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ARTICLE INFO ABSTRACT

Keywords: Protein S-nitrosylation is a reversible protein modification implicated in both physiological and pathophysio-
Diabetes mellitus logical regulation of protein function. However, the relationship between dysregulated S-nitrosylation homeo-
bFG_F ati stasis and diabetic vascular complications remains incompletely understood. Here, we demonstrate that basic
S-nitrosy ation fibroblast growth factor (bFGF) is a key regulatory link between S-nitrosylation homeostasis and inflammation,
Inflammation . . . . . . . s i1 .

NFB and alleviated endothelial dysfunction and angiogenic defects in diabetes. Subjecting human umbilical vein
Angiogenesis endothelial cells (HUVECs) to hyperglycemia and hyperlipidemia significantly decreased endogenous S-nitro-

sylated proteins, including S-nitrosylation of inhibitor kappa B kinase p (IKKB!”°) and transcription factor p65
(p65C38), which was alleviated by bFGF co-treatment. Pretreatment with carboxy-PTIO (c-PTIO), a nitric oxide
scavenger, abolished bFGF-mediated S-nitrosylation increase and endothelial protection. Meanwhile,
nitrosylation-resistant IKKp<'7?S and p65°>®5 mutants exacerbated endothelial dysfunction in db/db mice, and in
cultured HUVECs subjected to hyperglycemia and hyperlipidemia. Mechanistically, bFGF-mediated increase of S-
nitrosylated IKKp and p65 was attributed to synergistic effects of increased endothelial nitric oxide synthase
(eNOS) and thioredoxin (Trx) activity. Taken together, the endothelial protective effect of bFGF under hyper-
glycemia and hyperlipidemia can be partially attributed to its role in suppressing inflammation via the S-
nitrosylation pathway.

1. Introduction

Metabolic syndrome and type 2 diabetes mellitus (T2DM) are asso-
ciated with insulin resistance, hyperglycemia, and hyperlipidemia,
which contribute to the chronic inflammation implicated in diabetic
vascular complications [1]. Diabetic vascular complications are major
causes of shortened life expectancy and high mortality among persons
with diabetes [2].

Protein S-nitrosylation is a highly-conserved, nitric oxide (NO)-
dependent post-translational cysteine modification, which regulates
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protein structure and function in bacteria, plants, and mammals [3,4].
More than 3000 S-nitrosocysteine sites have been identified by
high-throughput proteomic analyses of in vitro and in vivo S-nitrosylated
proteins (PSNOs) [5]. In individual cells, the steady-state concentration
of PSNOs reflects the equilibrium between protein and
low-molecular-weight SNOs, which are regulated by rates of S-nitro-
sylation and denitrosylation. S-nitrosylation is a function of NO syn-
thesis, and is catalyzed by nitric oxide synthases (NOSs) and nitrosylase
enzymes, which directly introduce NO into proteins [6]. Denitrosylation
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S-nitrosoglutathione reductase (GSNOR) [7] and Trx [8,9].

Accumulating evidence suggest that physiological S-nitrosylation
contributes to cellular homeostasis, while dysregulation of S-nitro-
sylation can result in severe pathological consequences [10]. For
example, S-nitrosylation of mitochondrial Complex I positively regulates
mitochondrial function at the reperfusion phase of myocardial infarction
[11]. S-nitrosylation of inositol-requiring enzyme 1 (IRE1) contributes
to impaired ER homeostasis in mouse models of obesity [12]. Similarly,
S-nitrosylation of endothelial cell proteins also occurs under various
physiological and pathophysiological conditions, and plays an impor-
tant role in regulation of endothelial function [13]. For example, the
pro-inflammatory cytokine tumor necrosis factor-alpha (TNF-a) and
oxidized LDL (oxLDL) both decrease endothelial protein S-nitrosylation
[14]. Also, high glucose-induced superoxide production in endothelial
cells induces degradation of protein S-nitrosothiols in a dose- and
time-dependent manner [16]. Contrastingly, exposure to shear stress
globally increases endothelial cell protein S-nitrosylation [15].

Basic fibroblast growth factor (bFGF), a single-chain polypeptide
comprised of 146 amino acids, have been investigated in the fields of
wound healing [17], bone regeneration [18], acute ischemia [19], and
myocardial infarction [20], both experimentally and clinically. How-
ever, the effects of bFGF on endothelial S-nitrosylation homeostasis in
diabetes have not yet been evaluated. In the present study, we sought to
examine the link between dysregulation of S-nitrosylation and endo-
thelial dysfunction in T2DM to determine whether bFGF could alleviate
endothelial dysfunction in this context by mediating cellular S-nitro-
sylation homeostasis and, if so, to delineate the responsible mechanisms
of action.

2. Materials and Methods
2.1. Animal procedures

Diabetic db/db mice and their control littermates, db/m, were ob-
tained from Jackson Laboratories (Strain: BKS. Cg-Dock 7™ +/+ Lepr®®/
J). The mice were housed in an environmentally controlled room for 4-6
days to adapt to the environment before experimentation. After with-
holding food for 12 h, blood samples were obtained from the tail veins.
ALZET® Osmotic Pumps (Model 2004) containing PBS (Gibco BRL,
10010), bFGF (30 pg/kg/day, Thermo Fisher Scientific, CTP0263) or
GSNO (10 mg/kg/day, Sigma-Aldrich, N4148) [7] were implanted
intraperitoneally and were calibrated to release the drug for 28 days.
After a 4-week course of treatment, aortic ring assays were performed.
Blood glucose level at different time points were measured by glucose
analyzer (Lifescan Surestep).

Male C57BL/6 mice (6-8 weeks, 18-23g), were purchased from the
Model Animal Research Center of Nanjing University (Nanjing, China).
All animal were kept in a standard laboratory condition of temperature
21 £ 2 °C, relative humidity 50 + 15%, 12 h light-darkness cycles, with
water and food available ad libitum. All animal experiments and
methods performed in this study followed ethical guidelines for animal
studies and were approved by the Institutional Animal Care and Use
Committee of Wenzhou Medical University, China.

2.2. Cell culture and treatments

HUVECs were purchased from Lonza and cultured in endothelial cell
growth medium-2 (EGM-2; BulletKit, Lonza, CC-3156 and CC-4176)
until the start of the experiment. Subconfluent cells (5-7 passages)
were used in the experiments. Before starting the experimental pro-
cedures, the medium was removed and replaced with phenol red-free
low-glucose D-MEM (Gibco BRL, 11054020) supplemented with 1%
calf serum (Gibco BRL, 16010159) for 12 h, then HUVECs were placed in
EGM-2 consisting of either NG (5.5 mM) or HG + PA (33 mM HG +10
nM PA) in the presence or absence of bFGF (20 ng/mL, Thermo Fisher
Scientific, PHG0369) [21] for 72 h; MAN (33 mM: 5.5 mM of glucose +
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27.5 mM of D-mannitol) was used as the osmotic control for HG. Media
were changed every 24 h.

When analyzing the alteration of eNOS and iNOS, HUVECs were
cultured in HG medium for 2 days, 3 days, 4 days and 5 days, respec-
tively. For signaling pathway analysis, each pathway antagonist: com-
pound C [22] (10 pM; Selleck Chemicals, S7306), LY294002 [23] (20
pM; Sigma-Aldrich, L9908), carboxy-PTIO [24] (100 pM; Sigma-Aldrich,
217386) or BJG398 [25] (10 nM; Selleck Chemicals, S2183) were given
as pretreatment for 2 h every day before bFGF administration. In some
experiments, HUVECs were exposed to HG + PA in combination with the
NO donor GSNO [26] (100 pM) for 72 h.

2.3. Immunoblotting analysis

Proteins were extracted from cells and subjected to SDS—polyacry-
lamide gel electrophoresis, as previously described [27]. Primary anti-
bodies included: p-eNOS®!177 (CST, 9571), eNOS (CST, 32027), iNOS
(Abcam, ab3523), p-AKTS*73 (CST, 4060), AKT (CST, 4691), p-GSK3p%°
(CST, 9323), GSK3p (CST, 9315), p-AMPKa'17? (CST, 2535), AMPK
(CST, 2603), p65 (CST, 8242), IKKp (Abcam, ab178870), Biotin (Abcam,
ab1227), Trx (CST, 2429), TrxR (CST, 6925), Txnip (CST, 14715),
GSNOR (Abcam, ab177932). The expression of p-Actin (Abcam, ab8226)
was used as a loading control.

