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ARTICLE INFO ABSTRACT
Keywords: Glucosamine (GlcN) is the most used supplement for osteoarthritis treatment. In vitro studies have related GlcN to
Glucosamine beneficial and detrimental effects on health. The aim of this study was to evaluate the effects of O-linked-N-

ROS production acetylglucosaminylation (O-GlcNAc) on GlcN-induced ROS production and Nrf2 expression in human dermal

g;ithehum microvascular endothelial cells-1 (HMEC-1) and to evaluate the antioxidant capacity of GlcN compared to well-
0-GleNAc known antioxidants. For this, we evaluate the antioxidant capacity by in vitro assays. Besides, the GIcN (5-20

mM) effects on cell viability, reactive oxygen species (ROS) production, O-GlcNAc, and nuclear factor erythroid-
2-related factor 2 (Nrf2) expression with and without the O-GlcNAc inhibitor OSMI-1 (10 pM) in HMEC-1 were
evaluated. GlcN showed high inhibitory concentration (low scavenging activity) against superoxide (03, ICyo =
47.67 mM), 2,2-diphenyl-1-picrylhydrazyl (DPPH®, ICso = 21.32 mM), and hydroxyl (HO®, ICso = 14.04 mM)
radicals without scavenging activity against hydrogen peroxide (H202) and low antioxidant capacity determined
by oxygen radical absorbance capacity (ORAC, 0.001 mM Trolox equivalent) and ferric reducing antioxidant
power (FRAP, 0.046 mM Trolox equivalent). In cell culture, GlcN (20 mM) reduced cell viability up to 26 % and
induced an increase in ROS production (up to 70 %), O-GlcNAc (4-fold-higher vs. control), and Nrf2 expression
(56 %), which were prevented by OSMI-1. These data suggest an association between O-GlcNAc, ROS production,
and Nrf2 expression in HMEC-1 cells stimulated with GIcN.

Scavenging activity

1. Introduction It has several biomedical applications in the food and cosmetic industry
(Eshwaran et al. 2021). It is a precursor of glycosaminoglycans in
Glucosamine (GlcN) is an amino sugar widely distributed in nature. articular cartilage and is employed for osteoarthritis treatment (Derwich
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phenylindole dihydrochloride; DHE, Dihydroethidium; DMSO, Dimethyl sulfoxide; DPPH®, 2,2-diphenyl-1-picrylhydrazylp; EBM, Endothelial basal medium; eNOS,
Endothelial nitric oxide synthase; FBS, Fetal bovine serum; Fe?*, Ferrous ion; Fe>*-TPTZ, Ferric tripyridyl triazine; FeCls, Ferric chloride; FRAP, Ferric reducing
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et al. 2023). GlcN is easily accessible since it is found as a food sup-
plement in pharmacies and shopping malls. It is the fourth most-used
dietary supplement worldwide and the number one for patients with
osteoarthritis (Eshwaran et al. 2021).

GlcN is incorporated into metabolism through the hexosamine
biosynthetic pathway, increasing O-linked-N-acetylglucosaminylation
(O-GlIcNAc) in several proteins. It is a reversible and dynamic post-
translational modification that binds to serine and threonine hydroxyl
residues of cytoplasmic, nuclear, and mitochondrial proteins (Paneque
et al. 2023). O-GlcNAc is carried out by the enzyme O-GlcNAc trans-
ferase (OGT), and it is removed by the enzyme f-N-acetylglucosamini-
dase (OGA) (Paneque et al. 2023). O-GlcNAc regulates the cellular
response to hormones, stress response and modulates cell growth and
division. In addition, it is essential for cell viability, activation of the
immune system, apoptosis, stress response, embryonic development,
cell transport, gene transcription, and it acts as a nutrient and stress
sensor, among others (Chen et al. 2018, Paneque et al. 2023).

Reactive oxygen species (ROS) are partially reduced species of mo-
lecular oxygen that are continuously produced in cellular metabolism;
examples are superoxide anion (O3 ), hydroxyl radicals (HO®), peroxyl
radicals (ROO®), and hydrogen peroxide (H20,), among others. These
ROS can react with each other and with biomolecules like proteins,
carbohydrates, lipids, and deoxyribonucleic acid affecting their struc-
ture and function. ROS production and oxidative stress increase are
associated with the development of cancer, type 2 diabetes mellitus,
atherosclerosis and cardiovascular diseases, among other diseases
(Kaneto et al. 2010). Nuclear factor erythroid-2-related factor 2 (Nrf2)
could be induced to prevent oxidative stress. This transcription factor
coordinates the basal cytoprotective gene activation and inducible
activation by oxidative and electrophilic stress (Qi and Dong 2021). Nrf2
promotes the transcription of cytoprotective genes, including antioxi-
dant or antioxidant-generating enzymes, metabolizers of xenobiotics,
and nicotinamide adenine dinucleotide phosphate (NADPH)-synthesiz-
ing enzymes (Yu and Xiao, 2021).

