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Abstract The involvement and the in vivo relevance of 
endoplasmic reticulum (ER) stress in the atheroscle-
rotic process are well established, but the mechanisms 
have been only partly elucidated. Emerging evidence 
indicates that ER protein folding pathways are sensitive 
to nitric oxide (NO) fluctuations and therefore heavily 
vulnerable under conditions of nitrosative stress. 
Recent research indicates that protein S-nitrosylation 
(S-NO), a key redox-mediated modification involved in 
several disorders, affects neuronal function by altering 
ER stress sensor proteins. However, the mechanisms by 
which ER protein S-NO impacts vascular diseases 
remain unclear. Here, we provide evidence that 
secosterol-B (SEC-B), an oxysterol found in atheroscle-
rotic plaques, induces nitrosative stress and protein 
S-NO in vascular endothelium, leading to ER stress. In 
detail, our findings demonstrate that SEC-B triggers 
activation of the inositol-requiring enzyme-X-box 
binding protein 1 signaling pathway and causes ER-
membrane expansion and the accumulation of mis-
folded proteins in human umbilical vein endothelial 
cells. In parallel, increased NO levels with upregulation 
of inducible nitric oxide synthase protein expression 
and alterations in the nitrosylation levels of various 
proteins, including protein disulfide isomerase and 
glucose regulatory protein 78, were observed. Interest-
ingly, pretreatment with NG-nitro-L-arginine methyl 
ester strongly reduced ER swelling and aggresome
formation. Collectively, our findings demonstrate
that NO and protein S-NO play a critical role in SEC-B-
induced ER dysfunction, providing new insights into 
the mechanisms underlying vascular dysfunction 
observed in atherosclerosis and highlighting potential 
therapeutic targets to preserve endothelial integrity.
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Endothelial cells play a central role in regulating key 
physiological processes, including vascular tone, shear 
stress response, and inflammation. Dysfunction of the 
endothelium is recognized as an early event in the 
development of atherosclerosis and coronary artery 
disease, increasing the risk of cardiovascular outcomes. 
It is well established that oxidized LDLs (oxLDLs) 

play a critical role in both the initiation and progres-
sion of atherosclerosis. During oxidative modification 
of LDL, various products are generated, including 
oxysterols, lysophospholipids, and isoprostanes. In 
particular, oxysterols are a major component of 
oxLDL generated through the enzymatic and nonen-
zymatic oxidation of cholesterol (1, 2).
At physiological concentrations, oxysterols 

contribute to the regulation of diverse biological pro-
cesses by modulating cell signaling and gene expres-
sion. On the other hand, an abnormal accumulation of 
oxysterols has been associated with chronic diseases, 
such as neurodegenerative disorders, cardiovascular 
diseases, autoimmune conditions, and various
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metabolic disorders (3). Notably, elevated oxysterol 
levels have been detected in the blood of hypercho-
lesterolemic individuals and in atherosclerotic plaques 
(4, 5).
Like other lipid oxidation products, oxysterols can 

contribute to cell dysfunction due to their proin-
flammatory, pro-oxidant, proapoptotic, and fibrogenic 
properties (2). Secosterol-B (SEC-B) is one of the major 
ozonolysis products of cholesterol (1); it is present at 
high levels in human LDL, atherosclerotic plaques, 
and brain tissues affected by neurodegenerative dis-
eases (6, 7).
Our previous work showed that SEC-B impacts 

endoplasmic reticulum (ER) in human umbilical vein 
endothelial cells (HUVECs), exerting proapoptotic ef-
fects at high concentrations while inducing protective 
autophagy at lower concentrations to promote cell 
survival (8). However, the precise mechanisms by which 
SEC-B contributes to endothelial dysfunction and its 
role in the pathogenesis of atherosclerosis remain 
largely unclear.
Recent studies have emphasized the importance of 

ER stress in both the initiation and progression of 
atherosclerosis (9, 10). Disturbances in ER homeostasis 
lead to changes in the ER redox state and/or the rate 
of protein synthesis exceeding the rate of folding, 
causing an accumulation of unfolded proteins within 
the ER, resulting in a condition of ER stress. This, in 
turn, triggers the unfolded protein response (UPR) 
initiated by the activation of three ER transmembrane 
proteins, that is, inositol-requiring enzyme 1 (IRE1), 
protein kinase RNA-like endoplasmic reticulum kinase 
(PERK), and activating transcription factor 6 (ATF6) 
(11). The primary role of UPR is to protect the cell from 
ER stress by inducing the transcription of genes 
encoding ER chaperones, that is, the glucose regulatory 
protein 78 (GRP78) and enzymes that promote protein 
folding, maturation, trafficking, and ER-associated 
protein degradation so as to remove the accumulated 
misfolded proteins in the ER. Quality control in the ER 
protects cells from the accumulation of aberrant pro-
teins, and their subsequent autophagic clearance rep-
resents a compensatory protein degradation 
mechanism for proteasomal failure (12).
However, if the cell fails to clear up the protein-

folding defect and restore ER homeostasis, the UPR 
will trigger apoptosis to eliminate the stressed cells. 
Several pieces of evidence highlighted that chronic 
activation of the UPR has been implicated in a variety 
of human cardiovascular pathologies through the in-
duction of endothelial dysfunction. During athero-
sclerosis, oxLDL induces the UPR and oxidative stress 
in the endothelium by inhibiting sarcoplasmic/ER 
Ca2+-ATPase (13). Among these processes, oxLDL in-
duces apoptosis, primarily via the PERK/eukaryotic 
initiation factor 2 alpha/CCAAT/enhancer-binding 
protein homologous protein pathway (14).