2.4. RNA isolation and quantitative real-time-PCR (qRT-PCR)

Total RNA was extracted from HUVECs by using TRIzol Reagent
(Invitrogen, 15596018) according to the manufacturer’s instructions.
Next, total RNA (2 pg) was reverse transcribed into cDNA by using
GoScript Reverse Transcription Kit (Promega, A5001). Quantitative RT-
PCR analysis was performed using PowerUp SYBR Green Master Mix
(Thermo Fisher Scientific, A25918). Data were analyzed and normalized
with f-Actin. Gene-specific primer sequences used for qRT-PCR are listed
in Supplementary Information Table S3.

2.5. Construction of adenovirus

Recombinant adenovirus vectors were constructed, propagated and
tittered as previously described [28]. We made replication-defective
human adenovirus type 5 (devoid of E1) harboring human p65""
(Ad-Cdh5-p65"'"), p65°38  (Ad-Cdh5-p65°35%%); IKKPWT (Ad-Cd-
h5-IKKB™T), IKKBCY7%S (Ad-Cdh5-IKKBC7?%) and human Txnip (Ad-Tx-
nip). The Cdh5 promoter ensures restriction of transgene expression in
endothelium which was originally described [29], and an
in-house-generated Ad-LacZ was used as a control. For
adenovirus-mediated gene transfer, these constructed adenovirus vec-
tors were transfected into HUVECs at a MOI of 100 x PFU/cell for 24 h.

2.6. Construction of shRNA adenoviral expression vectors

The pSilencer 2.1-U6 expression vector was purchased from Ambion
(Ambion, AM5762). The RNU6-1 RNA polymerase III promoter and the
polylinker region were subcloned into the adenoviral shuttle vector
pDC311 (Microbix, PD-01-25). The human eNOS-shRNA targeting
sequence was 5-GTGGCCAACGCCGTGAAGATC-3'. The human iNOS-
shRNA targeting sequence was 5-GGTAACAAAGGAGATAGAAAC-3'.
The human Trx-shRNA targeting sequence was 5-GCAGGTGA-
TAAACTTGTAGTA-3'. For Scrambled shRNA, an in-house-generated
shRNA adenovirus that encodes a scrambled sequence was used as
control. For adenovirus-mediated gene knockdown, these constructed
adenovirus vectors were transfected into HUVECs at a MOI of 20 x PFU/
cell for 24 h.

2.7. Lentiviral vector construction, virus production and titration

To construct a lentiviral vector overexpressing the human p65" "
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(LV-EGFP-Neo-p65""-3Flag), p65°3%%  (LV-EGFP-Neo-p65°3%5-3Flag);
IKKYT  (LV-EGFP-Puro-IKKA"'-3Flag), IKKpC7*®  (LV-EGFP-Puro-

IKKBC17%53Flag), the PCR product was digested with Xbal and Xho I, and
then ligated into the lentiviral backbone plasmid pLenti-EF1a-EGFP-P2A-
Neo-CMV-3Flag and pLenti-EF1a-EGFP-P2A-Puro-CMV-3Flag respectively
by T4 DNA ligase (TaKaRa, 2011B). An in-house-generated LV-LacZ was
used as a control. For lentivirus-mediated gene transfer, these con-
structed lentiviral vectors were transfected into HUVECs at a MOI of
100 x PFU/cell for 48 h. After 48 h, a stable p65WT, p65C385, IKKBWT,
IKKBC!7%S overexpression cells was established and selected with puro-
mycin (BD Biosciences, B7587) and G418 (Selleck Chemicals, S3028),
respectively.

2.8. Measurement of trx activity

Trx activity was measured using the insulin disulfide reduction assay
as described elsewhere [30]. Briefly, Total cellular protein was extracted
with lysis buffer. Cellular protein (40 pg) extracts were incubated with
activation buffer at 37 °C for 15 min before they were incubated with
Trx reductase (Sigma-Aldrich, T7915) in the reaction buffer at 37 °C for
30 min. Distilled water was loaded as a control. Finally, the reaction was
terminated by stopping buffer. The absorbance was assessed using a
multifunctional microplate reader (SpectraMax M5; Molecular Devices)
at a wavelength of 412 nm. Trx activity was expressed as nicotinamide
adenine dinucleotide phosphate oxidized per minute per milligram of
protein (UM/min/mg).

2.9. Measurement of GSNOR enzymatic activity

HUVECs were prepared on ice in a solution. The GSNOR activity was
measured by GSNO-dependent NADH (reduced form of NAD"') con-
sumption [31]. Briefly, cell lysate (0.3 mg/mL) was incubated with 75
pM NADH in reaction buffer containing 0 or 100 pM GSNO at room
temperature, and NADH fluorescence (absorption at 340 nm and emis-
sion at 455 nm) was measured over time to determine the initial rate of
GSNO-dependent NADH consumption.

2.10. Biotin-switch assay

S-nitrosylated proteins were detected by using the biotin-switch
assay [32] with some modifications. In brief, lysates (50 mL) were
incubated in HENS buffer and 20 mM methyl methanethiosulfonate
(MMTS) at 50 °C for 20 min. Proteins were precipitated with cold
acetone, washed twice, resuspended in HENS, and mixed with 0.2 mM
biotin-HPDP (BD Biosciences, A8008) and 2.5 mM ascorbate at ambient
temperature for 1 h. Finally, biotinylated proteins were purified by using
streptavidin-agarose beads (Sigma-Aldrich, GE90100484), separated by
SDS-PAGE, and detected by immunoblotting.

2.11. Fluorescent detection of S-Nitrosylation and immunofluorescence

Biotin-switch assay was performed on fixed and permeabilized
HUVEGCs by first blocking free thiols using HENS buffer containing 20
mM MMTS at 50 °C for 20 min. Nitrosothiols were labeled in HENS
buffer (1% SDS), 0.4 mM biotin-HPDP and 1 mM ascorbic acid at
ambient temperature for 1 h. Biotinylated proteins were visualized by
using avidin conjugated with Alexa 568 (Thermo Fisher Scientific,
S$11226). Finally, cells were analyzed using a confocal laser scanning
microscope (Leica TCS SP8, Wetzlar, Germany).

2.12. Electrophoretic mobility shift assay

DNA binding of NFkB was measured by performing electrophoretic
mobility shift assay (EMSA) as previously described [33]. Binding re-
actions were resolved on a 4% nondenaturing polyacrylamide gel at 22
mA for 30 min at 4 °C in 0.5 x TBE. Samples were then
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electrotransferred onto positively charged nylon membrane and sub-
jected to antibody reaction. Finally, chemiluminescent detection
following ChemiDoc MP device (Bio-Rad, Hercules, CA, USA) and
densitometry was conducted with ImageQuant 5.2 software (Molecular
Dynamics, Sunnyvale, CA).

2.13. Luciferase assay

For luciferase reporter assays, firefly luciferase constructs driven by
NFxB binding sequences and Renilla luciferase pRL-TK (Int-) plasmid
were used (Promega, E2271). Lysates were analyzed with the Dual-
Luciferase Reporter Assay System (Promega, E1910). Firefly luciferase
and Renilla luciferase were detected on a Veritas Microplate Lumin-
ometer (Promega, Madison, WI, USA).

2.14. In vitro angiogenesis (tube formation) assay

The in vitro angiogenic activity of HUVECs was determined by
Matrigel tube formation assay. Capillary-like tube formation was
observed with a computer-assisted microscope (EVOS, Thermo Fisher
Scientific, MA, United States). The tube length in duplicate wells was
counted and averaged using ImageJ software (National Institutes of
Health, Bethesda, Maryland, USA).

2.15. Aortic ring assay

To establish a direct action of bFGF on vascular, thoracic aortae from
db/db and db/m mice after four-week treatment or C57BL/6 mice were
surgically isolated, cleaned and dissected into 0.5 mm rings, then rings
were embedded in fibrin [34,35].

