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Abstract: Protein O-GlcNAcylation, a dynamic and reversible glucose-dependent post-translational
modification of serine and threonine residues on target proteins, has been proposed to promote
vascular smooth muscle cell proliferation and migration events implicated in vein graft failure
(VGF). Therefore, targeting the enzymes (glutamine fructose-6P amidotransferase (GFAT), O-GlcNAc
transferase (OGT), and O-GlcNAcase (OGA)) that regulate cellular O-GlcNAcylation could offer
therapeutic options to reduce neointimal hyperplasia and venous stenosis responsible for VGF.
However, it is unclear how type 2 diabetes mellitus (T2DM) and hyperglycaemia affect the expression
of these enzymes in human saphenous vein smooth muscle cells (HSVSMCs), a key cell type involved
in the vascular dysfunction responsible for saphenous VGF. Therefore, our aim was to assess whether
T2DM and hyperglycaemia affect GFAT, OGT, and OGA expression levels in HSVSMCs in vitro.
Expression levels of GFAT, OGT, and OGA were determined in low-passage HSVSMCs from T2DM
and non-T2DM patients, and in HSVSMCs treated for 48 h with hyperglycaemic (10 mM and 25 mM)
glucose concentrations, by quantitative immunoblotting. Expression levels of OGT, OGA, and GFAT
were not significantly different in HSVSMC lysates from T2DM patients versus non-T2DM controls.
In addition, treatment with high glucose concentrations (10 mM and 25 mM) had no significant
effect on the protein levels of these enzymes in HSVSMC lysates. From our findings, T2DM and
hyperglycaemia do not significantly impact the expression levels of the O-GlcNAcylation-regulating
enzymes OGT, OGA, and GFAT in HSVSMCs. This study provides a foundation for future studies to
assess the role of O-GlcNAcylation on VGF in T2DM.

Keywords: type 2 diabetes mellitus; protein O-GlcNAcylation; glutamine fructose-6P amidotrans-
ferase; O-GlcNAc transferase; O-GlcNAcase

1. Introduction

Protein O-GlcNAcylation is a post-translational modification (PTM) that occurs on tar-
get proteins in response to nutrient and stress (hypoxia, heat shock, and nutrient shortage)
changes by attaching a single sugar, β-N-acetylglucosamine (O-GlcNAc), to target serine
or threonine residues [1–3]. Protein O-GlcNAcylation alters the cellular functions of these
target proteins, promoting inflammation, metabolism, trafficking, and cytoskeletal organi-
sation [1,4,5]. Furthermore, O-GlcNAcylation has been linked to a number of other cellular
processes, such as the temporal control of insulin signalling, gene transcription, epigenetic
changes, and cell signalling dynamics [1,6,7]. The enzymes that regulate O-GlcNAcylation
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have been well characterised and include the rate-limiting enzyme L-glutamine-D-fructose
6-phosphate amidotransferase (GFAT), together with O-GlcNAc transferase (OGT) and
O-GlcNAcase (OGA) that catalyse the attachment and removal of O-GlcNAc moieties to
target proteins, respectively [1].

Although the mechanisms governing the temporal regulation of O-GlcNAc signalling
are dynamic and frequently transient, they remain poorly understood [6,8,9]. The abun-
dance of the donor substrate UDP-GlcNAc, as well as the activities of OGT, OGA, and their
corresponding adaptor proteins and substrates, are regulated by nutrient availability, which
also controls the amounts of cellular O-GlcNAcylation [6,10,11]. While the mutual control
of OGT and OGA maintains cellular O-GlcNAcylation levels, persistent hyperglycaemia
can shift the balance in favour of OGT-mediated O-GlcNAcylation, which has now been
implicated in vein graft failure (VGF) [6,12,13].

It is now becoming clear that protein O-GlcNAcylation is a significant cellular mod-
ification through which type 2 diabetes mellitus (T2DM) initiates vascular dysfunction
that has been implicated in multiple cardiovascular diseases (CVDs) [1,4]. However, it
remains unexplored for possible drug development in managing vascular pathologies [14].
Although the enzymes that regulate O-GlcNAcylation have been extensively characterised
in many cell types and systems [1,4], our understanding of the factors that influence their
expression and functions is still expanding. One such factor of critical interest in this study
is hyperglycaemia, a hallmark feature of unresolved or poorly controlled T2DM. Several
studies have demonstrated a causal relationship between O-GlcNAcylation and prolonged
hyperglycaemia [15–17].