Moreover, emerging evidence suggests that protein-
folding pathways within the ER are sensitive to 
changes in nitric oxide (NO) levels (15). It has been 
demonstrated that permanently elevated levels of NO 
can be linked to inflammatory conditions associated 
with pathological disorders (15). Nevertheless, the 
mechanisms by which NO activates ER stress pathways 
in the context of atherosclerosis have not been fully 
elucidated.
Excessive production of reactive nitrogen species 

(RNS), including NO, combined with GSH depletion, 
leads to a condition known as nitrosative stress (NSS), 
which contributes to cellular damage or death. NSS has 
been implicated in several cardiovascular pathologies, 
including myocardial ischemia/reperfusion injury, 
aortic aneurysm, heart failure, hypertension, and 
atherosclerosis (16).
Protein S-nitrosylation (S-NO) is a redox-mediated 

modification that occurs under NSS conditions. This 
modification leads to the covalent binding of NO to a 
cysteine thiol, forming S-nitrosothiols, regulating pro-
tein function, stability, localization, and interactions, 
and playing a key role in cellular signaling (17). 
Aberrant S-NO can have detrimental effects on the 

cells and has been linked to a variety of pathophysio-
logical processes, including cardiovascular disease. 
Notably, under NSS conditions, ER stress sensors, such 
as IRE1α, PERK, and/or ER-resident protein isomer-
ases, have been found aberrantly S-nitrosylated in 
models of neurodegeneration (18). However, the role 
of protein S-NO in ER stress-mediated atherosclerosis 
development remains largely unexplored.
In this study, we investigate the mechanisms by 

which SEC-B modulates the UPR in HUVECs, focusing 
on the role of protein S-NO in the initiation of ER 
stress. Our findings aim to provide new insights into 
the pathophysiological processes underlying athero-
sclerosis and identify potential targets for prevention 
and therapy.

MATERIALS AND METHODS

Cell culture and treatment
HUVECs (Merck-Sigma-Aldrich, catalog no.: SCCE001) 

were cultured in EndoGRO™ Basal Medium with the addi-
tion of supplemental factors (EndoGRO-LS, Merck-Sigma-
Aldrich, catalog no.: SCME001) and 1% streptavidin-
penicillin in a humidified atmosphere of 5% CO 2 at 37 ◦ C. 
3β-hydroxy-5β-hydroxy-B-norcholestane-6β-carboxaldehyde 
(SEC-B) was synthesized by cholesterol ozonation (19).
At 80% confluence, cells were detached with trypsin-

EDTA, washed, and subcultivated in new flasks for 1-2 days 
before the experiments. HUVECs were treated with 10 μM 
SEC-B, and at the end of the incubation time, cells were 
washed with PBS and stained with fluorophores or submitted 
to cell lysis as detailed below. In experiments involving in-
hibition, cells were pretreated with 100 μM NG-nitro-L-

2 J. Lipid Res. (2026) 67(4) 101017



arginine methyl ester (L-NAME; EMD Millipore Corp, catalog 
no.: 483125) for 1 h prior to SEC-B treatment.

Human specimens
Human carotid samples were obtained from patients un-

dergoing carotid endarterectomy because of carotid athero-
sclerosis with lumen stenosis >70%. Patients gave written 
informed consent, and all procedures involving sampling 
were approved by the Institutional Ethics Committee. The 
study was conducted in accordance with the ethical principles 
outlined in the Declaration of Helsinki.
Tissue samples were rinsed with cold S-NO Wash Buffer 

(1X) for 10 min and fixed with 4% paraformaldehyde at 4 ◦ C 
overnight under gentle agitation.
Samples were washed three times for 5 min with S-NO 

Wash Buffer (1X), frozen, and cryoembedded in OCT com-
pound before being cut with a cryostat at a thickness of 10 μm 
and fixed on slides.

Oil Red O staining
Carotid sections were washed two times with PBS and then 

with 60% isopropanol for 1 min and left to completely dry in 
air. Sections were then stained with 0.3% Oil Red O solution 
in isopropanol at 60% for 1 h, followed by a quick wash with 
60% isopropanol and four washes with PBS. Staining was 
observed with an inverted microscope with data acquisition 
software (Nikon ECLIPSE TS100 with NIS-Elements F soft-
ware; Nikon Europe BV, Amsterdam).

Cell extracts and Western immunoblotting analysis
Cells were processed as previously reported (20). Blots were 

probed with the following antibodies: anti-spliced X-box 
binding protein 1 (XBP-1s) (E9V3E, #40435), ATF6 (D4Z8V, 
#65880), BiP/GRP78 (C50B12, #3177), and protein disulfide 
isomerase (PDI) (#2446) from Cell Signaling Technology; 
anti-endothelial NOS (eNOS) (A1548) from ABclonal; and 
anti-NOS2 (N-20, sc-651) from Santa Cruz Biotechnology. 
Total protein and immune complex detection were per-
formed in a ChemiDoc MP Imaging System (Bio-Rad). The 
quantification of the immunoreactive signal was performed 
using the Image Lab software, version 5.2.1 (Bio-Rad), and the 
obtained values were normalized on total protein content as 
determined by the No-Stain reagent.
For redox Western blot analysis, samples were separated 

by SDS-PAGE under reducing (+β-mercaptoethanol, +MSH) 
and nonreducing conditions (-MSH), blotted, and stained with 
an antibody against PDI.