For lentivirus-mediated gene transfer, these constructed lentiviral
vector were transfected aortic rings from db/db and db/m mice
respectively at 30-50 rings per well of a 24-well plate by adding 0.5 mL
of Opti-MEM (Gibco BRL, 51985-026) and 1 x 108 vector genome
copies to each well for 48 h as described previously [14]. Before the
regression phase, rings were fixed for immunofluorescence staining of
CD31 (Abcam, ab24590). Pictures were taken on day 12, and the total
number of branches was counted using ImageJ (National Institutes of
Health, Bethesda, Maryland, USA).

2.16. Wound healing scratch assay

Cell migration was determined using the wound healing scratch
assay as previously described [36]. Cells were seeded on 6-well plates
and grown overnight, until forming a confluent monolayer and a scratch
was made using a 200 pL pipette tip. Images of the wounded cell
monolayers were taken using a microscope (EVOS, Thermo Fisher Sci-
entific, MA, United States) at 0 and 36 h after wounding and controlled
by ImageJ software (National Institutes of Health, Bethesda, Maryland,
USA). All experiments were performed in the presence of Mitomycin-C
(10 pM, Selleck Chemicals, S8146) [37] to inhibit cell proliferation.

2.17. Wound-healing assay

General anesthesia was performed with 2% inhaled isoflurane and
then injected subcutaneously with the analgesic. Two full-thickness
wounds were created on the shaved dorsal skin of each of the 8-week-
old db/db mice and db/m mice using 8 mm skin biopsy punches, then
each wound covered hydrogel scaffolds respectively including PBS,
bFGF (30 ng/mL) and GSNO (150 pM) with a diameter of 10 mm, and
bandaged with sterile cotton-cloth. In addition, to evaluate rescue ef-
fects, adenoviruses expressing endothelium-specific p65"" (Ad-Cdh5-
p65"7"),  p65°8  (Ad-Cdh5-p65°35%); IKKBYT (Ad-Cdh5-IKKWT),
IKK[}C”% (Ad-th5—IKK/)’C1 79 S) and Ad-LacZ (control) were injected
intradermally into the wound edges in the db/db mice and db/m mice
the day after wounding, and the wound closure rate was measured [38].



G. Chen et al.

The wound areas remaining open were calculated as follows: wound
areas remaining open (%) = (open area on the indicated day/original
wound area) x 100%. Paraffin-embedded tissue sections (5 pm in
thickness) were deparaffinized and rehydrated, followed by H&E
staining. Reepithelization ratios (leading edge ratios) were measured
and calculated by [(a 4+ b)/c] x 100% (shown in Supplementary Fig. 5d,
where a and b are the length of the axes for the leading edges, and ¢
indicates the axis of initial wound lengths) [39]. Blood fasting glucose
levels were measured during the experiment (Supplementary Informa-
tion Table S2).

2.18. Immunofluorescence for CD31 staining

Capillary density in wound skin tissues were determined as reported
[40]. Briefly, Paraffin-embedded tissue sections (5 pm in thickness) were
deparaffinized and rehydrated, then fixed with 4% (w/v) para-
formaldehyde for 20 min and permeabilized with 0.5% (v/v) Triton
X-100 for 20 min at 37 °C. After wash, the cells were blocked in 2% (v/v)
BSA for 2 h and incubated with primary Rabbit antibody against CD31
(Abcam, ab24590) at 4 °C overnight. After incubation and wash, cells
were blocked with Alexa fluor 647-conjugated anti-rabbit IgG secondary
antibody for 1 h. After washes with PBS, the cell nuclei were stained
with DAPI for 15 min. The stained wound skin tissues were imaged with
a confocal laser scanning microscope (Leica TCS SP8, Wetzlar, Ger-
many). The total tissue area and the CD31 stained positive area were
measured with ImageJ software (National Institutes of Health, Bethesda,
Maryland, USA). Data were expressed as percentage of positive staining
area per analyzed area.

2.19. Immunoprecipitation

HUVECs were lysed with IGEPAL CA-630 buffer (50 mM Tris-HCI,
pH 7.4, [Sigma-Aldrich, T5030], 1% IGEPAL CA-630 [Sigma-Aldrich,
18896], 10 mM EDTA, 150 mM NaCl, 50 mM NaF, 1 pM leupeptin
[Sigma-Aldrich, L5793], 0.1 pM aprotinin [Sigma-Aldrich, SRE0050]).
After immunoprecipitation, the samples were washed with TBS 5 times.
They were then eluted with glycine-HCl (0.1 M, pH 3.5) and the im-
munoprecipitates were subjected to immunoblotting using specific pri-
mary antibodies.

2.20. Isolation of nuclear and cytosolic extracts

The isolation of nuclear and cytosolic extracts was performed in
HUVECs with a Nuclear and Cytoplasmic Extraction kit (Thermo Fisher
Scientific, 78833) according to the manufacturer’s instructions.

2.21. Nitrite/nitrate assay

Nitrite/nitrate production in HUVECs were analyzed by using an
Ultra-sensitive assay for nitrite/nitrate assay kit (Sigma-Aldrich,
23479), according to the manufacturer’s instructions.

2.22. TUNEL staining

HUVECs were stained with an In Situ Cell Death Detection Kit
(Roche, 11684795910) according to the manufacturer’s protocol.

2.23. Statistical analysis

The results are presented as mean + SEM from at least four inde-
pendent experiments. All analyses were performed with the experi-
menter blinded to the groups of mice and cultured cells. Statistical
comparisons were made with two-tailed Student’s t-test for two exper-
imental groups or one-way analysis of variance (ANOVA) for multiple
groups with SPSS software. For enzymatic activity analyses, Wilcoxon
rank-sum test were performed. In the TUNEL' cells analyses, we
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Fig. 1. Effect of bFGF on hyperglycemia and palmitic acid-induced
reduction of protein S-nitrosylation. HUVECs were exposed to MAN (33
mM) and HG + PA (33 mM HG + 10 nM PA) in the presence or absence of bFGF
(20 ng/mL) or GSNO (100 pM) for 3 days, MAN (33 mM: 5.5 mM of glucose +
27.5 mM of D-mannitol) was served as the osmotic control for the HG. (A) Fixed
cells were subjected to a biotin-switch assay. S-nitrosylation was visualized
using Alexa-568-conjugated avidin (red) and nuclei were stained with DAPI
(blue). Nonspecific staining was determined in control cells incubated with
Alexa-568 avidin. Scale bars = 115 pm. (B) The quantitative analysis of fluo-
rescent intensity in at least 6 separate fields, values displayed are means + SEM
of 6 independent experiments. One-way ANOVA Bonferroni’s test was used, *p
< 0.05 vs. MAN; #p < 0.05 vs. HG + PA. (C) Whole-cell lysates were subjected
to the biotin switch assay as described in “Materials and Methods”. (D) The
quantitative analysis of SNO protein immunoblots, values displayed are means
+ SEM of 4 independent experiments. Two-tailed Student’s t-test was used, *p
< 0.05 vs. MAN; #p < 0.05 vs. HG + PA. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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performed the Mann-Whitney U test for the TUNEL-positive cells. If not
stated otherwise, asterisks indicate significance: ***p < 0.001, **p <
0.01, *p < 0.05 and n. s. represents no significant. Statistical analyses
were done using GraphPad Prism (GraphPad Software).