GlcN is considered a potent antioxidant against O3, HO®, DPPH® and
others. However, it has not yet been compared to standard antioxidants
(Yan et al. 2007, Xing et al. 2009, Jamialahmadi et al. 2014), so the
magnitude of the antioxidant capacity of GlcN is still unknown. GlcN is
also an indirect antioxidant since it activates Nrf2 in iodinated contrast
media-damaged kidneys of rats (Hu et al. 2017). These antioxidant
properties of GlcN could become important for endothelium, the cellular
layer that covers the blood vessels and performs diverse biological ef-
fects, emphasizing the immunological and hemostatic ones. The direct
antioxidant capacity and the expression of Nrf2 in endothelial cells may
counter some of the mechanisms, though GIcN and other compounds
could contribute to endothelial dysfunction. GlcN increases vascular
contraction in the aorta rings in diffusion (Kim et al. 2011), induces
vascular damage, and increases the risk of hypertension and athero-
sclerosis (Dela Justina et al. 2020). Besides, GlcN increases O35 levels
and decreases tumor necrosis factor-a-induced nitric oxide production in
human umbilical vein endothelial cells (HUVEC) (Rajapakse et al.
2009), induces apoptosis and inflammation in HUVEC cells (Cai et al.
2017), increases the O3 production of mitochondrial and the O-GlcNAc
of endothelial nitric oxide synthase (eNOS), decreasing its activity by 67
% in bovine aortic endothelial cells (Du et al. 2001). Furthermore,
increased O-GlcNAc induces endothelial dysfunction by activating the
enzyme NADPH oxidase (Souza-Silva et al. 2018) and inactive eNOS,
inducing endothelial dysfunction of mouse penile tissue (Musicki et al.
2005). By contrast, GlcN showed beneficial effects in preventing the
expression of ICAM-1 and MCP-1 induced by TNF-a in HUVEC (Ju et al.
2008). Based on the above, the aim of the present study was to evaluate
the effects of GIlcN induced-O-GlcNAc on ROS production and Nrf2
expression in human dermal microvascular endothelial cells-1 (HMEC-
1) to explore the possible association between the three biological pro-
cesses. In addition, by first time the magnitude of the antioxidant ca-
pacity of GlcN was evaluated against to well-known antioxidant
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standards. Our research contributes to clarify whether GlcN is a potent
antioxidant compound or not and establishes a link between ROS pro-
duction and Nrf2 expression in GlcN-induced O-GlcNAc in HMEC-1.

2. Material and methods
2.1. Reagents

The HMEC-1 (CRL-3243™ ATCC) cell line was generously donated
by Dr. Felipe Masso of the Instituto Nacional de Cardiologia Ignacio
Chéavez (CDMX, Mexico). Bovine serum albumin (BSA), 2,2-azobis (2-
amidinopropane) dihydrochloride (AAPH), xanthine, xanthine oxidase,
nitroblue tetrazolium (NBT), sodium fluorescein, 2,2-diphenyl-1-picryl-
hydrazyl (DPPH®), terephthalic acid, ascorbic acid, ammonium ferrous
sulfate, Amplex Red, butylated hydroxytoluene, dimethyl sulfoxide
(DMSO), ferric tripyridyl triazine (Fe3+-TPTZ), quercetin hydrate (Q), D-
(+)-glucosamine hydrochloride (GIcN, 99 %), 3-[4,5-dimethylthiazol-2-
y11-2,5 diphenyl tetrazolium bromide (MTT), dihydroethidium (DHE),
triton X-100, Tris(2-pyridyl)-s-triazine, p-formaldehyde, oR)-a-[[(1,2-
Dihydro-2-oxo0-6-quinolinyl)sulfonyl]amino]-N-(2-furanylmethyl)-2-
methoxy-N-(2-thienylmethyl)-benzeneacetamide (OSMI-1), xylenol or-
ange, iron (III) chloride (FeCls3) and 2-propanol were from Sigma-
Aldrich (St. Louis, MO, USA). Trolox was from EMD Millipore (Bill-
erica, MA, USA, 98 %). 2,7-dichlorodihydrofluorescein diacetate
(H,DCFDA) was from Molecular Probes (Eugene, OR, USA). Fetal bovine
serum (FBS) was from Invitrogen Life Technologies (Carlsbad, CA, USA).
Alexa Fluor® 488 and Alexa Fluor® 594 (Jackson ImmunoResearch, PA,
USA), 4,6-diamidino-2-phenylindole dihydrochloride (DAPI, from
Invitrogen, CA, USA), Nrf2 (SC-722) and O-GlcNAc (SC-59623) anti-
bodies were from Santa Cruz Biotechnology (Dallas, TX, USA). Ethyl-
enediaminetetraacetic acid disodium salt (Na,EDTA) and H,05 (30 %)
were from JT Baker (Xalostoc, Edo. de Mexico, Mexico). Endothelial
basal medium (EBM)-2 medium and its supplements were purchased
from Lonza (Walkersville, MD, USA). All other reagents were of
analytical grade and commercially available.