Immunofluorescence
HUVECs were grown on 35 mm MatTek glass-bottom 

dishes (MatTek Corporation; density, 2 × 10 5 cells/well). Af-
ter treatment, cells were processed for immunofluorescence 
as previously reported (20). The cells were incubated over-
night at 4 ◦ C with the anti-GRP78 antibody (C50B12; #3177). 
After being washed (4X) with PBS, the cultures were incu-
bated for 1 h with a conjugated anti-rabbit secondary anti-
body. The same protocol was also applied to the carotid 
sections; in detail, they were incubated overnight with the 
CD31/PECAM-1 (H3) antibody (sc-376764; Santa Cruz 
Biotechnology) at 4 ◦ C. After being washed (4X) with PBS, the 
sections were incubated for 60 min with conjugated anti-
mouse secondary antibody. Subsequently, cells and sections

were washed (4X) with PBS, and fluorescent images were 
captured using the 63x oil objective by confocal microscopy 
(Leica TCS SP5 II confocal microscope, Wetzlar, Germany).

Transmission electron microscopy
For transmission electron microscopy, cells were seeded in 

25 cm 2 flasks. At the end of the treatment, the cells were 
washed and then fixed for 1 h with glutaraldehyde solution 
(2.5% in 0.1 M phosphate buffer, pH 7.4). Cells were washed in 
a phosphate buffer and postfixed in osmium tetroxide (1% in 
0.1 M phosphate buffer, pH 7.4) for 2 h. At the end of incu-
bation, cells were repeatedly washed in a phosphate buffer, 
dehydrated in a graded ethanol series, and embedded in 
Araldite. Semithin (2 μm thick) and ultrathin sections 
(70–80 nm thick) were cut with an LKB 2088 Ultratome V. 
The ultrathin sections were contrasted with UranyLess solu-
tion, followed by treatment with lead citrate. The sections 
were observed under a Philips CM10 transmission electron 
microscope.

Quantification of intracellular NSS
NO and RNS production was analyzed in HUVECs by 4,5-

diaminofluorescein diacetate probe (5 μM; ThermoFisher) 
and BioTracker 515 Green ONOO- dye (2.5 μM; SCT035, 
Sigma-Aldrich), respectively. Briefly, the cells were incubated 
with fluorescent probes for 30 min at 37 ◦ C, and then the 
fluorescence emission was analyzed at ex/em 485/520 nm in 
a FluoStar Optima (BMG Labtech, Ortenberg, Germany) 
multiwell plate reader.

GSH quantification
HUVECs (1 × 10 6 cells/flask) were lysed with 100 μl of lysis 

buffer (0.1% Triton X-100, 0.1 M Na 2 HPO 4 , 5 mM EDTA, pH 
7.5), followed by 15 μl of 0.1 N HCl and 140 μl of precipitating 
solution (100 ml containing 1.67 g [w/v] of glacial metaphos-
phoric acid, 0.2 g [w/v] of disodium EDTA, and 30 g [w/v] of 
NaCl). After centrifugation, pellets were resuspended in 
100 μl of 0.1 N NaOH, and proteins were quantified via 
Bradford assay (Bio-Rad). Supernatants were added with 25% 
(v/v) 0.3 M Na 2 HPO 4 and 10% (v/v) DTNB for thiol deter-
mination by HPLC through a BDS Hypersil™ C18 column 
(5 μm, 150 × 4.6 mm; Thermo Scientific). Separation and 
elution conditions were previously described elsewhere (21). 
Following the detection at 330 nm, quantitative measure-
ments were compared with known concentration standards 
and normalized to the protein content.

ER staining
HUVECs were grown on 35 mm MatTek glass-bottom 

dishes (density, 2 × 10 5 cells/well). After treatment, HUVECs 
were washed and incubated in HBSS 100 nM ER-Tracker 
Green (ThermoFisher) for 30 min at 37 ◦ C. Fluorescent im-
ages were observed and captured by confocal microscopy 
using a 63x oil objective (Leica TCS SP5 II confocal micro-
scope, Wetzlar, Germany).

NO staining
HUVECs were grown on 35 mm MatTek glass-bottom 

dishes (density, 2 × 10 5 cells/well). After treatment, HUVECs 
were washed and incubated in HBSS with 5 μM 4,5-
diaminofluorescein diacetate (ThermoFisher) for 30 min at 
37 ◦ C. Fluorescent images were observed and captured by
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confocal microscopy using a 63x oil objective (Leica TCS SP5 
II confocal microscope, Wetzlar, Germany).

Detection of aggregated proteins
Aggregated proteins were detected using the Proteostat 

Aggresome Detection Kit (Enzo, catalog no.: ENZ-51035) ac-
cording to the manufacturer's instructions. Briefly, cells were 
grown on 35 mm MatTek glass-bottom dishes (density,
2 × 10 5 cells/well). MG-132 was used as a positive control. 
After treatment, cells were washed (3X) with PBS and fixed 
for 15 min with 4% (v/v) paraformaldehyde (pH 7.4) at room 
temperature. Cells were washed again (3X) with PBS, per-
meabilized with permeabilizing solution, and gently shaken 
on ice for 30 min. Next, the cells were washed (2X) with PBS 
and incubated with the Dual Detection Reagent for 30 min at 
room temperature. Subsequently, the cells were washed with 
PBS, and fluorescent images were captured using the 63x oil 
objective by confocal microscopy (Leica TCS SP5 II confocal 
microscope, Wetzlar, Germany).