In patients with coronary artery disease (CAD) with or without T2DM, coronary
artery bypass graft (CABG) using an autologous saphenous vein remains the gold standard
procedure for restoring blood supply to the heart [18,19]. Patients with T2DM who have
CAD, however, are more susceptible to neointimal hyperplasia, vascular remodelling,
and stenosis that result in VGF [20]. While the underlying mechanisms responsible for
this are unclear, upregulated O-GlcNAcylation, which is common in T2DM, has been
implicated [21]. However, it is currently unknown if hyperglycaemia or T2DM regulates
the expression of these regulating enzymes of O-GlcNAcylation in human saphenous vein
smooth muscle cells (HSVSMCs), a key cell type involved in the vascular dysfunction
responsible for saphenous VGF. Thus, in this study, HSVSMCs from T2DM and non-T2DM
patients, as well as HSVSMCs from non-T2DM patients, were treated with high glucose
concentrations (10 mM and 25 mM), as described by [15,22]. Following this, the expression
of key enzymes that regulate cellular O-GlcNAcylation status in vitro was determined.

2. Materials and Methods
2.1. Materials

Anti-MGEA5/OGA (Abcam, Cambridge, UK, Cat No: ab105217); Anti-O-GlcNAc
Transferase (DM-17) (OGT, Sigma-Aldrich (Merck), Dorset, UK, Cat No: O6264); GFAT
(Santa Cruz Biotechnology, Dallas, TX, USA, Cat No: Sc-377479); Anti-STAT3 antibody
(EPR787Y) (STAT3, Abcam, Cambridge, UK, Cat No: ab68153); Anti- glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) antibody [6C5] (GAPDH, Abcam, Cambridge, UK,
Cat No: ab8245). SmGM2 (supplemented with 5% (v/v) foetal bovine serum, 0.5 ng/mL
epidermal growth factor, 2 ng/mL basic fibroblast growth factor, and 5 g/mL insulin;
Promocell, Heidelberg, Germany, Cat. No: C-22162); Rabbit monoclonal [SP171] to alpha
smooth muscle Actin (α-SMA, Abcam, Cambridge, UK, Cat No: ab ab150301); Rabbit
monoclonal [EPR8965] to non-muscle Myosin IIA (SMMHC, Abcam, Cambridge, UK, Cat
No: ab 138498); anti-PECAM-1 (CD31) (BD Bioscience, Berkshire, UK, Cat No: BD 555444).
IRDye-conjugated secondary antibodies were from LI-COR Biotechnology, Cambridge,
UK. A mammalian expression construct for Myc epitope-tagged human OGT (HG17892-
NM) was from Sino-Biological Incorporated, Beijing, China. A mammalian expression
construct for Myc and FLAG epitope-tagged mouse OGT (MR211167) was from Origene
Technologies, Rockville, MD, USA.
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2.2. Methods
2.2.1. Isolation of HSVSMCs

As shown in Table 1, surplus HSV tissues were obtained from T2DM and non-T2DM
patients undergoing coronary artery bypass graft (CABG) surgery at the Cardiothroacic
Surgery Department, Castle Hill Hospital, Cottingham, UK, under NHRA ethical approval
(NHS REC:15/NE/0138). Detailed information for each of the patient samples used in this
study is provided in Table S1. HSV tissues (length = 0.5 cm to 4 cm) were stored at 4 ◦C
for a maximum of 48 h in DMEM supplemented with 100 IU/mL penicillin, 100 g/mL
streptomycin, and 0.25 µg/mL fungizone. VSMCs were explanted from HSV as described
by [22]. Briefly, HSV tissue was placed in a 10 cm dish with enough medium to cover it,
and a sterile blade was used to remove the perivascular fat, vein branches, connective
tissue, and adventitia. The vein was then dissected longitudinally, and the endothelial
and tunica intima layers were gently removed with sterile surgical scissors and forceps.
Then, HSV tissue was dissected into small fragments (~1 mm3). These were transferred
into a 25 cm2 tissue culture flask with 2 mL of SmGM2 and cultured at 37 ◦C in 5% (v/v)
CO2 in a humidified atmosphere. Once HSVSMCs had migrated from the explant tissue,
after approximately two weeks, the growth medium was topped up with 0.5 mL of fresh
SmGM2 twice weekly. The addition of 0.5 mL of fresh SmGM2 continued until a total of
5 mL of growth medium had been added; then, 2.5 mL of growth medium was removed
and replenished with fresh 2.5 mL of SmGM2 until 90% confluence. Thereafter, HSVSMCs
were transferred to a 75 cm2 tissue culture flask and fed with 10 mL of SmGM2, which
was replaced twice weekly until cells reached 90% confluency and expanded for either
cryopreservation in liquid nitrogen or downstream experimental applications.

Table 1. Patient information for HSV samples.

Description T2DM Non-T2DM

1 Number of samples 17 38

2 Age range 56–80 48–84

3 Sex Male—15
Female—2

Male—37
Female—1

4 Ethnicity White British—17 White British—37
Asian—1

5 Reason for surgery CAD CAD
CAD: coronary artery disease; T2DM: type 2 diabetes mellitus. HSV samples were collected between January
2020 and May 2022 from patients undergoing elective coronary artery bypass graft procedure.