3. Results

3.1. Effect of bFGF on hyperglycemic and hyperlipidemic impairment of S-
nitrosylation

We examined the impact of hyperglycemia and hyperlipidemia
(palmitic acid, PA) combined treatment (HG + PA) on S-nitrosylation in
HUVECs over 5 days of exposure to HG + PA. 2-3 days of HG + PA
treatment decreased protein S-nitrosylation, especially on day 3, but
subsequently reversed on days 4-5 (Supplementary Fig. 1A and B).
Interestingly, HG + PA exposure for these discrete time points biphasi-
cally affected different NOS isoforms. At 2-3 days, activity of endothelial
nitric oxide synthase (eNOS) was significantly decreased, while at 4-5
days, expression of inducible nitric oxide synthase (iNOS) gradually
increased (Supplementary Fig. 1C and D). Consistently, NO production
mimicked both aspects of this phenotype (Supplementary Fig. 1E),
suggesting that protein S-nitrosylation was mediated by NO, as was re-
flected by the corresponding biphasic regulation of eNOS/iNOS activity
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Fig. 2. Decomposition of S-nitrosylation contributes to endothelial
dysfunction both in vitro and ex vivo. HUVECs were cultured either in MAN
(5.5 mM) and HG + PA (33 mM HG+10 nM PA) medium in the presence or
absence of bFGF (20 ng/mL) or ¢-PTIO (100 pM) for 72 h. (A) Biotin switch
assay of whole-cell lysates. (B) The quantitative analysis of SNO protein im-
munoblots, the results were normalized to HUVECs exposed to MAN, values
displayed are means + SEM of 4 independent experiments. Two-tailed Student’s
t-test was used. (C) The apoptotic cells were labeled with green, and nuclei were
stained with DAPI (blue). Scale bars = 90 pm. (D) The quantitative analysis of
TUNEL" cells in at least 6 separate fields, values displayed are means + SEM of
10 independent experiments. Non-parametric Mann-Whitney U test was used.
(E) A scratch wound healing assay was performed in the presence of Mitomycin-
C (10 pM). Cell monolayers were imaged at 0 and 36 h after wounding. Red
vertical lines indicate the wound area borders. Scale bar = 65 pm. Wound area
is analyzed by ImageJ software. (F) Cell migration distances were measured
based on the data; values displayed are means + SEM of 6 independent ex-
periments. One-way ANOVA with Tukey’s multiple comparison tests was used.
(G) Capillary-like tube formation was assessed by matrigel angiogenesis assay
in HUVECs. Scale bar = 85 pm (H) Quantification of the tube length in (G),
images of tube morphology were taken in 6 random microscopic fields per
sample and values displayed are means + SEM of 6 independent experiments.
Sample means were statistically significant as determined by one-way ANOVA
with Bonferroni’s correction. (I) Representative images of aortic rings from
male C57BL/6 mice cultured in different mediums containing MAN and HG +
PA in the presence or absence of bFGF or c-PTIO for 72 h. Scale bars = 350 pm.
(J) Quantification of the number of sprouts in (I), one-way ANOVA with Bon-
ferroni’s correction was used; values displayed are means + SEM of 6 inde-
pendent experiments. Data shown in graphs represent the statistical
significance: *p < 0.05 vs. MAN; #p < 0.05 vs. HG + PA; & p < 0.05 vs.
exposed to HG + PA in combination with bFGF. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

or expression.

To determine whether dysregulation of iNOS-induced protein S-
nitrosylation altered endothelial function under HG + PA conditions,
iNOS was knocked down using an adenovirus expressing iNOS-shRNA. In
HUVEGs, iNOS-shRNA did not affect S-nitrosylation on days 1-3 of HG +
PA treatment, but it eliminated the observed increase of S-nitrosylation
on day 5 (Supplementary Fig. 1F and G). These findings were corrobo-
rated by whole-cell quantitative nitrite/nitrate production (Supple-
mentary Fig. 1H). The results suggested that iNOS induced endothelial
cell protein S-nitrosylation during late-stage exposure to HG + PA, while
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decreased S-nitrosylation in iNOS-
independent.

As previous studies have demonstrated that endothelium maintains
vascular homeostasis in part by regulating S-nitrosylation homeostasis
[13], we hypothesized that bFGF could alleviate HG + PA-induced
endothelial dysfunction by correcting aberrations in protein S-nitro-
sylation. Considering that decreased S-nitrosylation on day 3 of HG + PA
exposure was the most important and physiologically relevant aspect of
this results, thereby, we sought to determine whether bFGF corrected
deficits in S-nitrosylation during early exposure of HUVECs to HG + PA.
Firstly, we measured S-nitrosylation of endogenous proteins in the
presence or absence of GSNO using biotin-switch assay and immuno-
fluorescence detection of S-nitrosylation in HUVECs (Supplementary
Fig. 2). Secondly and consistently, HUVEC protein S-nitrosylation was
markedly decreased following 3 days of HG + PA exposure, but was
restored by treatment with bFGF or the physiological NO donor
S-nitrosoglutathione (GSNO) (Fig. 1C and D). Furthermore, we per-
formed a biotin-switch assay on fixed HUVEC monolayers to visualize
S-nitrosylation levels using Alexa-568-labeled avidin [41]. bFGF or
GSNO co-treatment markedly increased cytoplasmic and nuclear SNO
levels compared with HUVECs exposure to HG + PA (Fig. 1A and B).

To determine whether the effect of bFGF was receptor mediated,
HUVECs were treated with the pan-FGFR antagonist BGJ398 (BGJ). BGJ
exposure did not affect S-nitrosylation in normal HUVECs, but largely
blocked bFGF-mediated restoration of protein S-nitrosylation in HG +
PA-treated HUVECs (Supplementary Fig. 3A-D). Together, these data
indicated that bFGF elicited receptor-mediated activity to modify pro-
tein S-nitrosylation during early exposure of HUVECs to HG + PA.

early-stage exposure was

3.2. Impaired S-nitrosylation contributed to endothelial dysfunction in
vitro and ex vivo

To determine whether impaired protein S-nitrosylation contributed
to endothelial dysfunction in HG + PA conditions, and whether bFGF
improved endothelial function by regulating protein S-nitrosylation in
this context, HG + PA-treated HUVECs were cultured with bFGF in the
presence or absence of the NO scavenger carboxy-PTIO (c-PTIO) for 72
h. Notably, exposure of HUVECs to c-PTIO decreased S-nitrosylated
protein levels even in the presence of bFGF (Fig. 2A and B). In parallel,
HG + PA impaired cell migration (Fig. 2E and F) and tube-forming ca-
pacity (Fig. 2G and H) of HUVECs were improved by bFGF, but coun-
teracted by c-PTIO co-treatment. In addition, bFGF alleviated HG + PA-
induced apoptosis in HUVECs, as demonstrated by decreased TUNEL-
positive cells (Fig. 2C and D), which was significantly impaired by co-
treatment with c-PTIO. These results suggested that bFGF-mediated S-
nitrosylation could improve cellular proliferation and migration, and
suppress cellular apoptosis.

Next, the ex vivo aortic ring sprouting assay was utilized to further
assess the endothelial protective effects of bFGF. Aortic rings from male
C57BL/6 mice were cultured in HG 4+ PA medium or mannitol (MAN)
medium as an osmotic control in the presence or absence of bFGF and/or
¢-PTIO. In MAN medium, a well-structured microvessel network with
clearly defined tubules and regular branching was present. By contrast,
aortic rings cultured in HG + PA medium exhibited dramatically
impaired sprouting function, which was preserved by bFGF but abol-
ished by c-PTIO co-treatment (Fig. 2I and J). These observations sug-
gested that bFGF mediated regulation of S-nitrosylation under HG + PA
conditions alleviated endothelial injury.