2.2. Antioxidant activity of GIcN

GlcN (500 mM) or Trolox (10 uM) were dissolved in deionized water,
while Q (250 mM) was prepared in DMSO. The compound concentration
was based on a previous study (Gallegos-Velasco et al. 2023) and pre-
liminary tests (data not shown). All dilutions were made in deionized
water. The direct antioxidant activity tests were performed in a Synergy
HT multi-mode microplate reader (Biotek Instruments, Winooski, VT,
USA).

2.3. O3 assay

Trapping activity was evaluated by prevention of formazan pro-
duction in the presence of GlcN, Q or water (H20, 0 % scavenging). The
radical was produced by the xanthine-xanthine oxidase system. This
radical reduces NBT into formazan. The 295 nm and 560 nm optical
densities were used to measure xanthine oxidase activity and formazan
production, respectively (Fernandez-Rojas et al. 2015). Data were
expressed as a percent of control (H20).

2.4. HO® test

This radical was synthesized by the Fenton reaction. The fluorescent
2-hydroxy-terephthalate was produced after HO® reaction with tereph-
thalic acid. A decrease in the fluorescence evidenced the radical scav-
enging activity. GlcN, Q or H2O (0 % scavenging) were added to the
reaction mixture containing 0.2 mM ascorbic acid, 0.2 mM FeClg, 0.208
mM NaEDTA, 1 mM H30,, 1.4 mM terephthalic acid and 20 mM
phosphate buffer, pH 7.4. The fluorescence was measured at Aex 325 nm
and Aem 432 nm after 30 min (Trujillo et al. 2016). Data were expressed
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as a percent of control (H,0).
2.5. H30, assessment

Trapping activity against HyO was assessed after 20 min incubation
of 75 uM H30, with GlcN, Q or H20 (0 % entrapment), then a solution of
3.96 mM butylated hydroxytoluene, 0.1 mM xylenol orange and 0.25
mM ferrous ammonium sulfate was added. After 10 min, the optical
density at 560 nm was read against HoO, standard curve (Pedraza-
Chaverri et al. 2006). Data were expressed as a percent of control (H20).

2.6. DPPH" assay

The procedure is based on the reduction of DPPH®, which is detected
at 517 nm. GlcN, Q, trolox or Hy0 (0 % trapping) were mixed with 100
uM DPPH®. Optical density was measured at 517 nm (Fernandez-Rojas
et al. 2015). Data were expressed as a percent of control (H0).

2.7. ORAC assay

This test is based on the Trolox equivalent capacity of compounds to
delay the peroxyl radical-induced decrease fluorescein fluorescence at
excitation and emission wavelengths of 485 and 520 nm, respectively.
Results were expressed as Trolox equivalents. GIcN, Q, trolox standard
(0-10 pM) were added to the reaction mixture containing 23 nM fluo-
rescein and 19 mM AAPH. Fluorescence was measured for 1.5 h at
excitation and emission wavelengths of 485 and 520 nm, respectively,
using the Gen5 software (Biotek Instruments) (Fernandez-Rojas et al.
2015).

2.8. FRAP assay

The principle of this analysis is based on the Trolox equivalent ca-
pacity to reduce Fe>* to Fe?*, which forms a complex with 2,4,6-tris(2-
pyridyl)-s-triazine (TPTZ). This complex is detected at 593 nm. The
antioxidant capacity of GlcN, trolox or Q were revealed after reacting
with the colorless ferric tripyridyl triazine (Fe**-TPTZ) complex and
forming blue Fe?*-TPTZ. Briefly, samples were mixed with FRAP re-
agent (0.833 mM TPTZ, 1.66 mM FeCl3 in 250 mM acetate buffer, pH
3.6), and after 15 min, the absorbance at 593 nm was measured in a
microplate reader (Trujillo et al. 2016). Results were expressed as Trolox
equivalents.