2.2.2. Cell Culture

HSVSMCs, human umbilical vein endothelial cells (HUVECs), and human embryonic
kidney (HEK) 293T cells were maintained with SmGM2, ECGM-MV2, and DMEM (sup-
plemented with 10% (v/v) FBS, 100 IU/mL penicillin, 100 g/mL streptomycin, and 2 mM
L-glutamine), respectively, in a T75 flask and kept in a cell culture incubator maintained
at 37 ◦C and 5% (v/v) CO2 in a humidified atmosphere. For all experiments, cells were
allowed to be 80–90% confluent before subculturing.

2.2.3. Characterisation of HSVSMCs by Immunofluorescence Microscopy

To validate the integrity of isolated HSVSMCs, they were examined for the SMC mark-
ers α-smooth muscle actin (α-SMA) and smooth muscle-myosin heavy chain (SMMHC)
using confocal immunofluorescence microscopy [23,24]. Also, isolated HSVSMCs were
examined for an EC marker (anti-PECAM (CD31)) to rule out EC contamination. HUVECs
served as the control in this set of experiments. Lab-Tek 4 chambered coverglasses were pre-
coated with poly-D-lysine. Following this, passages 1 and 4 HSVSMCs were seeded in the
Lab-Tek 4 chamber coverglass at 10,000 cells/well and allowed to grow until cells reached
40% confluency. Cells were washed three times (for 5–10 s) with 500 µL of ice-cold PBS and
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fixed with 500 µL of 4% (w/v) paraformaldehyde in PBS for 10 min at room temperature.
Then, fixative was removed, and fixed cells were washed three times with 500 µL of PBS on
each occasion. Cell membranes of cells were permeabilised with 500 µL of 0.1% (v/v) Triton
X-100 in PBS for 30 min at room temperature. Cells were then washed three times and
blocked with 500 µL of 5% (w/v) BSA, 0.1% (v/v) Tween 20 in PBS. After this, cells were
labelled and incubated with either anti-SMMHC (1:400) or anti-α-SMA (1:200) primary
antibody in 1% (w/v) BSA in PBST at 4 ◦C overnight in a humidified chamber. Cells were
then washed three times with 500 µL of 5% (w/v) BSA, 0.1% (v/v) Tween 20 in PBS to
remove unbound primary antibody, and bound antibody was detected by incubation with
200 µL/well goat anti-rabbit IgG (Alexa 568; 1:500) in 1% BSA for 1–4 h at room temperature
in the dark. Cells were then washed three times with 500 µL of 0.1% (v/v) Tween 20 in PBS,
followed by three washes with 500 µL of PBS (5 min/wash) in the dark. Permeabilised
cells were also stained with 500 µL of 5 µg/mL Hoechst to identify nuclei. To exclude
endothelial cell contamination, fixed and permeabilised HSVSMCs and HUVECs from
passages 1 and 4 seeded in the Lab-Tek 4 chamber slides were also stained with mouse
anti-PECAM (CD31) antibody, followed by incubation with goat anti-mouse IgG. (Alexa
488 1:500). All images were captured at x200 magnification using a LSM710 Zeiss laser
scanning confocal microscope and processed using image J software (version 1.54e).

2.2.4. Generation of Cell Lysates

Cells within 70–90% confluency in 6-well plates or 6 cm dishes were transferred to
an ice bath, and the growth medium was withdrawn and discarded. The cell monolayer
was rinsed twice with 2 to 5 mL of ice-cold PBS, and any leftover PBS was removed using
a pipette. Cells were then scraped into 500 µL and 1 mL of ice-cold PBS for 6-well dishes
and 6 cm dishes, respectively. Following this, the cell suspension was centrifuged at
500× g for 5 min at 4 ◦C. After this, the supernatant was gently removed without distorting
the pellets, and cells were lysed with 70 µL–200 µL of RIPA+ (50 mM HEPES pH 7.4,
150 mM sodium chloride, 1% (v/v) Triton x100, 0.5% (v/v) sodium deoxycholate, 0.1%
(w/v) SDS, 10 mM sodium fluoride, 5 mM EDTA, 10 mM sodium phosphate, 0.1 mM
PMSF, 10 µg/mL benzamidine, 10 µg/mL soybean trypsin inhibitor, 2% (w/v) EDTA-free
complete protease inhibitor cocktail (1 tablet per 10 mL buffer). Samples were incubated on
a rotating wheel at 4 ◦C for 45 min before centrifugation at 13,500× g for 15 min at 4 ◦C.
The resulting supernatant was removed into fresh, labelled 1.5 mL microcentrifuge tubes
and stored at −80 ◦C.