Biotin switch assay
S-NO proteins were identified in HUVECs and carotid 

sections by replacing S-nitrosyl groups with biotin using the 
S-NO protein detection assay kit (Cayman Chemical Co, cat-
alog no.: 10006518) according to the manufacturer's in-
structions and observed with confocal microscopy. 
Biotinylated proteins were also detected by Western immu-
noblotting using Avidin-HRP or purified using Streptavidin 
Agarose Resin (Thermo Scientific, #20347) by incubating 
samples with the matrix for 2 h at 4 ◦ C under stirring. After 
washing with Tris-buffered saline with Tween-20, purified 
proteins were eluted with Protein Extraction Reagent Type 4 
(P4, Sigma-Aldrich) supplemented with 30 mM biotin 
adjusted to pH 14, under stirring overnight at room temper-
ature. Purified proteins were analyzed by MS.

Proteomic analysis
Proteins recovered from the purification step were pro-

cessed by the EasyPep MS Sample Kit (Thermo Scientific). 
Eluted peptides were dried with a SpeedVac vacuum centri-
fuge (Savant-SPD121P). Prior to MS analysis, peptides were 
solubilized in 0.1% formic acid, and the peptide content was 
quantified through the BCA quantitative colorimetric pep-
tide assay (Thermo Fisher Scientific). Each sample (1.9 μg) was 
injected (in quintuplicate) into an UltiMate 3000 RSLC nano 
system coupled to the Exploris 240 mass spectrometer 
(Thermo Fisher Scientific) and resolved by Easy-Spray Pep-
map RSLC 18 (2 μm, 50 cm × 75 μm) at a flow rate of 250 nl/ 
min with a gradient of phase B (80% acetonitrile/0.1% formic 
acid); solvent A was 0.1% formic acid in water, from 2% to 
40% in 130 min. Phase B was then changed up 99% in 40 min, 
kept for 5 min, and then the column was re-equilibrated for 
10 min.
Mass spectra were acquired in a positive mode and data-

dependent manner. For MS1, the m/z range was set to 350–- 
1,500 at 120,000 resolution (at m/z 200), automatic gain control 
target 3e6, and auto maximum injection time. MS2 switched 
when ion intensity was above 5e3, with an m/z range in auto 
mode, normalized high-energy collisional dissociation (HCD) 
energy of 30%, automatic gain control target of 7.5e4, and 
maximum injection time of 40 ms. The resolution was set to 
15,000 at m/z 200, and the internal calibrant was employed in 
run start mode. Raw data generated by Xcalibur 4.2 software

(Thermo Fisher Scientific) were analyzed using Proteome 
Discoverer 2.5 (Thermo Fisher Scientific) by using the 
MSPepSearch algorithm: ProteomeTools_HCD30_PD and 
NIST_Human_Orbitrap_HCD databases were employed. 
After false discovery rate (FDR) evaluation by a target-decoy 
strategy in concatenated q-value mode, spectra with an FDR 
lower than 0.01 were sent to the Sequest HT algorithm. It was 
considered the fixed modification cysteine carbamidome-
thylation and the variable serine, threonine, or tyrosine 
phosphorylation. Also, variable oxidation (M) and deamida-
tion (N, Q) were considered. The FDR was again evaluated by 
a target-decoy strategy in a concatenated q-value manner. 
FDR (strict) was set as 0.01, whereas FDR (relaxed) was set as 
0.05. Differentially expressed and exclusive proteins were 
evaluated. A t-test background-based analysis was performed 
for proteomic data.

Subcellular fractionation
In order to separate the subcellular organelles, an 

isopycnic sucrose gradient was performed by ultracentrifu-
gation as described (22). After treatment, 3.5 × 10 6 cells were 
homogenized with a buffer without detergent (12% sucrose, 
10 mM KCl, 2 mM MgCl 2 , 100 mM Tris-HCl, pH 7.8). The 
homogenate (600 μl) was loaded on top of a 16–55% (w/w) 
continuous sucrose gradient. After centrifugation at 141,000g 
for 4 h at 4 ◦ C in a Beckman SW28 rotor (Beckman Coulter), 
fractions of 850 μl were collected, and the total proteins 
present were precipitated with 150 μl of trichloroacetic acid 
per sample, centrifuged at 12,000 rpm, and washed twice with 
acetone. The pellets obtained were resuspended with loading 
buffer and then analyzed by SDS-PAGE and immunoblotting 
with the anti-BiP (1:2,000 dilution; Euroclone, anti-BiP/Grp78 
[C50B12] Rabbit mAb) and anti-lysosome-associated mem-
brane protein 1 (LAMP1) (1:2,000 dilution; Cell Signaling 
Technology, rabbit mAb clone C54H11, catalog no.: 3243).

Statistical analysis
Statistical analyses were performed using Prism, version 

9.00 (GraphPad Software). Data are presented as the 
mean ± SD from at least three independent biological ex-
periments. Differences between samples were assessed by 
ANOVA with Tukey post hoc analysis. The t-test was utilized 
for data comparison between two groups. The P value was 
calculated using a two-tailed test, where the value of P < 0.05 
was indicative of a statistically significant difference.