2.9. Cell culture treatment

Assays were performed in the HMEC-1 cell line. Cells were used at
passage number 8-12 and grown in EBM-2 medium supplemented with
10 % FBS, hydrocortisone, gentamicin, ascorbic acid, epidermal growth
factor, and streptomycin sulfate according to the manufacturer’s in-
structions and maintained at 37 °C. For experiments, 18,000 cells/cm?
were seeded and allowed to adhere for 24 h in EBM-2 medium with 10 %
FBS. Cells were used at 80 % confluency in EBM-2 medium with 2 % FBS
for experimental procedures overnight. The GlcN was dissolved in EBM-
2 medium, the pH was adjusted to 7.2 and subsequently sterilized by
filtration. Cells were treated with 0 (control group, C), 5, 10, 15 and 20
mM GIcN for 24 h (Gallegos-Velasco et al. 2023). The experimental
conditions were carried out with EBM-2 medium with 2 % FBS for the
following determinations.

2.10. Cell viability

The number of viable cells was estimated by the MTT assay. After
treatment, 1 mM MTT was added to each well of 96-well plates and
incubated for 3 h at 37 °C. Then, the medium was carefully removed,
and the formazan crystals were dissolved with 150 pl of acid 2-propa-
nol. Absorbance was measured at 570 nm using the Cytation 5 Cell
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Image Reader plate reader (Biotek Instruments, Inc.). Results were
expressed as percent change from the control group (no treatment).

2.11. Time-course study of O-GIcNAc

GlcN-induced O-GlecNAc expression was assessed using 8-well slide
cell culture with the Nunc Lab-Tek chamber system. Cells were seeded
(30,000 cells/cm?) and allowed to adhere for 24 h. Subsequently, the
cells were cultured with 2 % FBS and 5, 10 and 20 mM GlcN were placed
for 2,4, 6,12 and 24 h (Cai et al. 2017). Then cells were fixed with 0.4 %
p-formaldehyde for 15 min and permeabilized with 0.3 % triton X-100
for 5 min. Cells were blocked with 2 % BSA for 1 h and the anti-O-
GlcNAc antibody (1:1000) was added for 2 h at room temperature.
Later, the cells were washed with phosphate-buffered saline (PBS) and
incubated with the fluorescein isothiocyanate (FITC)-conjugated sec-
ondary antibody (1:1000 + BSA 1 %) for 2 h at room temperature in the
dark. The slides were mounted with cover slides and were sealed. Cells
were observed with an AXIOSCOP 40 microscope with 10X (ZEISS,
Oberkochen, Germany) and the images were analyzed with the ZEN
program (ZEISS, Jena, Germany).

2.12. Measurement of ROS production

ROS production was quantified using two fluorescent dyes,
H,DCFDA and DHE, as previously reported (Fernandez-Rojas et al.
2020). Cells were seeded (28,000 to 37,500 cells/cm?) in 96-well fluo-
rescence plates and allowed to adhere for 24 h. Subsequently, the cells
were treated with GlcN for 6 h with or without the pre-treatment with
10 pM OSMI-1 for 24 h or treated with 1 mM H303 for 2 h, as a positive
control. Then, the medium was removed, and the cells were washed with
sterile PBS and co-incubated with 10 pM HyDCFDA or 40 pM DHE in
EBM-2 medium with 2 % FBS for 30 min at 37 °C in the dark. The me-
dium was then removed, the cells were washed with sterile PBS, and
EBM-2 medium with 2 % FBS was added. Photographs and fluorescence
were obtained with the multi-modal microplate reader with Cytation 5
cell culture imaging (imaging reader) at Ax 485/20 and Ay 528/20 for
the fluorochrome H,DCFDA and Aeyx 480/20 and Aer, 576/20 for DHE
fluorochrome using 20X magnification. Results were expressed as
percent change from the control group (no treatments).

2.13. Evaluation of O-GIcNAc and Nrf2 expression

HMEC-1 cells (250,000 cells/cm?) were seeded on sterile coverslips
placed in a 12-well plate and allowed to adhere by maintaining them in
EBM-2 medium with 2 % FBS for 24 h. Cells were treated for 6 h with 20
mM GlcN or 100 pM Q (Nrf2 positive control) with or without the pre-
treatment with 10 pM OSMI-1 for 24 h. After treatment, the cells were
fixed at room temperature with Karnosky’s solution for 30 min under
agitation. Subsequently, the cells were permeabilized with PBS 1X-triton
0.5 % for 15 min. Cells were blocked with 2 % BSA and washed three
times. Antibodies against Nrf-2 (1:1,000), and O-GlcNAc (1:1000) were
added and incubated overnight at 4 °C. Then the cells were incubated
with Alexa Fluor® 488 and Alexa Fluor® 594-conjugated secondary
antibodies for 2 h at room temperature in the dark with shaking. After 3
washes with PBS 1 pg/mL, DAPI was added to counterstain nuclei. Im-
aging and fluorescence intensity was obtained with Cytation 5 Cell
Image Reader (Biotek Instruments, Inc.).