2.2.5. Transfection of HEK 293T Cells

A day before transfection, a poly-D lysine pre-coated 6-well plate was seeded with
HEK 293T cells at a density of 5–6.25 × 105 cells/well and allowed to be 50–80% confluent.
On the day of transfection, growth media was withdrawn and replaced with fresh medium.
Then, 2 µg of DNA was dissolved in 500 µL of Opti-MEM I without serum, and 5 µL
of Lipofectamine LTX reagent was added to the Opti-MEM-DNA solution. This was
mixed gently and allowed to incubate for 30 min at room temperature to form DNA–
Lipofectamine LTX Reagent complexes. Following this, 100 µL of the DNA–Lipofectamine
LTX Reagent complex was added to each well directly and incubated at 37 ◦C in a CO2
incubator for 18–48 h before visualising with the florescence microscope or assaying for
transgene expression.

2.2.6. SDS-PAGE and Immunoblotting

Cell lysates were equalised for protein content and resolved in 13% (w/v) acrylamide.
Separated bands were then transferred from the gel to an Amersham™ Protran® 2 µm
pore nitrocellulose membrane using the semi-dry Thermofisher transfer device for 1 hr.
Membranes were incubated for 1 h at room temperature with a 5% (w/v) BSA blocking
solution diluted in Tris buffered saline-Tween 20 (TBST). Each membrane was then incu-
bated overnight with a specific primary antibody at 4 ◦C on a rotating wheel. Then, three
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TBST washes (5 min per wash) at room temperature were used to remove the unbound
primary antibody. Following this, appropriate IRDye-conjugated secondary antibodies
diluted in 5% (w/v) dried skimmed milk in TBST were used to incubate the membrane
at room temperature for 1 hr. The unbound secondary antibody was then removed by
washing three times with TBST. Immunoreactive bands were detected by imaging with a
Licor Odyssey DLx.

2.2.7. Statistical Analysis

Statistical analysis was carried out using Graphpad Prism® 6, San Diego, CA, USA.
Data are presented as mean ± standard error of mean (S.E.M) and were analysed using
an independent t-test and one-way analysis of variance followed by Dunnett’s post hoc
test to determine significant differences between means, where p < 0.05 was considered
statistically significant.

3. Results
3.1. Characterisation of Isolated HSVSMCs

Cells isolated and expanded from HSV explants were assessed using immunofluores-
cence and confocal imaging. Results revealed that these explanted cells (passages 1 and
4) isolated from HSVs are exclusively SMCs, as evidenced by positive staining with both
anti-α-SMA (Figure 1) and anti-SMMHC (Figure 2) antibodies characteristic of SMCs. In
contrast, HUVECs were negative for both anti-α-SMA and anti-SMMHC under the same
conditions (Figures 1 and 2). In addition, the isolated cells did not react with antibodies
against the EC marker PECAM-1 under conditions where anti-PECAM-1 staining was de-
tectable in HUVECs (Figure 3), thereby excluding contamination with ECs (bottom panels).
Therefore, to summarise, Figures 1–3 showed that cells isolated from explanted HSVs were
exclusively SMCs devoid of contamination from ECs.
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Figure 1. Verification of the identity of HSVSMCs from non-T2DM patients by immunofluorescence 
microscopy using anti-αSMA. Images reveal expression of SMC-specific marker α-SMA (red) and 
nuclei Hoechst stain (blue). Scale bar 100 µm, magnification × 200, n = 3. (Top panel): Passage 1 of 
HSVSMCs. (Middle panel): Passage 4 of HSVSMCs. (Bottom panel): HUVECs. SMA: smooth mus-
cle actin; HSVSMC: human saphenous vein smooth muscle cell; HUVEC: human umbilical vascular 
endothelial cell. 

Figure 1. Verification of the identity of HSVSMCs from non-T2DM patients by immunofluorescence
microscopy using anti-αSMA. Images reveal expression of SMC-specific marker α-SMA (red) and nuclei
Hoechst stain (blue). Scale bar 100 µm, magnification × 200, n = 3. (Top panel): Passage 1 of
HSVSMCs. (Middle panel): Passage 4 of HSVSMCs. (Bottom panel): HUVECs. SMA: smooth muscle
actin; HSVSMC: human saphenous vein smooth muscle cell; HUVEC: human umbilical vascular
endothelial cell.
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Figure 2. Verification of the identity of HSVSMCs from non-T2DM patients by immunofluorescence 
microscopy using anti-SMMHC. Images reveal expression of SMC-specific marker SMMHC (red) 
and nuclei Hoechst stain (blue). Scale bar 100 µm, magnification × 200, n = 3. (Top panel): Passage 1 
HSVSMCs. (Middle panel): Passage 4 HSVSMCs. (Bottom panel): HUVECs. SMMHC: non-muscle 
myosin ll; HSVSMC: human saphenous vein smooth muscle cell; HUVEC: human umbilical vascu-
lar endothelial cell. 

Figure 2. Verification of the identity of HSVSMCs from non-T2DM patients by immunofluorescence
microscopy using anti-SMMHC. Images reveal expression of SMC-specific marker SMMHC (red)
and nuclei Hoechst stain (blue). Scale bar 100 µm, magnification × 200, n = 3. (Top panel): Passage 1
HSVSMCs. (Middle panel): Passage 4 HSVSMCs. (Bottom panel): HUVECs. SMMHC: non-muscle
myosin ll; HSVSMC: human saphenous vein smooth muscle cell; HUVEC: human umbilical vascular
endothelial cell.