RESULTS

SEC-B affects ER structure and triggers the UPR 
activation
To investigate the effects of SEC-B on the ER, we 

initially examined ER structure by fluorescence mi-
croscopy in treated HUVECs. As shown in Fig. 1A, SEC-
B induces marked disorganization and enlargement of 
ER membranes. This alteration was detectable after 4 h 
of treatment but became more pronounced at 24 h. 
Transmission electron microscopy images (Fig. 1B) 
confirmed structural alterations in the ER, as it 
appeared dilated and highly disorganized, scattered 
throughout the cytoplasm following treatment. ER 
alteration was also studied from a functional point of 
view by analyzing activation of key stress-sensor
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pathways of the UPR, specifically XBP-1 and ATF6, 
which have been involved in mediating ER expansion 
(23, 24). Our results show that SEC-B promotes a sig-
nificant increase in XBP-1s expression, by approxi-
mately 2-fold, at 4 h of treatment, whereas a slight 
modulation of ATF6 was observed (Fig. 1C, D). During 
ER stress, GRP78 is upregulated and can relocate to 
other cellular compartments where it acquires new 
functions (25). Immunofluorescence analysis revealed 
a specific redistribution of GRP78 in the cytoplasm 
after 24 h treatment (Fig. 1E). Accumulation of mis-
folded proteins has been previously associated with 
prolonged ER stress (26). The staining with the aggre-
some detection kit revealed a red punctate pattern in 
the cytoplasm, highlighting an increased accumulation 
of misfolded proteins in SEC-B-treated cells (Fig. 1F).

SEC-B induces NSS by increasing NO/inducible 
nitric oxide synthase expression in HUVECs
To further elucidate the mechanism by which SEC-B 

promotes ER stress, we assessed redox perturbation 
following treatment. Intracellular levels of RNS, GSH, 
and NO were measured in HUVECs. As shown in 
Figure 2A, B, SEC-B significantly increased RNS 
levels during 24 h of treatment and decreased GSH 
content within the first 4 h. In parallel, NO production 
increased over 24 h, as confirmed by confocal micro-
scopy images showing a different pattern of fluores-
cence (Fig. 2C, D). Quantification of NO synthase 
(NOS) enzymes highlighted an early increase of 
inducible nitric oxide synthase (iNOS) protein levels by 
2-fold, whereas the constitutive eNOS remained un-
changed during the treatment (Fig. 2E, F).

Fig. 1. SEC-B induces UPR activation, leading to ER stress. A: Confocal microscopy of ER-Tracker Green-stained HUVECs after 4 
and 24 h of treatment with 10 μM SEC-B. The scale bar represents 25 μm. B: TEM images also showed the disorganization and 
enlargement of ER membranes as indicated by the red arrow (the scale bar represents 0.5 μm). C and D: Western immunoblotting 
analysis and quantification of XBP-1s and ATF6 expression levels in HUVECs treated with 10 μM SEC-B. Values are the mean ± SD 
of the values obtained from five independent experiments. ***P < 0.001 versus untreated cells. E: Confocal images of GRP78 
immunostaining in HUVECs after 24 h treatment with 10 μM SEC-B. The scale bar represents 20 μm. F: Aggresome formation 
detected by the ProteoStat® Aggresome Detection Kit after 24 h of 10 μM SEC-B treatment. The scale bar represents 25 μm. 
Quantitative analysis of positive fluorescent area per cell, in HUVECs treated with 10 μM SEC-B for 24 h. Data are expressed as 
mean ± SD (n = 3). **P < 0.01 versus untreated cells.
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SEC-B increases total protein S-NO in HUVECs, 
including GRP78 and PDIA6
Aberrant S-NO of proteins is a feature observed in 

various pathological conditions associated with NSS (18, 
27). Our investigation performed on carotid sections 
from patients with advanced atherosclerosis confirmed 
the massive lipid accumulation in the lesion area and 
detected the presence of S-NO proteins in the altered 
endothelial layer (Fig. 3A). Accumulation of S-NO 
proteins was also observed in HUVECs by confocal 
microscopy (Fig. 3B). Western immunoblotting analysis 
revealed a significant increase in S-NO protein content 
after 1 h of SEC-B treatment (Fig. 3B). To identify S-NO 
proteins, cell extracts were enriched for S-NO proteins 
by Streptavidin Agarose Resin and analyzed by MS. 
MS/MS data analysis allowed us to identify a total of 
188 master proteins, of which 149 were expressed both 
in Ctrl and SEC-B groups, whereas 39 were exclusive to 
SEC-B treatment (Fig. 3C and supplemental Table S1). 
Interestingly, among exclusive S-NO proteins of SEC-
B-treated samples, we identified protein disulfide 
isomerase family A member 6 (PDIA6), which is 
involved in limiting UPR signaling (28). Moreover, 
among coexpressed proteins, 26 proteins were found 
differentially S-nitrosylated between Ctrl and SEC-B 
groups, 18 were hyper-S-nitrosylated and 8 proteins 
were hypo-S-nitrosylated after treatment (Fig. 3D and 
Table 1). Notably, among the hyper-S-NO proteins, we 
identified GRP78, whose overall levels in whole cell

extracts remained unchanged, suggesting that SEC-B 
increases the fraction of S-NO GRP78 rather than its 
synthesis (supplemental Fig. S1).