3.3. bFGF-mediated S-nitrosylation of IKKf and p65 suppressed chronic
inflammation

NF«B is a transcription factor that plays a pivotal role in inflamma-
tion, cell survival, and cell proliferation [42], and is maintained in a
latent form in the cytoplasm via sequestration by inhibitory kB (IxB)
proteins. However, S-nitrosylation basally inhibits NFkB activity. Both
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Fig. 3. bFGF mediated SNO-IKKf contributes to the suppression of chronic
inflammation. HUVECs were infected with a lentiviral vector encoding LacZ
(control), wild-type IKKB (LV-IKKﬁWT), or a mutant IKKp in which Cys-179 was
replaced with the non-nitrosylatable residue serine (LV-IKKSC7%%). After
transfection, overexpression cells were established and selected with puromycin
and cultured either in MAN or HG + PA medium in the presence or absence of
bFGF and GSNO for 72 h. (A) Representative immunoblotting images of Flag
confirmed that the cells were transfected with lentivirus successfully. (B) The
mutation of IKKB®'7% abrogated bFGF mediated SNO-IKKS<'7®, IKKp protein
loading was detected by anti-Flag antibody. (C) Quantification of S-nitrosylated
protein levels (percentage of S-nitrosylated protein to total) in HUVECs, values
displayed are means + SEM of 4 independent experiments. One-way ANOVA
with the Student-Newman-Keuls test was used, n. s. = not significant, *p < 0.05
vs. LV-IKKp"-transfected HUVECs cultured in MAN; #p < 0.05 vs. LV-IKKp""
transfected HUVECs cultured in HG + PA; &&& p < 0.001 vs. LV-IKKp"'™.
transfected HUVECs cultured in bFGF. (D) Fixed cells were subjected to a
biotin-switch assay. S-nitrosylation was visualized using Alexa-568-conjugated
avidin (red) and IKKp was determined by immunofluorescent staining (green)
in HUVEGs, the merged puncta (yellow) is the IKKB closed proximity with S-
nitrosated protein or SNO-IKKp itself, nuclei were stained with DAPI (blue),
Scale bars = 200 pm. One-way ANOVA with Bonferroni’s correction was used,
values displayed are means & SEM of 3 independent experiments. *p < 0.05 vs.
LV-IKKp""-transfected HUVECs cultured in HG + PA; & p < 0.05 vs. LV-
IKK/iWT-transfected HUVECs treatment with bFGF. (E) Nuclear and cytosolic
extracts made from HUVECs were isolated, and overexpression of non-
nitrosylatable IKKB®'7?® mutant exposure to bFGF resulted in the nuclear
localization of p65. (F) Quantification of p65 localization, values displayed are
means + SEM of 4 independent experiments. One-way ANOVA with the
Student-Newman-Keuls test was used, *p < 0.05. (G) EMSA assays were per-
formed as described in “Materials and Methods”. Overexpression of non-
nitrosylatable IKKB'7?® mutant increases the DNA binding ability of p65. (H)
The quantitative analysis of each immunoblots, values displayed are means +
SEM of 4 independent experiments. One-way ANOVA with the Student-
Newman-Keuls test was used, *p < 0.05 vs. LV-IKKf" -transfected HUVECs
cultured in MAN; #p < 0.05 vs. LV-IKKf" -transfected HUVECs cultured in HG
+ PA; &&& p < 0.001 vs. LV—IKK/}WT—transfected HUVECs cultured in bFGF. (I)
Equal amounts of cell lysates were tested for luciferase activity as described in
“Materials and Methods”, values displayed are means + SEM of 6 independent
experiments. One-way ANOVA with the Student-Newman-Keuls test was used,
*p < 0.05 vs. LV-IKKp" -transfected HUVECs cultured in MAN; #p < 0.05 vs.
LV-IKKS""-transfected HUVEGs cultured in HG + PA; &&& p < 0.001 vs. LV-
IKK/iWT—transfected HUVECs cultured in bFGF. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)
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subunits of the p50%62-p653® NFkB heterodimer are targeted for
S-nitrosylation at a conserved cysteine residue in the Rel DNA binding
domain, which disrupts its DNA binding [43]. In addition, the
IkB-phosphorylating component of the complex, IKKp®'7%, is S-nitro-
sylated, which suppresses kinase activity and subsequent IxkB phos-
phorylation [44]. Therefore, decreased S-nitrosylation under HG + PA
could potentially activate NFkB, and then result to inflammation.

Based on the above prior findings, we sought to determine whether
endogenous S-nitrosylation of IKKf or NFkB was altered by HG + PA and
subsequently triggered the chronic inflammation. To test this hypothe-
sis, we measured ascorbate-dependent basal S-nitrosylation of endoge-
nous p65 and IKKp in HUVECs subjected to HG + PA (Supplementary
Fig. 4A). HG + PA decreased p65 and IKKf S-nitrosylation, but largely
restored by bFGF or GSNO co-treatment (Supplementary Fig. 4B and C).
Meanwhile, bFGF suppressed HG + PA-triggered nuclear translocation
of the p65 NFkB subunit (Supplementary Fig. 4D and E) were further
confirmed by immunofluorescence (Supplementary Fig. 4F). In addition,
NFxB DNA binding and transcriptional activity were evaluated using an
electrophoretic mobility shift assay (EMSA) (Supplementary Fig. 4G, H)
and a luciferase assay, respectively (Supplementary Fig. 41). These ob-
servations suggested that bFGF increased S-nitrosylation of p65 and
IKKp could alleviate HG + PA-induced inflammation.

To assess the detailed mechanism of bFGF mediated SNO-IKKf and
subsequent endothelial protection, HUVECs were infected with a lenti-
viral vector encoding LacZ (control), wild-type IKKB (LV—IKKﬂWT), or a
mutant IKKp in which Cys-179 was replaced with the non-nitrosylatable
residue serine (LV-IKKA®17%%), and the expression was confirmed by
immunoblotting (Fig. 3A). Consistent with a prior report [44], mutation
of IKKB®!7*S abrogated bFGF-mediated SNO-IKKB®”® (Fig. 3B and C).
Additionally, with the immunofluorescence staining of protein S-nitro-
sylation and IKKp, we found that bFGF induced the colocalization of
S-nitrosated protein (red) with IKKp (green), which was prevented by
the mutant, suggesting that SNO-IKKB®!7? attenuated bFGF-mediated
protein S-nitrosylation including SNO-IKKf at these residues (Fig. 3D).
Besides, this mutation also led to the phosphorylation and degradation
of the IkB protein, and subsequently triggered nuclear localization of the
p65 NFxB subunit (Fig. 3E and F) and initiation of NFkB-dependent gene
transcription, as assessed by EMSA (Fig. 3G and H) and luciferase assay
(Fig. 3I). By contrast, these changes were not observed in MAN condi-
tions (Fig. 3B-I). These observations demonstrated that the IKK[3Cl79S
mutation abrogated bFGF restrained NFkB signaling, indicating that
bFGF suppress NFkB by regulating S-nitrosylation of IKKf.

In parallel, to evaluate the importance of SNO-p65 in bFGF
restrained NFxB, HUVECs were infected with a lentiviral vector encod-
ing LacZ (control), wild-type p65 (LV-p65"7T), or mutant p65, in which
Cys-38 was replaced with the non-nitrosylatable residue serine (LV-
p65°385), and the expression was confirmed by immunoblotting
(Fig. 4A). Similarly, the p65%S mutation also abrogated bFGF
restrained NFxB (Fig. 4B and C). Meanwhile, bFGF-induced suppression
of NF«B transcriptional activity was partially abolished in LV-p65355-
infected HUVECGs (Fig. 4G-I), without affecting the nuclear localization
of p65 (Fig. 4D and E). Additionally, bFGF mediated protein S-nitro-
sylation (red) including SNO-p65 (partially yellow puncta) were also
largely attenuated in non-nitrosylatable p65“%° mutant HUVECs
(Fig. 4F). Therefore, we ascertained that, in parallel to IKK( suppression,
bFGF-induced suppression of NFkB activity was partly attributed to the
suppression of transcriptional activity via S-nitrosylation of the p65
DNA binding domain. Taken together, these findings suggested that
bFGF counteracted inflammation was partially attributed to the S-
nitrosylation of IKKp®'7° and p65<3¢,

3.4. bFGF-mediated S-nitrosylation of IKKS®”? and p65°® contributed
to in vitro and in vivo angiogenic function under HG + PA conditions

We next investigated the potential link between S-nitrosylation,
NFkB activity, and angiogenic functions of endothelial cells in vitro and
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in vivo. Given the regulation effect of SNO-IKKB®'7® and SNO-p65°8 on
NF«B transcriptional activity, loss of S-nitrosylation at these sites could
trigger chronic inflammation under HG + PA conditions in HUVECs. We
thus sought to explore whether SNO-IKKB'”® or SNO-p65°%® affected
the angiogenic functions of endothelial cells. IKK"" + p65"T and
IKKFC17%S + p65©385 expression were stably established in cultured
HUVEGs. Expression of NFkB target genes were significantly increased in
IKKA17%S 4+ p65°%%5 mutant-overexpressing HUVECs compared with
wild-type-expressing HUVECs, consistent with the notion that loss of S-
nitrosylation could trigger proinflammatory cytokines such as IL-1p, IL-
6, IL-8, and TNFa (Supplementary Fig. 5A). Meanwhile, HG + PA
impaired tube formation activity in IKKg"T + p65"" overexpressed
HUVECs were alleviated by bFGF, but largely abrogated in IKKp®17%S +
p65%38_overexpressed HUVECs (Fig. 5A and B). Besides, the similar
results were also observed by cell migration assay (Supplementary
Fig. 5B; Fig. 5C).