Diabetology 2024, 5 169Diabetology 2024, 5, FOR PEER REVIEW 8 
 

 

 
Figure 3. Excluding the presence of endothelial cell contamination in HSVSMCs from non-T2DM 
patients. Images reveal expression of EC-specific marker anti-PECAM (CD31) (green) and nuclei 
Hoechst stain (blue). Scale bar 100 µm, magnification × 200, n = 3. (Top panel): Passage 1 HSVSMCs. 
(Middle Panel): Passage 4 HSVSMCs. (Bottom panel): HUVECs. PECAM: platelet endothelial cell 
adhesion molecule; HSVSMC: human saphenous vein smooth muscle cell; HUVEC: human umbil-
ical vascular endothelial cell. 

3.2. Effect of Passage on the Expression of the Regulating Enzymes of O-GlcNAcylation in 
HSVSMC  

To assess if the expression of O-GlcNAcylation enzymes OGA, OGT, and GFAT was 
altered with passage in HSVSMCs, SDS-PAGE and quantitative immunoblotting were 
used to compare their relative expression levels across passages 1–4 of HSVSMCs isolated 
from the same HSV tissue sample. As shown in Figure 4, the expressions of OGA, OGT, 
and GFAT were not significantly altered (n = 5 biological replicates using P1 as a reference 
for P2-4 for comparison) across passages 1–4. 

Figure 3. Excluding the presence of endothelial cell contamination in HSVSMCs from non-T2DM
patients. Images reveal expression of EC-specific marker anti-PECAM (CD31) (green) and nuclei
Hoechst stain (blue). Scale bar 100 µm, magnification × 200, n = 3. (Top panel): Passage 1 HSVSMCs.
(Middle Panel): Passage 4 HSVSMCs. (Bottom panel): HUVECs. PECAM: platelet endothelial cell
adhesion molecule; HSVSMC: human saphenous vein smooth muscle cell; HUVEC: human umbilical
vascular endothelial cell.

3.2. Effect of Passage on the Expression of the Regulating Enzymes of O-GlcNAcylation
in HSVSMC

To assess if the expression of O-GlcNAcylation enzymes OGA, OGT, and GFAT was
altered with passage in HSVSMCs, SDS-PAGE and quantitative immunoblotting were used
to compare their relative expression levels across passages 1–4 of HSVSMCs isolated from
the same HSV tissue sample. As shown in Figure 4, the expressions of OGA, OGT, and
GFAT were not significantly altered (n = 5 biological replicates using P1 as a reference for
P2-4 for comparison) across passages 1–4.
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Figure 4. Expression of OGA, OGT, and GFAT across passages 1–4 of HSVSMCs from non-T2DM 
patients. (A) Upper panel: representative immunoblots for OGA (130 kDa) and STAT3 (98 kDa) 
expressions. OGA expression is in HEK293 cells (control) and in serially passaged HSVSMC (p1–
p4) from non-T2DM patients. Lower panel: Densitometric analysis of OGA expression normalised 
to STAT3 (loading control). (B) Upper panel: Representative immunoblots for OGT (110 kDa) and 
STAT3 (98 kDa). OGT expression is in HEK293 cells (control) and in serially passaged p1-
p4HSVSMC from non-T2DM patients. Lower panel: Densitometric analysis of OGT expression nor-
malised to STAT3 (loading control). (C) Upper panel: Representative immunoblots for GFAT (77 
kDa) and GAPDH (37 kDa). GFAT expression is in serially passaged p1–p4 HSVSMC from non-
T2DM patients. Lower panel: Densitometric analysis of GFAT expression normalised to GAPDH 
(loading control). Normalised data are expressed as the mean ± SEM from n = 5 biological replicates 
using samples from different patients. Data from p2-4 were compared to p1 for statistical difference 
at p < 0.05. OGA: O-GlcNAcase; OGT: O-GlcNAc transferase; GFAT: glutamine fructose-6-phosphate 
amidotransferase; STAT3: signal transducer and activator of transcription 3; GAPDH: glyceralde-
hyde 3-phosphate dehydrogenase; P1-4: passages 1–4. 