NOS inhibition reverses ER dysfunction and 
prevents aggresome formation
To investigate the role of nitrosylation in ER stress, 

HUVECs were pretreated with the NOS inhibitor, L-
NAME, which selectively reversed iNOS expression 
and reduced NO production in HUVECs 
(supplemental Fig. S2). Interestingly, we found that L-
NAME is able to reduce ER swelling as observed by 
microscopy analysis in Figure 4A.
To quantify ER alterations, an isopycnic gradient 

centrifugation of cell lysates was performed. Western 
blotting was performed using antibodies recognizing 
GRP78 and the lysosomal membrane marker LAMP1, 
followed by analysis of the obtained fractions. A 
different distribution of GRP78 is observed in cells 
treated with SEC-B, where it concentrates in aggre-
somes that precipitate into higher-density fractions. 
Conversely, pretreatment with L-NAME was able to 
restore the amount of GRP78 to basal levels and 
eliminate the presence of protein aggregates (Fig. 4B). 
Furthermore, the data obtained revealed the colocali-
zation in the same fractions of the soluble ER resident 
protein GRP78 with LAMP1. The two proteins were 
present both in the low-density fractions (1–3), corre-
sponding to soluble proteins derived from the cytosol

Fig. 2. SEC-B induces NSS through increased intracellular NO and RNS and depletion of the antioxidant GSH. Quantitative 
analysis of RNS (A), GSH (B), and NO (C) levels in HUVECs treated with 10 μM SEC-B. Data are expressed as the mean ± SD of the 
values obtained from at least three independent experiments.*P < 0.05, **P < 0.01 versus untreated cells. D: Confocal microscopy of 
4,5-diaminofluorescein diacetate-stained HUVECs after 24 h of treatment with 10 μM SEC-B. The scale bar represents 20 μm. E and 
F: Western immunoblotting analysis and quantitation of iNOS and eNOS expression levels in HUVECs treated with 10 μM SEC-B. 
Data are reported in the graph as fold change versus untreated cells. Data are expressed as the mean ± SD of the values obtained 
from at least four independent experiments. *P < 0.05 versus untreated cells.
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and proteins released from organelles during cell 
rupture treatment, and in the denser fractions (8–11 
lysosome and 12–15 ER). This finding suggests that the 
large aggregates present in samples treated with SEC-B, 
visualized by confocal microscopy (Fig. 1F), are prob-
ably autophagic structures that degrade parts of the ER 
overloaded with misfolded proteins bound to the 
chaperone GRP78. Furthermore, as shown in 
Figure 4C, D, L-NAME treatment led to a sharp 
decrease (approximately 60%; P < 0.05) of misfolded 
protein aggregates. Western blot analysis of PDI under 
nonreducing conditions showed that PDI was mainly 
reduced in control cells, whereas SEC-B promoted 
partial PDI oxidation as determined by the appearance 
of a second immunoreactive band with increased 
mobility at 4 h of treatment (29). This band dis-
appeared under reducing conditions, indicating that 
the shift was due to cysteine oxidation. Cell pretreat-
ment with L-NAME completely abrogated PDI oxida-
tion, indicating that aberrant NO production

contributes to PDI redox imbalance, thereby compro-
mising its enzymatic activity in catalyzing disulfide 
bond formation and isomerization (Fig. 4E).

DISCUSSION

The ER is involved in many essential cellular processes, 
including protein folding and quality control of newly 
synthesized proteins (30). The mechanisms that promote 
ER stress are involved in the pathogenesis of several 
disorders, such as neurodegenerative diseases and 
atherosclerosis. Our previous findings demonstrated that 
SEC-B treatment induced ER stress in HUVECs, as evi-
denced by significant changes in ER size and shape (8). 
Additionally, SEC-B rapidly activates microvascular 
endothelial cells by inducing oxidative stress, NO pro-
duction, and proinflammatory cytokine release (20). 
Considering these findings, we investigated the molecu-
lar mechanisms involved in SEC-B-induced ER stress.

Fig. 3. SEC-B promotes protein S-NO in HUVECs. A: Accumulation of lipids was observed by staining with Oil Red O. Confocal 
images of CD31 immunostaining (blue) and S-NO proteins (green) in carotid sections of patients with advanced atherosclerosis. The 
scale bar represents 50 μm. B: Confocal images of S-NO proteins in HUVECs treated with 10 μM SEC-B for 2 h. The scale bar 
represents 50 μm. Quantitative analysis of S-NO protein levels in HUVECs treated with 10 μM SEC-B, performed by Western blot 
analysis using Avidin-HRP detection. A representative image is shown on the right, while the graph shows the quantification of 
three independent experiments. Data are expressed as the mean ± SD. *P < 0.05 versus untreated cells. Total proteins were stained 
as the loading control. C: Venn diagram of differentially S-NO proteins in SEC-B-treated cells compared to untreated control cells. 
D: The volcano plot shows significantly hyper-S-nitrosylated (in red) and hypo-S-nitrosylated (in green) proteins. Proteins are 
selected with a log2 fold change of 0.4 and an unadjusted P < 0.05.
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Our data confirmed that noncytotoxic doses of SEC-
B caused marked ER swelling. This was preceded by 
activation of the IRE/XBP-1 branch of the UPR and 
was associated with accumulation of misfolded pro-
teins at 24 h post-treatment.
Growing evidence indicates that XBP-1s over-

expression activates phospholipid biosynthesis and ER 
biogenesis, which are compensatory mechanisms to 
alleviate ER stress, independently of an increase in ER 
chaperone levels (31, 32). Furthermore, the ATF6 and 
the IRE1α/XBP-1 cascades transcriptionally upregulate 
ER chaperone genes to promote efficient folding and 
degradation of proteins, facilitating efficient ER 
function (33). Conversely, ER expansion and aggre-
some formation are both consequences of ER stress 
triggered by the accumulation of misfolded proteins. 
In particular, aggresomes play a protective role by 
sequestering protein aggregates and sustaining ER 
homeostasis (34).
However, if the efficiency of the aggresome degra-

