysis of whole-mounted retinas (F, scale bar: 500 pm) and statistical results of spectrophotometrically measured EB extravasation (G) are shown. n = 12.
H and I The number of acellular capillaries detected by retinal trypsin digestion. Scale bar, 20 pm. Black arrows indicate acellular capillaries. n = 10. All results are
displayed as means + SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, for B, unpaired two-tailed Student’s t-test, for G and I, one-way ANOVA analysis.

intravitreal injections of Ads at one and a half months’ intervals. The
mice were anesthetized with a 10:50 mix of ketamine (100 mg/mL) and
xylazine (20 mg/mL) through intraperitoneal injection, following pupil
dilation with 0.5% tropicamide phenylephrine drops and local anes-
thesia with 0.4% Benoxinate HCI drops (Santen Pharmaceuticals, Osaka,
Japan). A 33-gauge disposable needle was passed through the sclera at
the equator and posterior to the limbus into the vitreous cavity. A total
of 1 pL Ads or vehicle controls were injected into the vitreous cavity with

direct observation of the needle above the optic nerve head. The Ads
were used in 1 x 10! pfu/mL titers. The mice were euthanized by CO,
inhalation, and their eyeballs were harvested ~5 months after diabetic
induction.

4.3. Human archived pathological membrane tissues

Retinal fibrovascular membrane tissues harvested from patients with
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DR and macular epiretinal membrane tissues harvested from patients
without DR (non-DR) were used for blinded PFKFB3 quantification
through quantitative real-time PCR and immunofluorescence staining.
The evaluation of DR was according to the International Clinical Dia-
betic Retinopathy Severity Scale adopted by the American Academy of
Ophthalmology (AAO) and the International Council of Ophthalmology
(ICO). The clinical information of the patients is included in Supple-
mental Table 2.

4.4. Cell culture

Human umbilical vein endothelial cells (HUVECsS, at passage five or
six) were purchased from ScienCell (California, USA) and cultured in an
endothelial cell medium (ScienCell) supplemented with 5% fetal bovine
serum, 1% ECGS, 100 U/mL penicillin, and 100 pg/mL streptomycin at
5.5 mmol/L p-glucose concentration for normal glucose and 30 mmol/L
for high glucose. They were incubated at 37 °C in a humidified incubator
containing 5% CO2 with 95% relative humidity.

For Ad infection, the HUVECs were infected with sh-FOXO1 or sh-
PFKFB3 at a multiplicity of infection (moi) of 100, ad-PFKFB3 at 25 moi,
or corresponding vehicle control at approximately 70% confluence and
then cultured in normal or high glucose for 48 h. The small-molecule
inhibitors and chemicals are used individually or in combination with
adenoviruses during the culture for 48 h. For Hy0, treatment, HUVECs
were incubated in 300 pM H305 for 30 min after the culture for 48 h to
induce oxidative stress injury, except for the establishment of senescent
phenotype described separately below. The small-molecule inhibitors
and chemicals are shown in Supplemental Table 3.

4.5. Immunofluorescence staining

Eyeballs from mice or human tissues were fixed with 4% para-
formaldehyde (PFA, Sangon Biotech, Shanghai, China) overnight at
4 °C. For the paraffin section, tissues were paraffin-embedded and
sectioned at 5 pm thickness. The fixed eyeballs were sectioned through
the optic disk. Before staining, the paraffin sections were dewaxed with
xylene and rehydrated by sequential dipping into different concentra-
tions of ethanol and water. Antigens were retrieved in a boiled target
retrieval solution (Beyotime) for 15 min. For whole retina mounting,
fixed mice retinas were isolated under an operating microscope and then
permeabilized in PBS containing 1% Triton X-100 (Sigma Aldrich) at
25 °C for 30 min.

After three washes with PBS, the paraffin sections or whole retina
mountings were blocked in a blocking buffer (PBS containing 5% BSA
and 0.5% Triton X-100) for 30 min at 37 °C and incubated with primary
antibody diluted in the blocking buffer at 4 °C overnight. Then, they
were subjected to a secondary antibody diluted in the blocking buffer for
1 h at 25 °C. After each incubation, three washes with PBS were per-
formed. For TUNEL staining, an In Situ Cell Death Detection Kit (Roche,
Indianapolis, IN, USA) was used according to the manufacturer’s in-
structions. Cell nuclei were stained with 4',6-diamidino-2-phenylindole
(DAPI). Images were taken with a confocal microscope ( x 200 or x 400
magnification, Leica Microsystems, Wetzlar, Germany).