3.3. Comparison of OGA, OGT, and GFAT Expression Levels in HSVSMCs from T2DM versus 
Control Patients 

Our understanding of the O-GlcNAcylation-regulating enzymes has considerably 
improved in recent years, in part because of advances in research tools that have aided in 
better characterisation [1,4]. The necessity to create pharmacological tools to control the 
regulating enzymes of O-GlcNAcylation has become increasingly significant as the in-
volvement of O-GlcNAcylation in disease pathologies, most notably diabetes mellitus and 

Figure 4. Expression of OGA, OGT, and GFAT across passages 1–4 of HSVSMCs from non-T2DM
patients. (A) Upper panel: representative immunoblots for OGA (130 kDa) and STAT3 (98 kDa)
expressions. OGA expression is in HEK293 cells (control) and in serially passaged HSVSMC (p1–p4)
from non-T2DM patients. Lower panel: Densitometric analysis of OGA expression normalised to
STAT3 (loading control). (B) Upper panel: Representative immunoblots for OGT (110 kDa) and
STAT3 (98 kDa). OGT expression is in HEK293 cells (control) and in serially passaged p1-p4HSVSMC
from non-T2DM patients. Lower panel: Densitometric analysis of OGT expression normalised to
STAT3 (loading control). (C) Upper panel: Representative immunoblots for GFAT (77 kDa) and
GAPDH (37 kDa). GFAT expression is in serially passaged p1–p4 HSVSMC from non-T2DM patients.
Lower panel: Densitometric analysis of GFAT expression normalised to GAPDH (loading control).
Normalised data are expressed as the mean ± SEM from n = 5 biological replicates using samples
from different patients. Data from p2-4 were compared to p1 for statistical difference at p < 0.05. OGA:
O-GlcNAcase; OGT: O-GlcNAc transferase; GFAT: glutamine fructose-6-phosphate amidotransferase;
STAT3: signal transducer and activator of transcription 3; GAPDH: glyceraldehyde 3-phosphate
dehydrogenase; P1-4: passages 1–4.
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3.3. Comparison of OGA, OGT, and GFAT Expression Levels in HSVSMCs from T2DM versus
Control Patients

Our understanding of the O-GlcNAcylation-regulating enzymes has considerably
improved in recent years, in part because of advances in research tools that have aided
in better characterisation [1,4]. The necessity to create pharmacological tools to control
the regulating enzymes of O-GlcNAcylation has become increasingly significant as the
involvement of O-GlcNAcylation in disease pathologies, most notably diabetes mellitus
and CVDs, has continued to emerge [4]. It is, therefore, important to determine if T2DM
alters the expression of these regulating enzymes to assess their viability as targets for drug
development. Therefore, the expression levels of OGA, OGT, and GFAT were compared
in HSVSMCs from T2DM and non-T2DM patients. Results from these experiments, as
shown in Figure 5, showed that T2DM did not significantly alter (n = 6 biological replicates
comparing values from T2DM and non-T2DM) the expression levels of OGA, OGT, and
GFAT, respectively, in HSVSMCs in vitro.
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HSVSMC from T2DM patients versus non-T2DM patients. Lower panel: Densitometric analysis of 
OGT expression normalised to STAT3 (loading control). (C) Upper panel: Representative immunob-
lots for GFAT (77 kDa) and GAPDH (37 kDa). GFAT expression is in lysates of HSVSMC from T2DM 
patients versus non-T2DM patients. Lower panel: Densitometric analysis of GFAT expression nor-
malised to GAPDH (loading control). Normalised data are expressed as mean ± SEM from n = 6 
samples from different patients. Mean values were compared for statistical difference at p < 0.05; 
OGA: O-GlcNAcase; OGT: O-GlcNAc transferase; GFAT: glutamine fructose-6-phosphate 

Figure 5. Comparison of OGA, OGT, and GFAT expression in HSVSMCs from T2DM versus non-T2DM
patients. (A) Upper panel: representative immunoblots for OGA (130 kDa) and STAT3 (98 kDa) expres-
sions. OGA expression is in HEK293 cells (control) and lysates of HSVSMC from T2DM patients vers-
us non-T2DM patients. Lower panel: Densitometric analysis of OGA expression normalised to STAT 3
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(loading control). (B) Upper panel: Representative immunoblots for OGT (110 kDa) and
STAT3 (98 kDa) expressions. OGA expression is in HEK293 cells (control) and lysates of HSVSMC
from T2DM patients versus non-T2DM patients. Lower panel: Densitometric analysis of OGT expres-
sion normalised to STAT3 (loading control). (C) Upper panel: Representative immunoblots for GFAT
(77 kDa) and GAPDH (37 kDa). GFAT expression is in lysates of HSVSMC from T2DM patients
versus non-T2DM patients. Lower panel: Densitometric analysis of GFAT expression normalised to
GAPDH (loading control). Normalised data are expressed as mean ± SEM from n = 6 samples from
different patients. Mean values were compared for statistical difference at p < 0.05; OGA: O-GlcNAcase;
OGT: O-GlcNAc transferase; GFAT: glutamine fructose-6-phosphate amidotransferase; STAT3: signal
transducer and activator of transcription 3; GAPDH: glyceraldehyde 3-phosphate dehydrogenase.