2.14. Statistical analysis

Results are expressed as mean value + standard error of the mean
(SEM). Results of scavenging activity were expressed as the ability of the
sample to scavenge 50 % of each ROS (ICso). For this, values were
determined by interpolation using the least-squares method calculated
from at least three independent experiments. Cell culture data were
analyzed by one-way analysis of variance (ANOVA) followed by a
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Table 1
Scavenging and antioxidant activities of glucosamine (GlcN) and quercetin (Q).
ICso (mM) mM Trolox
equivalents
(¢ HO* DPPH* H,0, ORAC FRAP
GleN NR* 14.69 21.27 + - 1.1+ 46 +£ 0.2
+0.63 0.01 0.1 a0
103
Q 10.45 + ND 7.69 + - 2.1+ 22.06 £
2.72 0.23 0.1 0.17
1o 1o

GIcN: glucosamine, O3 : Superoxide anion radical, HO®: Hydroxyl radical,
DPPH": 2,2-Diphenyl-1-picrylhydrazyl radical, HyO5: hydrogen peroxide, ORAC:
Oxygen radical absorbance capacity, FRAP: Ferric reducing antioxidant power.
Trolox: 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid. ICsy: con-
centration that neutralizes 50 % of each ROS, NR = Not reached (*GlIcN at the
maximum concentration of 50 mM scavenged 20.5 + 4.6 %), -: Without scav-
enging activity. ND: Not detected. Data are shown as mean + SEM. n > 3.

Bonferroni multiple comparison test using GraphPad Prism for Windows
version 8.02. (GraphPad Software, San Diego, CA, USA). At least three
replications were performed for all biochemical and cell viability assays.
A value of p < 0.05 was considered statistically significant.

3. Results
3.1. GIcN has low antioxidant scavenging activity

It was observed that GlcN scavenges ROS and possesses low total
antioxidant capacity. As shown in Table 1 and Fig. 1, GlcN scavenges
03, HO®, and DPPH® at mM concentrations. At 50 mM (10.78 mg/mL),
GlcN was able to scavenge 88.6 & 0.9 % and 87.2 + 0.22 % of HO® and
DPPH®, respectively, but it was only able to scavenge 20.5 + 4.6 % of
03 and does not scavenge Hz0,. GlcN also showed antioxidant capac-
ity, determined by ORAC and FRAP assays, although its values,
expressed as Trolox equivalents, were low. Quercetin (Q), a well-
recognized antioxidant, was tested in the same assays as the
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antioxidant standard. Unlike GlcN, it requires lower concentrations to
scavenge DPPH® and O3 and has a higher total antioxidant capacity
than GlcN (Table 1).

3.2. GIcN reduces cell viability in HMEC-1 cells

The MTT assay was performed to assess the GIcN effect on cell
viability; the results showed that GlcN at 5-20 mM reduced cell viability
up to 26 %, p < 0.001, (Fig. 2).

3.3. GIcN induces O-GIcNAc in a concentration- and time-dependent
manner in HMEC-1 cells

HMEC-1 cells were treated with 5, 10, and 20 mM GlcN in a time-
course study (2, 4, 6, 12, and 24 h) to assess the induction of O-
GlcNAc expression (Fig. 3A, B). After 2 h of treatment, an increase in O-
GlcNAc was observed with all concentrations tested, although such in-
creases were not statistically significant. After 4 and 6 h of treatment
with 20 mM GIcN, a significant (p < 0.024) 2 and 4-fold increase in O-
GlcNAc was observed (respectively), and it continues to increase up to 8-
fold after 24 h (p = 0.0032). In addition, the treatments with 5 and 10
mM GlcN increase the O-GlcNAc up to 7 (p = 0.0026) and 5-fold (p =
0.0071) after 24 h, respectively (Fig. 3B). Due to a greater difference
with the control group (4-fold increase) in few hours, it was decided to
work at 6 h with 20 mM GlcN for further experiments.