4.6. Evans blue assay

Retinal capillary permeability was determined through Evans blue
(EB) staining. EB dye (Sigma Aldrich) was dissolved in PBS at a con-
centration of 25 mg/mL, sonicated for 5 min, and then filtered (pore
size, 0.22 pm). The EB dye was injected through the tail vein at a dosage
of 50 mg/kg over 10 s for 1 h circulation. For immunofluorescence
observation, the eyes were collected and fixed in 4% PFA for 2 h at 25 °C.
The retinas were then mounted on glass slides after being dissected and
cut radically, and Z-stack images were captured with a confocal mi-
croscope ( x 100 magnification). For quantitative assessment, the chest
cavity was opened, and 0.2 ml of blood samples were collected. The eyes

14

Redox Biology 59 (2023) 102589

were enucleated after perfusion with citrate buffer (0.05 M, pH 3.5), and
the retinas were dissected from the eyeballs and dried for 5 h. After the
measurement of retinal dry weight, the EB dye was extracted with
formamide (0.2 mL per retina, Sigma Aldrich) at 78 °C overnight and
then centrifuged at 12,000 g at 4 °C for 15 min. The blood samples were
centrifuged at 12,000 g at 4 °C for 15 min. The supernatants were
spectrophotometrically detected for EB dye measurement by absorbance
at 620 and 740 nm (background subtracted). The concentration of EB
dye was calculated from a standard curve of EB dye in formamide.
Retinal vascular leakage was calculated using the following equation:
retinal EB dye (pg)/retinal dry weight (mg)/plasma EB concentration
(pg/pL)/circulation time (h). Results were expressed in pL plasma x mg
retinal wt ™! h™L,

4.7. Retinal trypsin digestion assay

The number of acellular capillaries was assessed through a retinal
trypsin digestion assay. The eyes were enucleated from the mice and
fixed in 4% PFA for 24 h at 4 °C. The retinas were dissected and washed
with water for 10 min, then incubated in 0.25% trypsin (Servicebio,
Wuhan, China) for 12 h at 37 °C. When the tissue became loose, the
vasculatures were isolated through gentle percussion and shaking. The
retinal vasculatures were then mounted on glass slides and stained with
periodic acid-Schiff and hematoxylin (Beyotime). The number of acel-
lular capillaries was counted in 30 random fields per retina and aver-
aged per 10 fields under a light microscope ( x 630 magnification).

4.8. Western blot analysis

Cultured HUVECs or mouse retinal samples were lysed in RIPA lysis
buffer (Cell signaling) containing 1 mM PMSF (Beyotime) and 1 x
protease/phosphatase inhibitor cocktail (Roche). For the nuclear pro-
tein extraction, cells were lysed with the Nuclear and Cytoplasmic
Protein Extraction Kit (Beyotime), as instructed in the manual. Protein
concentrations were measured using a BCA protein assay reagent
(Beyotime). Samples were loaded onto a 4-20% SDS-PAGE gel (30 pg/
sample) at 180 V. For immunodetection, the gels were transferred onto
Immuno-blot polyvinylidene fluoride membranes (Roche, pore size
0.22 pm) in the Trans-Blot Turbo Transfer System (Bio-Rad) and sub-
sequently blocked in TBS-T (TBS + 0.1% Tween-20) with 5% nonfat
milk powder at 37 °C for 3 h. Next, the membranes were immunoblotted
with primary antibody diluted in a primary antibody dilution buffer
(Beyotime) at 4 °C overnight. After three washes in TBS-T, the mem-
brane was incubated for 1 h at 25 °C with peroxidase-conjugated sec-
ondary antibodies diluted in TBS-T with 1% nonfat milk powder.
Antibody detection was performed with an enhanced chem-
iluminescence substrate (Millipore, Billerica, MA, USA). The antibodies
used are shown in Supplemental Table 4.

4.9. Immunofluorescence microscopy

HUVECs were grown on eight-well slides (Millipore) and fixed with
4% PFA and 2% sucrose (Sigma Aldrich) for 10 min at 25 °C. They were
then permeabilized with 0.5% Triton X-100 for 10 min at 25 °C, fol-
lowed by a 30-min incubation in blocking buffer (Beyotime). The slides
were subsequently incubated in primary antibody at 4 °C overnight and
in secondary antibody for 1 h at 25 °C. The DNA was stained with DAPI
at 25 °C for 10 min. The coverslips were mounted with antifade
mounting medium (Beyotime). Images were acquired through confocal
microscopy using a 20 x or 63 x oil immersion lens and processed in
ImageJ or CellProfiler. The antibodies used are shown in Supplemental
Table 4.