3.4. Effect of Increasing Glucose Concentrations on OGT, OGA, and GFAT Expression Levels
in HSVSMCs

Although our understanding of the relationship between hyperglycaemia and O-
GlcNAcylation is still developing, it is not entirely obvious if a high glucose level alters the
expression of the enzymes (OGA, OGT, and GFAT) that regulate cellular O-GlcNAcylation.
To assess this, expressions of these enzymes were determined after treating HSVSMCs
with glucose concentrations mimicking normoglycaemia (5 mM) and hyperglycaemia
(10 mM and 25 mM) for 48 h. From our findings, as shown in Figure 6, expression levels of
OGA, OGT, and GFAT in HSVSMCs were unaltered by high (10 mM and 25 mM) glucose
concentrations versus 5 mM glucose-treated cells.

Diabetology 2024, 5, FOR PEER REVIEW 11 
 

 

amidotransferase; STAT3: signal transducer and activator of transcription 3; GAPDH: glyceralde-
hyde 3-phosphate dehydrogenase. 

3.4. Effect of Increasing Glucose Concentrations on OGT, OGA, and GFAT Expression Levels in 
HSVSMCs 

Although our understanding of the relationship between hyperglycaemia and O-Glc-
NAcylation is still developing, it is not entirely obvious if a high glucose level alters the 
expression of the enzymes (OGA, OGT, and GFAT) that regulate cellular O-GlcNAcyla-
tion. To assess this, expressions of these enzymes were determined after treating 
HSVSMCs with glucose concentrations mimicking normoglycaemia (5 mM) and hyper-
glycaemia (10 mM and 25 mM) for 48 h. From our findings, as shown in Figure 6, expres-
sion levels of OGA, OGT, and GFAT in HSVSMCs were unaltered by high (10 mM and 25 
mM) glucose concentrations versus 5 mM glucose-treated cells. 

 
Figure 6. Expression of OGA, OGT, and GFAT by HSVSMCs treated with healthy (5 mM) and high 
(10 mM and 25 mM) glucose concentrations. (A) Upper panel: representative immunoblots for OGA 
(130 kDa) and STAT3 (98 kDa) expressions. OGA expression is in HEK293 cells (control) and lysates 
of HSVSMC treated with healthy (5 mM) and high (10 mM and 25 mM) glucose concentrations. 
Lower panel: Densitometric analysis of OGA expression normalised to STAT3 (loading control). (B) 
Upper panel: Representative immunoblots for OGT (110 kDa) and STAT3 (98 kDa) expressions. 
OGA expression is in HEK293 cells (control) and lysates of HSVSMC treated with healthy (5 mM) 
and high (10 mM and 25 mM) glucose concentrations. Lower panel: Densitometric analysis of OGT 
expression normalised to STAT3 (loading control). (C) Upper panel: Representative immunoblots 
for GFAT (77 kDa) and GAPDH (37 kDa). GFAT expression is in lysates of HSVSMC treated with 
healthy (5 mM) and high (10 mM and 25 mM) glucose concentrations. Lower panel: Densitometric 
analysis of GFAT expression normalised to GAPDH (loading control). Normalised data are ex-
pressed as mean ± SEM from n = 4 biological replicates using samples from different patients. Data 
from cells treated with high (10 mM and 25 mM) glucose concentrations were compared to cells 

Figure 6. Expression of OGA, OGT, and GFAT by HSVSMCs treated with healthy (5 mM) and high
(10 mM and 25 mM) glucose concentrations. (A) Upper panel: representative immunoblots for OGA



Diabetology 2024, 5 173

(130 kDa) and STAT3 (98 kDa) expressions. OGA expression is in HEK293 cells (control) and lysates
of HSVSMC treated with healthy (5 mM) and high (10 mM and 25 mM) glucose concentrations.
Lower panel: Densitometric analysis of OGA expression normalised to STAT3 (loading control).
(B) Upper panel: Representative immunoblots for OGT (110 kDa) and STAT3 (98 kDa) expressions.
OGA expression is in HEK293 cells (control) and lysates of HSVSMC treated with healthy (5 mM)
and high (10 mM and 25 mM) glucose concentrations. Lower panel: Densitometric analysis of OGT
expression normalised to STAT3 (loading control). (C) Upper panel: Representative immunoblots
for GFAT (77 kDa) and GAPDH (37 kDa). GFAT expression is in lysates of HSVSMC treated with
healthy (5 mM) and high (10 mM and 25 mM) glucose concentrations. Lower panel: Densitometric
analysis of GFAT expression normalised to GAPDH (loading control). Normalised data are expressed
as mean ± SEM from n = 4 biological replicates using samples from different patients. Data from
cells treated with high (10 mM and 25 mM) glucose concentrations were compared to cells treated
with healthy (5 mM) glucose concentration for statistical difference at p < 0.05. OGA: O-GlcNAcase;
OGT: O-GlcNAc transferase; GFAT: Glutamine fructose-6-phosphate amidotransferase; STAT3: Signal
transducer and activator of transcription 3; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase.