To further assess the endothelial protective function of bFGF-
mediated IKKB®'”® and p65° S-nitrosylation, KKg"T + p65"7T or
IKK/)’C1 79 4 p65C385 mutant overexpression were induced by lentiviral
infection of aortic rings from db/m or db/db mice. During the

experiment, the blood glucose was measured by glucose analyzer
(Supplementary Table S1). Then, aortic rings were cultured in MAN or
HG + PA media in the presence or absence of bFGF. A well-structured
microvessel network with clearly defined tubules and regular branch-
ing was present in both IKKS"T + p65"T and IKKp?S + p65¢38S
mutant-overexpressing aortic rings from db/m mice cultured in MAN
medium (Fig. 5D and E). However, IKKf®7* + p65%3% mutant over-
expression significantly impaired sprouting function in rings exposed to
HG + PA as compared with rings maintained in MAN, meanwhile,
overexpression of mutant proteins abrogated the protective effect of
bFGF in this context (Fig. 5D and E).

To further assess the roles of SNO-IKKB®!7° and SNO-p65°*® in bFGF-
mediated endothelial protection, we utilized an in vivo skin wound
healing model in T2DM db/db mice, in which chronic inflammation
suppresses endothelial function and subsequent wound healing [45].
Adenoviruses expressing Ikks"" + p65™T or Ikkp®7% + p65°%8S mutants
with the EC-specific vascular endothelial cadherin promoter (Ad-Cd-
h5-Tkkp"'" + Ad-Cdh5-p65™T or Ad-Cdh5-Ikkg®7*S + Ad-Cdh5-p65°385)
were delivered to wounded tissue in db/m and db/db mice through
subcutaneous injection. Meanwhile, the blood glucose levels were
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determined. (Supplementary Table $2). We found that CD31™ capillary
density was decreased in the regenerative skin tissue of db/db mice
subcutaneously injected with Ad-Cdh5-Tkkp7%S + p65°385 compared
with that of db/db mice injected with Ad-Cdh5-Tkkg™"T + p65™7T.
Consistent with in vitro findings, bFGF treatment did not ameliorate
CD31" capillary density in IkkgC7? + p65°38.overexpressing db/db
mice compared with Ikkp"" + p65 WT—overexpressing db/db mice (Fig. 5F
and G). In parallel, overexpression of Ikkf®7% + p65°38S in endothelial
cells delayed closure of the wound opening and abrogated the endo-
thelial protective effect of bFGF in db/db mice (Supplementary Fig. 5C;
Fig. SH).

Although the gross wound size became comparable between Cdh5-
Ikkp"WT + p65WT and Cdh5-TkkpC7%S + p65°38S.overexpressing db/db

ization ratio (leading edge ratio) in wound area (Supplementary Fig. 5D and E), n =
e, values displayed are means + SEM. One-way ANOVA with the Student-Newman-

mice on day 4 after wounding (Supplementary Fig. 5C; Fig. 5H), re-
epithelialization was significantly decreased in Ikkg“7 + p65C38S.
overexpressing db/db mice relative to Ikkg"T + p65"T-overexpressing
db/db mice on day 6 (Supplementary Fig. 5D and E; Fig. 5J). Impor-
tantly, bFGF treatment unable to improve wound re-epithelialization in
Ikkp®17% + p6538S.overexpressing db/db mice (Supplementary Fig. 5F;
Fig. 5J). Additionally, histology analysis of wounds on day 6 after
wounding revealed delayed wound closure and compromised re-
epithelization in wounds from db/db mice overexpressing IkkpC17%S +
p65°385 compared with those from the Ikkg"T + p65" -overexpressing
mice, which was particularly evident in the bFGF-treated group (Sup-
plementary Fig. 5E; Fig. 5I and J). Taken together, these findings indi-
cated that bFGF-mediated SNO-IKKB'”® and SNO-p65°%8 suppressed
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and then exposed to MAN and HG + PA for 72 h in
the presence or absence of bFGF. (F-J) Quantita-
tive analysis of phosphorylation of Akt, GSK3p,
AMPK and eNOS protein, values displayed are
means + SEM of 4 independent experiments. Two-
tailed Student’s t-test was used, *p < 0.05 vs. HG
+ PA; #p < 0.05 vs. HG + PA coincubated with
bFGF.

NF«B activity and dramatically alleviated T2DM-associated endothelial
dysfunction.

3.5. bFGF induced eNOS-dependent IKKf and p65 S-nitrosylation
through the Akt/AMPK axis

Our earlier finding demonstrated that HG + PA-induced iNOS
regulated S-nitrosylation during late-stage HG + PA exposure, while
decreased S-nitrosylation during early-stage HG + PA exposure was
iNOS-independent (Fig. 1, Supplementary Fig. 1). Therefore, to inves-
tigate the contribution of eNOS-derived NO to bFGF-mediated IKKp and
p65 S-nitrosylation at early-stage of HG + PA exposure, eNOS gene
expression was knocked down with an adenovirus harboring eNOS-
shRNA in HUVECs. eNOS knockdown abolished bFGF-induced IKKf and
p65 S-nitrosylation in HUVECs (Fig. 6A-C). Furthermore, to determine
whether the effect of bFGF was eNOS-mediated, HUVECs were treated
with the classical eNOS upstream pathway antagonist LY294002 (LY) or
AMPK inhibitor Compound C (CC), respectively. Consistently, LY and CC
decreased Akt/GSK3p and AMPK phosphorylation, respectively. Mean-
while, both treatments decreased eNOS activity in HUVECs following
HG + PA treatment (Fig. 6D-J). Moreover, the effects of bFGF on eNOS
activity were significantly abolished by both LY and CC treatment,
suggesting that bFGF enhanced eNOS activity was dependent on these
pathways (Fig. 6D-J). Together, these results suggested that bFGF-
mediated S-nitrosylation of IKKf and p65 could be due in part to
eNOS up-regulation and activation through the Akt and AMPK
pathways.

3.6. bFGF-mediated IKKf and p65 S-nitrosylation suppressed
inflammation through a txnip-dependent mechanism

The mechanism underlying suppression of inflammation via bFGF-
mediated S-nitrosylation was further explored. In fact, S-nitrosylation
has emerged as a dominant regulatory mechanism of GSNOR and Trx-
associated signal transduction [7,46]. Therefore, we determined
whether alteration of GSNOR was involved in the S-nitrosylation of IKKf
and p65, and subsequent suppression of inflammation and increased
vasculogenesis. We found that bFGF treatment did not alter the
expression of GSNOR in HUVECs exposed to HG + PA (Fig. 7A and B),
and these findings were corroborated by whole-cell quantitative RT-PCR
(qRT-PCR) analysis (Fig. 71). In contrast, although the GSNOR activity
was not significantly affected in early-stage of HG + PA exposure, it
experienced a slowly decline activity in a time-dependent manner after
day 3 (Supplementary Fig. 6A; Fig. 7C), indicating that bFGF-mediated
IKKp and p65 S-nitrosylation was independent of GSNOR.