4.10. Nuclear fraction

To visualize stable PFKFB3, yH2AX, ATM, MRE11, RAD50, and NBS1
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foci at the DNA damage sites induced by HyO, treatment, the HUVECs
grown on the slides were treated with nuclear fraction procedures to
remove soluble cytoplasmic proteins and loosely held nuclear proteins,
as previously described [60,70]. The HUVECs were first washed with
PBS and then incubated for 3 min on ice in a cytoskeleton (CSK) buffer
(pH 7.0) containing 10 mM PIPES (Sigma Aldrich), 100 mM NacCl (Sigma
Aldrich), 300 mM sucrose, 3 mM MgCl, (Beyotime), 1 mM EGTA
(Beyotime), and 0.7% Triton X-100. After the removal of the cytoplasm,
the slides were washed three times with PBS and treated with the pro-
cedures of immunofluorescence microscopy.

4.11. Coimmunoprecipitation

Coimmunoprecipitation was performed using a Pierce Coimmuno-
precipitation Kit (Invitrogen) as instructed in the manual. The HUVECs
were infected with ad-PFKFB3 or control vehicle for 48 h and then lysed
in lysis buffer added with 1X protease/phosphatase inhibitor cocktail
and 1 mM PMSF. The anti-PFKFB3 antibody (Proteintech, Rosemont,
USA) was immobilized with AminoLink Plus coupling resin for 2 h at
room temperature. The cell lysates were incubated with anti-PFKFB3-
conjugated agarose resin at 4 °C overnight. After elution, the coimmu-
noprecipitation samples were analyzed by Western blot.

4.12. Quantitative real-time PCR

RNA was extracted using TRIzol (Invitrogen), after which DNase
treatment (Takara, Kyoto, Japan) was performed. Reverse transcription
was carried out with a cDNA Synthesis Kit (Takara). Quantitative Real-
Time PCR (qPCR) was performed using TB Green Premix Ex Taq™
(Takara) by ViiA 7 (Applied Biosystems, DE, USA). Relative mRNA levels
were quantified by normalizing with f-actin detected using commer-
cially available predesigned primers (Sangon Biotech). The primer se-
quences of PFKFB3 are as follows: forward, 5'-
GATGCCCTTCAGGAAAGCCT -3'; reverse, 5- TCCCCGACGTTGAA-
CACTTT -3'.

4.13. DNA repair reporter assay

DNA repair reporter (DRR) assay for the activity of homologous
recombination repair (HR) and non-homologous end joining (NHEJ)
was performed as previously described [71,72]. The HUVECs seeded on
six-well plates were transfected with 1.6 pg pLCN-DSB Repair Reporter,
1.6 pg pCAGGS DSB Repair Reporter mCherry Donor EF1 BFP plasmid,
and 1.6 pg pCBAscel plasmid with Lipofectamine 2000. pCBAscel
plasmid alone was used as a negative control. GFP and mCherry signal
analysis was conducted using flow cytometry on a FACS scan flow
cytometry machine (Beckman, CA, USA) 48 h after transfection. The
following plasmids were used: pLCN-DSB Repair Reporter (Addgene,
Cat. No. 98895), pCAGGS DSB Repair Reporter mCherry Donor EFla
BFP (Addgene, Cat. No. 98896), and pCBAScel (Addgene, Cat. No.
26477).

4.14. Alkaline comet assay

DNA damage levels were evaluated using the alkaline comet assay
(Trevigen, MD, USA). The HUVECs seeded on six-well plates were
treated with 300 pM H,0; for 30 min, washed in PBS, and left to recover
in fresh media for 2 h. The comet assay was conducted according to the
manufacturer’s instructions. Briefly, the HUVEC suspension (1 x 10°
cells/mL) in ice-cold PBS was harvested after digesting with trypsin and
washed once in PBS. Up to 50 pl of this cell suspension was used for
mixing with 450 pL pre-warmed low-melting-point agarose. Then, 50 pl
of these mixtures were placed on each well of comet slides. After gel
solidification, the slides were immersed in a lysis solution at 4 °C
overnight. Afterward, the slides were incubated in an alkaline solution
(1 mM EDTA, 200 mM NaOH, pH > 13) for 40 min in the dark for DNA
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unwinding. The slides were then placed in a horizontal electrophoresis
chamber filled with an alkaline solution for electrophoresis (21 V, 30
min). For gel dehydration, the slides were placed in 70% ethanol for 5
min. After air drying, all samples were stained with SYBR Gold (Invi-
trogen). Five fields of view per slide were taken using a confocal mi-
croscope ( x 100 magnification). The tail moment was calculated using
specialized CometAssay Analysis Software (Trevigen).