dation by proteasomes and the autophagic pathway is 
impaired, the risk of pathogenic outcomes rises (35). 
NO acts as a key signaling molecule that, within 

normal physiological levels, regulates several biological 
processes like vasodilation, immune responses, and 
neurotransmission. However, an excessive presence of 
NO becomes cytotoxic to intracellular components, 
resulting in severe damage to intracellular lipids,

proteins, enzymes, and other molecules, and contrib-
uting to the development of various diseases (36). The 
iNOS is not present in resting cells but can be induced 
in response to inflammatory stimuli, producing a large 
amount of NO often accompanied by increased ROS 
production, including peroxynitrite and superoxide, 
which contribute to plaque instability (37).
Our findings demonstrate that SEC-B induces iNOS 

expression and increases cellular NO and RNS levels, 
coupled with early depletion of GSH, suggesting that 
SEC-B triggers NSS in endothelial cells. Similarly, 
Wielkoszy ´ nski et al. (38) showed that 5α,6α-epox-
yphytosterols exacerbate NSS and inflammatory cyto-
kine release and impair lipid metabolism in rats on 
low-cholesterol diets. Recently, Su et al. (39) showed 
that oxLDL strongly upregulates inflammatory medi-
ators like iNOS and suppresses eNOS activity, thereby 
contributing to endothelial dysfunction in mouse and 
rat artery endothelial cells.
One of the key mechanisms by which NO regulates 

the function and the activity of various target proteins 
is a process commonly known as S-NO, a post-
translational protein modification in which NO 
covalently binds to cysteine thiols (17). While tightly 
regulated S-NO is essential in multiple biological pro-
cesses, including transcription, DNA repair, cell 
growth/differentiation, and apoptosis, its dysregula-
tion is implicated in various diseases (40). The results

TABLE 1. Differentially S-NO proteins in SEC-B-treated HUVECs

Accession Description Gene symbol Abundance ratio
Abundance ratio adjusted 

P value

Hyper-S-nitrosylated
P81605 Dermcidin DCD 2.373 6.26E-02
P13639 Elongation factor 2 EEF2 1.510 6.26E-02
E9PQB7 Cofilin-1 CFL1 1.480 6.38E-02
Q96DR8 Mucin-like protein 1 MUCL1 1.954 6.26E-02
V9HWB4 78 kDa glucose-regulated protein HEL-S-89n 1.936 6.04E-02
P48681 Nestin NES 3.512 6.26E-02
Q9NZT1 Calmodulin-like protein 5 CALML5 1.340 6.26E-02
Q15657 Tropomyosin isoform 2.156 6.26E-02
P12273 Prolactin-inducible protein PIP 5.184 6.26E-02
V9HWC0 Moesin HEL70 2.150 6.26E-02
B7Z1K5 Tubulin alpha chain 3.302 6.26E-02
E9PKE3 Heat shock cognate 71 kDa protein HSPA8 1.795 7.54E-02
A0A7I2V599 60 kDa heat shock protein, mitochondrial HSPD1 2.890 6.26E-02
A0A0U1RQZ6 Zymogen granule protein 16 homolog B ZG16B 2.877 6.04E-02
C9JF17 Apolipoprotein D APOD 2.329 6.26E-02
H7C144 Alpha-actinin-4 ACTN4 2.053 6.61E-02
A0A060VCY6 MHC class I antigen HLA-A 4.828 6.26E-02
A1A4E9 Keratin 13 KRT13 3.581 6.26E-02

Hypo-S-nitrosylated 
Q5T749 Keratinocyte proline-rich protein KPRP 0.495 6.26E-02 
P78371 T-complex protein 1 subunit beta CCT2 0.372 6.28E-02 
B4DUQ1 Heterogeneous nuclear ribonucleoprotein K HNRNPK 0.171 6.26E-02
Q59EM6 Internexin neuronal intermediate filament

protein, alpha variant 
0.629 6.26E-02

Q53ET2 Dihydropyrimidinase-related protein 2 0.543 6.26E-02
Q16778 Histone H2B type 2-E H2BC21 0.408 6.26E-02
P50991 T-complex protein 1 subunit delta CCT4 0.559 6.26E-02
P08670 Vimentin VIM 0.700 6.26E-02

The table shows significantly hyper-S-NO and hypo-S-NO proteins; data are obtained by Proteome Discoverer software from SEC-B-
treated versus untreated Ctrl cells. Proteins are selected with log2 fold change 0.4 and adjusted P < 0.1.
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demonstrate that hypo- or hyper-S-NO of specific 
protein targets is involved in the development and 
progression of several diseases (26, 41, 42).
Chao et al. (43) reported that increased protein 

nitrosylation of specific proteins, that is, the guanine 
nucleotide-binding protein 2 in the aorta of diabetic 
mice, accelerates atherosclerosis progression. More-
over, S-NO has been visualized in human blood vessel 
sections from patients with cardiovascular diseases and 
severe endothelial injury, as highlighted by our inves-
tigation performed on carotids from atherosclerotic 
patients (44, 45).
The overproduction of intracellular NO is closely 

associated with ER dysfunction, leading to ER stress-
mediated apoptosis (15, 46). Nakato et al. (17) showed 
that S-NO of ER stress sensors, such as PERK and IRE, 
contributes to neurodegeneration by promoting ER 
stress, mitochondrial dysfunction, and synaptic

degeneration. While altered protein S-NO has been 
demonstrated to promote dysfunctional ER stress 
signaling contributing to neuronal disease, this rela-
tionship needs further investigation in the context of 
the vascular system (47).
Based on this evidence, we explored the impact of 