3.4. GIcN induced Nrf2

Based on the above results, HMEC-1 cells were treated with 20 mM
GlcN for 6 h to analyze its effect on Nrf2 expression. As expected, GlcN
increased (p = 0.0365 vs. control group) its expression (Fig. 4A and C).
To test if the induction of Nrf2 expression was related to O-GlcNAc,
GlcN-treated HMEC-1 cells were also treated for 24 h with 10 pM OSMI-
1. It was observed that both O-GlcNAc (p = 0.004 vs. GlcN group) and
Nrf2 (p = 0.0008 vs. GlcN group) expression did not increase (Fig. 4A
and C), which suggest that these processes are related (no significant
difference compared to the control group). The same was observed in

100+
g
o 80+
£
=)
5 60
>
3
S 40+
T
o 20+
o | |
o I——j

0 T 1 T T 1 1

8 12 16 24 32 40
GlcN (mM)
—~ T

GlcN (mM)

Fig. 1. Scavenging activity of glucosamine (GlcN) against A: hydroxyl (HO®), B: 2,2-Diphenyl-1-picrylhydrazyl (DPPH®) and C: superoxide (O3). Data are shown as

mean + SEM, n > 3.
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Fig. 2. GlcN decreases cell viability in human dermal microvascular endothe-
lial cells-1 (HMEC-1). GIcN (5-20 mM) treatment for 24 h reduced cell viability
by the MTT assay. Data are shown as mean + SD, * p < 0.05 vs. control group
(C),n =5.
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the OSMI + GlcN group (p < 0.004). Additionally, cells treated for 6 h
with 100 pM quercetin (Q), a well-known Nrf2 inductor increased its
expression (p = 0.002) (Fig. 4A and C).

3.5. GIcN induces ROS production in a concentration-dependent manner
in HMEC-1 cells

We investigated if ROS production is also related to O-GlcNAc. For
this, HMEC-1 cells were treated with 5, 10, 15 and 20 mM GIcN for 6 h to
evaluate ROS production using HoDCFDA and DHE. HMEC-1 cells
treated with 15 mM GlcN showed an increase of ROS production both
with HoDCFDA and DHE probes by 40 % (p = 0.0001) and 31 % (p =
0.0002), respectively, whereas treatment with 20 mM GlcN increased by
68 % (p < 0.0001) and 40 % (p < 0.0001), respectively (Fig. 5). In
addition, cells exposed to 1 mM Hy05 for 2 h were used as a positive
control for both probes.

3.6. ROS production induced by GIcN is related to O-GIcNAc

OSMI- was used to establish the role of O-GlcNAc in ROS production

Time of treatment (h)
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Fig. 3. Time-course of O-linked-N-acetylglucosaminylation (O-GlcNAcylation) induced by 5, 10, and 20 mM GlcN in HMEC-1 cells. A: Representative micrographs
(10X) illustrating O-GlcNAcylation expression. B: Quantification of O-GlcNAcylation expression. Data are mean + SEM, n = 3, *p < 0.05 vs. control.
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in HMEC-1 cells. The results indicate that OSMI-1 reduces ROS pro-
duction (with both fluorochromes) in HMEC-1 to similar levels to the
control group (Fig. 6). In addition, ROS production induced by 20 mM
GlcN started from 1 h and continued to increase until 6 h (data not
shown), which suggests that GlcN-induced O-GlcNAc has a prooxidant
activity since it enhances ROS production in HMEC-1 cells.

4. Discussion

The present study evaluated the role of GIcN as a direct or indirect
antioxidant in HMEC-1 to explore a possible beneficial effect on the
vasculature and its association to O-GlcNAc. Nodaway, it is well-
documented the clinical implication of endothelium dysfunction for
the development of atherothrombosis disease (Beriault and Werstuck
2012). Oxidative stress is one of the leading causes of endothelial
dysfunction (Beriault and Werstuck 2012), so it would be desirable that
one of the most used dietary supplements worldwide have antioxidant
activity. Investigating the antioxidant activity of GlcN, we realized that
it had not been compared with compounds that are considered as anti-
oxidant standards; first, we evaluated its antioxidant activity with Q or

Trolox, some of the most used antioxidant standards. We found that
GlcN scavenges HO® and DPPH® and to some extent O3 and shows ac-
tivity both in FRAP and ORAC assays. However, the ICso required to
stabilize them are extremely high compared to Q (Table 1). We highlight
that our study is the first to compare the magnitude of the antioxidant
capacity of GlcN against standard antioxidants (Q or Trolox); however,
GlcN did not show a homogeneous antioxidant capacity. Regarding O%
scavenging activity, our study showed that GlcN 50 mM showed a O%
scavenging activity of 20.5 + 4.6 %. By contrast, Chen et al. (Chen et al.
2003) found that this compound scavenges 10.6 % at 100 puM; other
authors have found that GlcN scavenges 20.6 % at 5.6 mM (Mendis et al.
2008), 40 % at 46.3 mM (Wang et al. 2012) and 84 % at 3.7 mM (Xing
et al. 2006). For HO®, we observed that 50 mM GlcN scavenging HO® in
88.6 + 0.9 % with an ICsg of 14.69 + 1.3 mM, similar to (Xing et al.
2009). However, a previous study showed that GlcN 100 pM scavenges
37 % (Mendis et al. 2008). Other reports indicate a 10 % scavenging
effect at 46.3 mM (Wang et al. 2012), 26.2 % at 5.6 mM (Mendis et al.
2008); 52 % at 15 mM (Xing et al. 2009), 56 % at 362 mM (Xing et al.
2006), and 72 % at 22.3 mM (Yan et al. 2007). Regarding DPPH®, we
found a scavenging of 87.2 + 0.22 % at 50 mM, while another study
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found a 50 % of scavenging at 40 mM. (Jamialahmadi et al. 2014). For
the FRAP test, previous data showed that 1.11 mM has a chelating effect
of 90 % (Yan et al. 2007); however, we found a similar result (89.6 &
0.7 %) at a higher concentration (38.5 mM) and a low equivalent Trolox
value (46 + 0.2 pM).