4.15. SA-p-Gal staining

For senescence induction, the HUVECs were incubated in 700 pM
H0; at 37 °C for 30 min HyO5 treatment was terminated by a gentle
washing process with PBS. The cells were then infected with Ads and
cultured for 48 h with different treatments that will be described later in
individual figure legends. Intracellular senescence-associated-f-galac-
tosidase (SA-B-Gal) activity was assayed using an SA-B-Gal Staining Kit
(Beyotime) according to the manufacturer’s instructions. Senescent cells
were identified as bluish-green-stained cells under a phase-contrast
microscope. The percentage of SA-B-Gal-positive cells was determined
by the mean of five random fields ( x 100 magnification).

4.16. Intracellular ROS measurement

The intracellular ROS levels were determined using a ROS Assay Kit
(Beyotime) following the protocols. Briefly, the HUVECs were treated
under different conditions and incubated with 2',7’-Dichlorodihydro-
fluorescein diacetate (DCFH-DA, with excitation and emission spectrum
peak wavelengths of 488 nm/525 nm) for 30 min at 37 °C. Then, the
cells were harvested and analyzed on a FACS scan flow cytometry ma-
chine (Beckman).

4.17. Cell bioenergy tests

ATP production rate, extracellular acidification rate (ECAR), and
oxygen consumption rate (OCR) were measured with a Real-Time ATP
Rate Kit, Mito Stress Test Kit, and Glycolysis Rate Kit, respectively, using
a Seahorse XFe24 Analyzer (Agilent Technologies, CA, USA). The
HUVECs were seeded on XFe24-well microplates (20,000 cells/well),
and the Seahorse 1640 media were supplemented with 2 mM 1-gluta-
mine, 10 mM glucose, and 1 mM sodium pyruvate. The sensor cartridge
was incubated with 1 mL XF Calibrant (pH 7.4) per well at 37 °C without
CO overnight. OCR and ECAR were detected by sequential injections of
compounds at the specified time points according to the instructions of
the manufacturer. Data were normalized by cell numbers measured by
the YOPRO®-1 Assay (Thermo Fisher Scientific) and analyzed using
Wave software (Agilent Technologies).

4.18. Intracellular metabolite measurement

ATP measurements were performed using an ATP Determination Kit
(Invitrogen). The HUVECs were lysed on ice using a lysis buffer con-
taining 20 mM Tris, 100 mM NaCl, 1 mM EDTA, and 0.5% Triton X-100
supplemented with 1 x protease/phosphatase inhibitor cocktail and 1
mM PMSF. Reagents were added according to the instructions of the
manufacturer, and the luminescence was determined using a
luminometer.

For colorimetric measurements of lactic acid and pyruvate, the
HUVECs were lysed by ultrasonic decomposition on ice. Reagents were
added following the manufacturer’s instructions for the Lactic Acid
Assay Kit and Pyruvate Assay Kit (Nanjing Jiancheng Bioengineer
Institute, Nanjing, China). Then, 530 nm absorbance for lactic acid
production and 505 nm absorbance for pyruvate production were
measured at 25 °C.

The NAD pool was detected using an NAD+/NADH Quantification
Kit through the colorimetric method (Abcam, Cambridge, UK) according
to the manufacturer’s instructions. Colorimetric measurements were
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made at 450 nm absorbance at 25 °C. The NAD pool concentrations were
determined from a standard calibration curve. The value was normal-
ized by protein concentrations.

4.19. Statistical analysis

All data originated from at least three independent experiments and
were presented as mean + standard deviation (SD). Differences among
experimental groups were analyzed by two-tailed Student’s t-test or one-
way ANOVA (followed by Turkey’s or Sidak’s test) using GraphPad
Prism 9.0. Significance was set at P < 0.05.

4.20. Study approval

Animals were treated in accordance with the ARRIVE guidelines and
the National Research Council’s Guide for the Care and Use of Labora-
tory Animals and approved by the Ethics committee of Shanghai General
Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai,
China (reference number: 2019-A049-01).

Human samples were collected with informed consent following the
guidelines of the Helsinki Declaration. This study was approved by the
Ethics committee of Shanghai General Hospital, Shanghai Jiao Tong
University School of Medicine, Shanghai, China (reference number:
2020SQ100).
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