It is noteworthy that Trx modulates protein S-nitrosylation homeo-
stasis, and acting as a double edge sword for the regulation of the cell
fate. Forrester et al. reported that Trx-mediated protein denitrosylation
is augmented by endogenously derived NO via repression of Txnip,
which in turn protects against iNOS-mediated cell death [8]. On the
contrary, it has been recently reported that Trx is essential for main-
taining S-nitrosylation in endothelial cells [9], and can transfers TNO to
caspase-3, which leads to inhibition of apoptosis. To address this
discrepancy, we determined whether Trx was involved in
bFGF-mediated IKKf and p65 S-nitrosylation in HUVECs. Similarly, we
found that bFGF treatment did not affect Trx protein and mRNA levels in
HUVECs exposed to HG + PA (Fig. 7D-F and 71). The activity of Trx also
decreased in a time-dependent manner during early-stage HG + PA
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exposure, and subsequently recovered and increased by day 5 (Supple-
mentary Fig. 6B). Interestingly, the declined activity of Trx at day 3 was
significantly ameliorated by bFGF treatment (Fig. 7H). To investigate
the contribution of Trx regulation to bFGF-mediated IKKf and p65
S-nitrosylation, Trx gene expression was knocked down with an
adenovirus harboring Trx-shRNA in HUVECs. Trx ablation partially
abolished bFGF-regulated IKKf and p65 S-nitrosylation in HUVECs
(Fig. 7J-L). Additionally, protein levels of other major redox enzyme
protein systems (Supplementary Fig. 6C-E) and major NOS isoforms
(Supplementary Fig. 6C, F-G) were unaffected by silencing of Trx in
HUVEGs. Nevertheless, Trx deficiency abolished itself activity (Supple-
mentary Fig. 6H), and partially weakening bFGF promotion of NO
availability, demonstrating that the promotion effect of Trx on NO
availability was mainly attribute to ROS neutralization and cellular
redox homeostasis maintenance during the window of the initial of
inflammation, which in turn contributed to bFGF-mediated IKK} and
p65 S-nitrosylation subsequently.

On the other hand, to eliminate the potential function exerts by the
interaction of Trx with p65 and IKKf, which possible to regulate the S-
nitrosylation state of p65 and IKKp contributed by bFGF treatment,

T
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Fig. 7. bFGF-mediated S-nitrosylation of IKKf
and p65 through the Trx rather than GSNOR.
(A-I) HUVECs were exposed to NG and HG + PA in
the presence or absence of bFGF for 72 h. (A) Anti-
GSNOR immunoblot analysis from whole-cell ly-
sates confirms that bFGF treatment could not
impact the expression of GSNOR proteins. (B) The
quantitative analysis of GSNOR immunoblots,
values displayed are means + SEM of 4 indepen-
dent experiments. Two-tailed Student’s t-test was
used, n. s. = not significant. (C) The mean GSNOR
enzymatic activity in the HUVECs was no signifi-
cant change at 3rd day; values displayed are
means + SEM of 6 independent experiments. Wil-
coxon rank-sum test was used, n. s. = not signifi-
cant. (D) Anti-Trx, TrxR and Txnip immunoblot
analysis from whole-cell lysates confirms that
bFGF treatment also could not impact the expres-
sion of Trx and TrxR proteins but bFGF treatment
decrease the protein level of the Txnip. (E-G) The
quantitative analysis of Trx, TrxR and Txnip im-
munoblots, values displayed are means + SEM of 4
independent experiments. Two-tailed Student’s t-
test was used, n. s. = not significant, *p < 0.05 vs.
NG or MAN; #p < 0.05 vs. HG + PA. (H) The mean
Trx enzymatic activity in the HUVECs. Values
displayed are means + SEM of 6 independent ex-
periments. Wilcoxon rank-sum test was used, **p
< 0.01 vs. NG or MAN; #p < 0.05 vs. HG + PA. ()
mRNA expression of GSNOR, Trx and TrxR genes.
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immunoprecipitation was performed. We found that the interaction
between Trx and P65 were slightly decreased by HG + PA treatment at
day 3, even in the presence of bFGF. While, totally no interaction was
detected between Trx and IKKP (Supplementary Fig. 7A). Taken
together, these data indicated that Trx was essential for maintaining the
homeostasis of S-nitrosylated molecules in endothelial cells, and bFGF-
mediated SNO-IKKB®'7? and SNO-p65°%® through a mechanism attri-
bute to the alteration of Trx activity rather than GSNOR.

Meanwhile, thioredoxin-interacting protein (Txnip) has originally
been described as a negative Trx regulator that represses Trx activity
through protein-protein interaction [47]. Therefore, we investigated
whether Txnip was involved in bFGF-mediated IKKf and p65 S-nitro-
sylation. bFGF significantly decreased Txnip protein level in HUVECs
treated with HG + PA (Fig. 7D, G). Thereafter, we evaluated whether
bFGF-mediated Txnip alteration contributed to the interaction between
Txnip and Trx. Immunoprecipitation analysis revealed that bFGF
decreased the association of Txnip with Trx (Fig. 8A and B). However,
forced overexpression of Txnip abolished bFGF-mediated dissociation of
Txnip and Trx (Fig. 8A and B). In addition, Txnip overexpression
weakened Trx activity (Fig. 8C) and bioactivity of NO, and thus partly
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Fig. 8. bFGF mediated S-nitrosylation of
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transfection, HUVECs were cultured either
in MAN or HG + PA medium in the presence
or absence of bFGF for 72 h. (A) The cell
lysates were subjected to immunoprecipita-
tion with Trx antibody, followed by immu-
noblotting with the indicated antibodies.
Cell lysates were also subjected to immuno-
precipitation with IgG as negative control.
Quantification of interaction between Trx
and Txnip in HUVECs (IP: Trx, IB: Txnip),
values displayed are means + SEM of 3 in-
dependent experiments. Two-tailed Stu-
dent’s t-test was used, *p < 0.05 vs. MAN;
#p < 0.05 vs. HG + PA coincubated with
bFGF (right panel). (B) The cell lysates were
subjected to immunoprecipitation with
Txnip antibody, followed by immunoblot-
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Whole-cell lysates were subjected to the
biotin switch assay as described in “Mate-
rials and Methods”. (E-F) Quantification of
S-nitrosylated protein levels (percentage of
S-nitrosylated protein to total) in HUVECs,
values displayed are means + SEM of 4 in-

dependent experiments. Two-tailed Student’s t-test was used, *p < 0.05 vs. MAN; #p < 0.05 vs. HG + PA coincubated with bFGF. (G) HUVECs were transfected with
adenoviruses harboring human sh-eNOS (Ad-sh-eNOS) and a scrambled sequence (Ad-scramble) respectively. After transfection, HUVECs were cultured either in MAN
or HG + PA medium in the presence or absence of bFGF or GSNO for 72 h. Related protein immunoblot analysis from whole-cell lysates. (H-K) The quantitative
analysis of related protein immunoblots, values displayed are means = SEM of 4 independent experiments. Two-tailed Student’s t-test was used, n. s. = not sig-
nificant. (L) Deficiency of eNOS partly abolished the bFGF promoted Trx activity. Values displayed are means &+ SEM of 6 independent experiments. Wilcoxon rank-
sum test was used, *p < 0.05 vs. MAN; #p < 0.05 vs. HG + PA coincubated with bFGF.

abolished bFGF-mediated IKKf and p65 S-nitrosylation (Fig. 8D-F).
Overall, these results suggested that bFGF-mediated IKK(, and p65
S-nitrosylation was attributed at least in part through the suppression of
Txnip, which promoted disassociation of Txnip and Trx, subsequently
maintaining the content of S-nitrosylated molecules in endothelial cells.

Although endogenously derived NO repressed Txnip expression [8],
and bFGF promoted eNOS activation via the Akt/AMPK axis (Fig. 6D-J),
bFGF also decreased expression of Txnip in eNOS knockdown HUVECs
(Fig. 8G and H). Further results showed that GSNO stimulation did not
affect hyperglycemia enhanced promoter activity of Txnip (Fig. 8G and
H), demonstrated that bFGF affected the expression of Txnip in a
NO-independent manner. Besides, other major redox enzyme protein
systems (Fig. 8G, I-K) were also not affected by bFGF treatment with
silencing of eNOS in HUVECs, but partly abolished bFGF-promoted Trx
activity (Fig. 8L). In addition, we found that HG 4+ PA-mediated disso-
ciation of Trx and eNOS were reversed by bFGF (Supplementary
Fig. 7B), and bFGF mediated S-nitrosylation of Trx was eNOS dependent
in HUVEGCs (Supplementary Fig. 7C and D). Taken together, these
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findings suggested that bFGF-mediated IKKf and p65 S-nitrosylation
were mainly attributed to synergy between eNOS and Trx activity.