SEC-B on protein S-NO. Our results confirmed that 
SEC-B significantly increases total protein S-NO in 
endothelial cells. This aligns with the findings of Wang 
et al. (48), who showed that iNOS-induced S-NO of 
eNOS at Cys94 and Cys99 exacerbates endothelial 
dysfunction under oxLDL exposure.
Among proteins specifically nitrosylated by SEC-B, 

we identified PDIA6, which belongs to the protein di-
sulfide isomerase family and is essential for the for-
mation, cleavage, and reorganization of disulfide bonds 
in proteins (28). PDIA6 is known to modulate the PERK 
pathway; therefore, PDIA6 deficiency leads to persistent

Fig. 4. NOS inhibitor reduces ER swelling and aggresome formation. A: Confocal microscopy of ER-Tracker Green-stained 
HUVECs after 24 h of treatment with 10 μM SEC-B with and without L-NAME pretreatment. The scale bar represents 25 μm. 
B: Distribution of the GRP78 and LAMP1 protein in HUVECs. Total proteins extracted from HUVECs treated with SEC-B 10 μM or 
pretreated with L-NAME before SEC-B treatment were fractionated by centrifugation on an isopycnic sucrose gradient. Total 
proteins from each fraction were analyzed by SDS-PAGE and immunoblot using anti-GRP78 or anti-LAMP1 antiserum. The top of 
the gradients is at the left; numbers on the top indicate density (g/ml); numbers on the bottom indicate the gradient fractions. The 
lysosomal and ER fractions are underlined. The positions of molecular mass markers in kilodaltons are indicated by numbers on 
the right of the panels. C: Aggresome formation detected by the ProteoStat® Aggresome Detection Kit after 24 h of treatment with 
10 μM SEC-B with and without L-NAME pretreatment. The scale bar represents 25 μm. D: Quantitative analysis of positive fluo-
rescent area per cell, in HUVECs treated with 10 μM SEC-B with and without L-NAME pretreatment. Data are expressed as 
mean ± SD (n = 3). **P < 0.01 versus untreated cells; *P < 0.05 versus SEC-B-treated cells. E: Immunoblot analysis of PDI expression 
in lysates of HUVECs treated with 10 μM SEC-B with and without L-NAME. Proteins were resolved under reducing (+MSH) and 
nonreducing (-MSH) conditions. An asterisk indicates oxidized PDI.
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activation of UPR signaling (49). Notably, S-NO of 
PDIA6 has been shown in Alzheimer's disease samples, 
indicating possible dysfunction of redox protein 
folding and UPR regulation in the disease etiology (49). 
We also detected GRP78 among differentially 

expressed S-NO proteins. Together with PDI, GRP78 is 
a major ER chaperone involved in protein folding and 
ER-associated degradation and is known to undergo 
redox-sensitive post-translational modification. It has 
been demonstrated that cysteine oxidation alters 
GRP78 activity, impairing ATPase activity and 
enhancing substrate binding (50). Xu et al. (51) 
demonstrated that abnormal protein S-NO of the ER is 
one of the pathways implicated in endothelial 
dysfunction induced by oxLDL. Furthermore, Wad-
ham et al. (52) reported that high glucose treatment 
decreases S-NO of GRP78 in endothelial cells, 
contributing to vascular complications in diabetes.
To further investigate the interplay between ER 

stress and S-NO, we treated HUVECs with L-NAME, a 
specific NOS inhibitor. Our finding showed that L-
NAME mitigated ER swelling and significantly 
reduced aggresome formation indicating a specific 
role of NO in the ER homeostasis. We also observed 
colocalization of GRP78 with LAMP1, indicating that 
lysosomal degradation of both native and misfolded 
ER proteins is critical for restoring ER homeostasis (53). 
Studies have demonstrated that failure of the protea-
somal degradation system leads to autophagic clear-
ance of the aggresomes, with lysosomes repositioning 
around them to facilitate degradation. This positioning 
may represent a specialized mechanism that enhances 
autophagic degradation of misfolded proteins accu-
mulating within the aggresome (12, 54). Furthermore, 
L-NAME reduced PDI oxidation, likely due to reduced 
NSS. Molteni et al. (55) reported that extended oxida-
tion of PDI accelerates disulfide bond formation, 
promoting the accumulation of high molecular weight 
protein aggregates in the cytosol.
Overall, our findings demonstrate that protein S-NO 

plays a pivotal role in promoting ER stress and protein 
aggresome formation in endothelial cells exposed to 
SEC-B. This mechanism may contribute to explaining 
the vascular dysfunction observed in atherosclerosis 
and highlights potential therapeutic targets to preserve 
endothelial integrity.

CONCLUSION

Given the critical role of nitrosylation and ER stress 
in the pathogenesis of atherosclerosis, this study ad-
vances our understanding of the proatherogenic effect 
of oxysterols and offers new insights into disease 
mechanisms and potential therapeutic targets.
S-NO is a complex process that contributes to the 

development and progression of atherosclerosis by 
modulating endothelial function, inflammation, 
oxidative stress, and related cellular processes.

Elucidating the specific protein targets and molecular 
pathways involved in S-NO could be crucial for 
developing effective therapeutic strategies against 
atherosclerosis to improve clinical outcomes.
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