The differences between study results may be a consequence of the
diverse sources of GlcN and the different batches since some authors
synthesize their own GIcN sample and even different methodologies
used. For example, Xing et al. and Yan et al. induced HO® production by
the Fenton reaction with HyO, and iron, then the HO® reacts with
deoxyribose. Although the deoxyribose degradation depends on HO®
production, this method is usually employed to determine oxidative
damage (Yan et al. 2007, Xing et al. 2009). By contrast, our results for
H,0, were similar to those reported by Chen et al., who indicated that
GlcN did not scavenge HyO5 (Chen et al. 2003). However, a high amount
of GlcN was required to neutralize O3, HO* and DPPH® and the same for
FRAP and ORAC assays. These results suggest that GlcN has low anti-
oxidant activity for all assays tested. In addition, for FRAP and ORAC
assays, the Trolox equivalents for GlcN were in the pM range. On the
other hand, we also compare the antioxidant activity of GlcN vs. Q, a
widely studied flavonoid with a potent antioxidant activity (Chittasupho
et al. 2021). Our study showed that Q can scavenge O3 and DPPH"® with
a high capacity to reduce iron. These tests also showed that Q has low
ICsp (in the pM range), and its equivalent Trolox values were in the mM
range (Table 1), as other authors have found (Coballase-Urrutia et al.
2010, Chittasupho et al. 2021). These findings once again show that
GlcN is a weak antioxidant compared to Q and Trolox. Besides, if we
consider that GIcN is usually found in plasma at 2 to 20 pM after con-
sumption (Rajapakse et al. 2009), so much of GlcN would be required to
scavenge the ROS evaluated here. That is, the GlcN requirement to
scavenge ROS is extremely high compared to the concentration in
plasma; therefore, this amino sugar is not a powerful direct antioxidant
as other authors suggested (Chen et al. 2003, Yan et al. 2007, Xing et al.
2009).

Regarding the toxicity of GlcN on HMEC-1 cells, this amino sugar at
any concentration reduced cell viability at 24 h in a similar way to other
authors found on HUVEC cells (1- >15 mM GlcN) (Reine et al. 2016, Cai
et al. 2017) and in smooth muscle cells (SMC, 2.5 mM GIcN) (Duan et al.
2005). This reduction in cell viability is probably due to apoptosis, as
determined by Cai et al. (2017), who observed apoptosis in HUVEC cells
after incubation with 15 mM GlcN for 24 h. Although these data suggest
that GlcN at high concentrations (5-20 mM) might affect endothelial
cells, these concentrations were used in vitro assays and would hardly be
reached in humans. Despite this, we highlight that high concentrations
(5-20 mM) of GlcN are frequently used in other in vitro models to induce
insulin resistance (Marshall et al. 1991, Sakai and Clemmons 2003),
mimic the early stages of vascular endothelial cell injury in diabetes (15
mM, 24 h) (Cai et al. 2017) and evaluate its anti-platelet aggregating
effect (1-20 mM, human platelets) (Gallegos-Velasco et al. 2023).
Whether or not the in vitro results found in HMEC-1 cells explain what
could happen in vivo is an issue that should be addressed in other studies.

Considering the role of GlcN on the hexosamine biosynthetic
pathway, we evaluated the expression of O-GlcNAc on HMEC-1 cells. In
this sense, we observed that 20 mM GlcN (4, 6, and 12 h of treatment)
induced an increase of O-GIcNAc in a time-dependent manner in HMEC-
1 cells. The largest increase in O-GlcNAc expression on HMEC-1 cells
was seen at 6 h with 20 mM GIcN, so further assays were performed at
this experimental condition. The fact that O-GlcNAc regulates Keapl/
Nrf2 axis (Chen et al. 2017, Xu et al. 2020) let us explore whether GIcN-
induced O-GlcNAc could mediate Nrf2 activation in HMEC-1 cells. This
mechanism was previously studied in rat renal cells (Hu et al. 2017);
however, our research was the first to study it in HMEC-1 cells. As a
result, we found that GlcN-induced O-GlcNAc increased Nrf2 expression
in HMEC-1 cells, but this response decreased by the effect of OSMI-1 (an
OGT enzyme inhibitor). Therefore, these data demonstrated the asso-
ciation between O-GlcNAc and Nrf2 expression in HMEC-1 cells as has
been seen in other cells and tissues (Tan et al. 2017, Xu et al. 2020).