4. Discussion

S-nitrosylation, a redox-based post-translational modification of
proteins by NO, is recognized to regulate the activities of an increasing
number of target proteins, including metabolic, structural, cytoskeletal,
and signaling proteins [48]. Recent studies provided strong evidence
that S-nitrosylation negatively regulates inflammation [49]. In the
present study, we demonstrate that bFGF exerts its endothelial protec-
tive action against hyperglycemia (HG) and hyperlipidemia (PA)
impairment, at least in part, through delaying and inhibiting diabetes
triggered excessive chronic inflammation at early stage. And this process
is partly mediated via promoting S-nitrosylation of IKKp®!”® and p65°38
instead of the routine pathway.

Protein S-nitrosylation affects a broad spectrum of human diseases,
including cardiovascular, pulmonary, musculoskeletal, and neurological
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Fig. 9. Schematic illustration of the protective ef-
fects of bFGF on HUVECs under HG + PA condi-
tions. Diabetes-induced endothelial impairment
can be attributed mainly to the dysfunction of S-
nitrosylation homeostasis (S-nitrosylation of
IKKB®7° and p65©3®) and resultant upregulation of
chronic inflammation. Mechanistically, the up-
regulation of S-nitrosylated IKKp®'7® and p65°3®
by bFGF were attributed to the synergy between
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disorders, as well as cancer [50]. However, the role of S-nitrosylation in
diabetic vascular disease has not been fully evaluated. Recent research
revealed that obesity-associated chronic inflammation is a major factor
in metabolic tissues such as liver and skeletal muscle, which contributes
to insulin resistance via a common pathway of aberrant protein
S-nitrosylation [51]. Meanwhile, high glucose alone induced superox-
ides could induce the breakdown of protein S-nitrosolation in endo-
thelial cells [16]. Although the role of iNOS-induced aberrant protein
S-nitrosylation in metabolic tissues occurs during late-stage T2DM [52],
less is known about the impact of S-nitrosylation on vascular endothelial
dysfunction prior to T2DM-triggered chronic inflammation. Addition-
ally, in the present study, HG and PA were used as the in vitro stimuli to
mimic the diabetic condition, which makes more sense compare with the
only single condition (HG or PA alone), even HG [16] or aliphatic acid
(exc. oxLDL) [14] could impact on protein S-nitrosylation separately.

To elucidate the detailed mechanisms of development or progression
of diabetes-triggered chronic inflammation, HUVECs were cultured with
mild hyperglycemia and hyperlipidemia (HG + PA) over a time course.
Not surprisingly, HG + PA exposure biphasically affected protein S-
nitrosylation, with early impairment of S-nitrosylation (days 1-3) and
late-stage recovery of S-nitrosylation (days 4-5). Therefore, we focused
on the time frame of aberrant protein S-nitrosylation alteration, which
occurs prior to initiation of the inflammatory response in diabetes-
triggered vascular endothelial dysfunction. Although levels of most S-
nitrosylated proteins were decreased on day 3 of HG + PA treatment, S-
nitrosylation of some proteins was either increased or unchanged, sug-
gesting protein-specific regulation of S-nitrosylation in early T2DM. S-
nitrosylation has been implicated in the regulation of numerous protein
activities [5], the finding that HG + PA regulated protein S-nitrosylation
(SNO-IKKp and SNO-p65) in HG + PA-treated endothelial cells could
provide new insights into the mechanisms underlying early diabetic
vascular injury. Consequently, in this study, increased inflammation in
the vascular endothelium of db/db mice as well as HG + PA-treated
HUVECs were observed. In addition, bFGF restored in vivo endothelial
function was decreased in db/db mice expressing mutant S-nitro-
sylation-resistant IKKp and p65 at wound sites. Thus, a detrimental role
for early-stage inflammation regulated in part by decreased IKKf and
p65 S-nitrosylation that alleviated by bFGF was proved.

NF«xB is a master transcription factor that regulates multiple genes
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eNOS and Trx activity. In addition, the bFGF-
mediated disassociation between Txnip and Trx
in a NO-independent manner, also benefited the
cellular redox homeostasis and maintaining the
content of S-nitrosylated IKKp®'”® and p65°® in
endothelial cells. This finding could yield new
therapeutic insights into the prevention and treat-
ment of diabetes-associated vascular disease.

===

critically involved in the regulation of endothelial function and is central
to the pathogenesis of various vascular disorders. Moreover, mounting
evidence suggests that S-nitrosylation is a major NO-dependent post-
translational mechanism that directly regulates protein function [53].
For example, aerosolized LPS induces iNOS expression in the respiratory
epithelium concomitant with increased SNO-p65 levels and decreased
airway NFxB activity. In contrast, genetic deletion of iNOS decreases
SNO-p65, resulting in persistent NFkB activity and prolonged airway
inflammation [54]. Meanwhile, 17-estradiol stimulates protein S-nitro-
sylation by increasing eNOS-generated NO in HUVECs [55]. Corre-
sponding with this view, in the present study, we found that HG + PA
decreased protein S-nitrosylation in HUVECs were alleviated by bFGF,
and IKKp and p65 were implicated as direct target for S-nitrosylation.
We also reveal that bFGF-mediated endothelial protection through a
mechanism involving SNO-IKKp and SNO-p65 with a NO bioavailability
dependent manner.

S-nitrosylation of target proteins is influenced by the formation of
biologically relevant nitrosylating species and the rate of denitrosylation
[48]. S-nitrosoglutathione reductase (GSNOR) is an NADH-dependent
oxidoreductase that specifically breaks down GSNO, impairing protein
S-nitrosylatoin [56]. However, in the present study, we demonstrated
that the bFGF-mediated SNO-IKKB and SNO-p65 suppressed inflamma-
tion through a GSNOR-independent mechanism. On the other hand,
thioredoxin/thioredoxin reductases (Trx/TrxR), important for neutral-
izing ROS and maintaining redox balance, also exert vital function on
protein S-nitrosylation homeostasis. Meanwhile, S-nitrosated Trx
(SNO-Trx®%°, SNO-Trx®®2, SNO-Trx“*2, SNO-Trx“*®) is required for
scavenging reactive oxygen species and for preserving the redox regu-
latory activity of Trx [57]. Furthermore, a recent report demonstrated
that superoxide might induce decomposition of S-nitrosothiols in a dose-
and time-dependent manner, and high glucose-mediated NF«kB S-deni-
trosylation could be completely reversed by ROS inhibition [16]. Intri-
cately but briefly, in the present study, we identified that
bFGF-mediated disassociation between Txnip and Trx [47], benefited
the cellular redox homeostasis and maintaining the content of S-nitro-
sylated IKKB®”® and p65°®® in endothelial cells. In addition, we found
that HG + PA abolished the effects of NO on Txnip promoter activity,
even with GSNO stimulation, and bFGF down-regulated Txnip and
decreased its association with Trx with an eNOS independent mode.
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These results implied that bFGF affected Txnip expression and Trx
inactivation via a NO-independent mechanism.

Collectively, in the present study, we reported for the first time that
hyperglycemia and hyperlipidemia globally attenuated protein S-nitro-
sylation in HUVEGs. The protective effects of bFGF on hyperglycemia-
and hyperlipidemia-induced endothelial impairment could be partially
attributed to its role in maintaining S-nitrosylation homeostasis and the
resultant suppression of inflammation. Furthermore, bFGF suppressed
hyperglycemia/hyperlipidemia-induced inflammation via SNO-IKK}
and SNO-p65 was eNOS-dependent, and involved a synergistic NO-
independent repression of Txnip (Fig. 9). Although bFGF has not
developed to be used in clinics since it has cell-stimulating effects (po-
tential tumor formation), this finding could yield new therapeutic in-
sights into the diabetic non-healing skin ulcers and treatment of
diabetes-associated vascular disease with shortly and targeted treat-
ment in future.
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