Finally, we evaluated whether O-GlcNAc induced by GlcN on HMEC-
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vs. control.

1 cells was also associated with ROS production. The probe DHE allowed
us to monitor intracellular O3, HoO2, ONOO™ and HOCI production,
while the H,DCFDA probe identified HO®, ROO®* and other ROS (Yaz-
dani 2015). Our study demonstrated an increase in ROS production in
HMEC-1 cells, agreeing with Du et al., who described that GlcN increases
03 production in bovine aortic endothelial cells (Du et al. 2001) and
HUVEC cells (Chao et al. 2008, Rajapakse et al. 2009, Wu et al. 2012).
Moreover, the addition of OSMI-1 to HMEC-1 cells reduced the pro-
duction of ROS induced by GlcN with both fluorescent probes, sug-
gesting an association between O-GlcNAc and ROS production, and
likely, between ROS production and Nrf2 expression. Moreover, we
assume that the decreased viability of HMEC-1 cells induced by GlecN
could be mediated by the increased ROS, however, this hypothesis was
not evaluated in this study. On the other hand, the enzymes eNOS and
NADPH oxidase as well as the mitochondrial electron transport chain
could be the sources of ROS production in the O-GlcNAc (Du et al. 2001;
da Costa et al. 2018).

In vivo, our results may suggest that GlcN consumption might be
beneficial by inducing Nrf2 expression and thus protecting the endo-
thelium against oxidative damage induced by oxidizing agents or dis-
eases associated with oxidative stress. In fact, GlcN consumption (3 g/
day/4 weeks) increased glutathione levels (which can be modulated by
Nrf2) in erythrocytes and improved endothelial function in 20 volun-
teers (Katoh et al. 2017). Therefore, GlcN consumption could be bene-
ficial for health through the induction of Nrf2. However, this hypothesis

should be handled with caution because the increased activation and
expression of Nrf2 in HMEC-1 cells occurs at very high concentrations in
vitro compared to those found in plasma, and further experiments should
performed to verify in lower concentrations. In addition, the fact that O-
GlcNAc plays a role in the indirect antioxidant activity of GlcN does not
restrict the possibility that this glycosylation triggers other unfavorable
responses in humans. It is well-known that increased O-GlcNAc is
associated with the pathogenesis of some illnesses as type 2 diabetes
mellitus, cancer, Alzheimer’s disease, hypertension, and atherosclerosis
(Pezzella et al. 2022). Despite this, some in vivo models have described
both the protective and adverse effects of GlcN on the endothelium. A
clinical study showed that GlcN consumption (5 mg/kg, 8 weeks) was
associated with atheroprotective effects in apoE null mice C57BL/6J and
decreased mortality (Duan et al. 2005). By contrast, it was demonstrated
that GIcN consumption could cause injury to the vascular endothelium
in the initial stages of atherosclerosis through the stress of the endo-
plasmic reticulum (Cai et al. 2017). Besides, GlcN consumption in non-
diabetic animals induced vascular damage in the retinas, similar to
diabetic mice (Eshwaran et al. 2021). This damage may be associated
with the development of atherosclerosis, cardiovascular risk, and mor-
tality (Eshwaran et al. 2021). Given the opposing effects of GlcN in vivo
studies and the significant variability of those in vitro, there is no doubt
about the need for more research to clarify these inconsistencies.
Meanwhile, Fig. 7 depicts a possible mechanism of the effect of GlcN on
HMEC-1 cells; derived from our assumptions based on the main findings
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endothelial cells-1. Created with BioRender.com.

in this research and basic information about O-GIcNAc and Nrf2
induction.

5. Conclusion

Our study demonstrated that GlcN has both low ROS scavenging
activity and antioxidant capacity compared to well-known antioxidant
standards. However, we demonstrated that GlcN is an indirect antioxi-
dant in HMEC-1 cells because it induces the expression of Nrf2. We
highlight that our study was the first to show an association between the
GlcN-induced O-GlcNAc and Nrf2 expression in HMEC-1 cells. Due to
the high concentrations of GlcN used in the research, our findings should
be corroborated in vivo.
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