4. Discussion

Vein graft failure after 10 years is about 50%, and this statistic is suggested to be
worse (80%) in T2DM patients [25,26]. Therefore, understanding any link between DM
and compromised vascular function, specifically in autologous saphenous veins used as
conduits in bypass surgery procedures in DM patients, is critical to improving vein graft
patency and improving patient outcomes. The findings of this study describe the effect
of T2DM and high glucose concentrations on the expression levels of the enzymes that
regulate cellular O-GlcNAcylation in HSVSMCs.

Isolation of uncontaminated VSMCs from HSV tissue is critical for data reliability in
this project. Other cell types, such as fibroblasts and endothelial cells (EC), are present in
the vascular wall, and their contamination of the SMC population must be excluded. As
shown in Figures 1 and 2, we have demonstrated that the isolated cells are SMCs because
they co-expressed two distinct SMC markers, namely α-SMA and SMMHC. While α-SMA
lacks specificity as a SMC marker, SMMHC was also employed as a second marker since
SMCs express it from early in development through to maturation [27–29]. To rule out
EC contamination in the isolated HSVSMCs, the adhesion protein PECAM-1, which is
present in ECs from various origins, including venous Ecs, was used as a marker (Figure 3).
PECAM-1 is a known indicator of Ecs, and its expression is primarily concentrated at
junctions between adjacent cells [30]. These data confirm the consistent isolation of a
pure population of SMCs using an explant technique [22,24]. Furthermore, successive
passage of primary cells, including VSMCs, has been shown to significantly alter gene
expression profiles [31–34]. As early passage cells have a greater preservation of molecular
characteristics found in freshly isolated primary human SMCs [35,36], only early passage
(1–4) of HSVSMCs were used in all experiments. This is to eliminate inconsistencies caused
by sustained SMC dedifferentiation in vitro, and the results showed that there were no
significant differences in the expression of the regulatory enzymes (OGA, OGT, and GFAT)
responsible for cellular O-GlcNAcylation (Figure 4).

VSMCs have garnered attention as a possible target to treat vascular pathologies due
to their role in neointima hyperplasia (NIH) and venous graft stenosis [37–40]. HSV wall
thickening is caused by the HSVSMCs shifting from a differentiated to a dedifferentiated
phenotype, resulting in uncontrolled cell migration and proliferation responsible for long-
term VGF [21]. Moreover, multiple studies have described links between O-GlcNAcylation
and T2DM [1,15,41–43]. However, the direct impact of T2DM on the regulatory enzymes of
O-GlcNAcylation in many cell systems is unknown. A clear understanding of how T2DM
alters the vascular homeostasis of these enzymes could, therefore, be invaluable to inform
the development of therapeutic tools that can help modulate this dynamic post-translational
modification in vascular diseases. This is vital because limiting OGT results in downregula-
tion of O-GlcNAcylation, the consequences of which are wide-ranging [1]. While it might
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be predominantly beneficial in cardiac pathologies [1,4,44,45], other studies suggest that
downregulating O-GlcNAcylation could be detrimental in cardiac pathologies [45,46].

On the other hand, modulating OGA, the enzyme that reverses the O-GlcNAcylation
process, is also critical, and progress has been made in the creation of potential therapeutic
drugs aimed at raising cellular O-GlcNAcylation levels [4]. While the rationale for using
GFAT inhibitors as prospective medicines for the treatment of CVDs is still being clarified,
UDP-GlcNAc acts as a universal precursor for all amino sugars needed to create glycopro-
teins, glycolipids, and proteoglycans. Consequently, many important cellular processes
would be hampered by GFAT suppression, thereby increasing the risk of adverse drug
reactions arising from GFAT inhibitors. OGT inhibitor development may, therefore, be a
more feasible option [4].

Our study has shown that neither T2DM nor 48 h treatment with high glucose con-
centrations had any significant effect on the expression levels of OGA, OGT, and GFAT in
HSVSMCs (Figure 6). Given that T2DM has been shown to upregulate O-GlcNAcylation
in human VECs [15], and the link between T2DM and O-GlcNAcylation has been de-
scribed [1,4,41–43,47], it is currently unclear as to why T2DM has not affected the expression
of these enzymes. However, there could be cell-type-specific differences in how OGT, OGA,
and GFAT are regulated. More so, the finding of [48] showed that OGT protein levels are
increased in the pancreatic islets of diabetic rats.

McClain et al. [49] have shown that overexpression of OGT in the muscle and fat
of transgenic male mice contributed to the development of insulin resistance and T2DM;
however, it is unknown if this connection works in reverse. Also, overexpression of OGT
in the liver, muscle, and fat tissues of T2DM mice causes insulin resistance [50]. On the
other hand, OGA is overexpressed in pancreatic β cells of transgenic mice, which results in
reduced glucose tolerance and decreased insulin secretion [51]. Conversely, overexpression
of OGA in the liver of diabetic mice has been shown to increase glucose tolerance [52].
Furthermore, it has been demonstrated that insulin resistance and T2DM are caused
by the overexpression of GFAT in transgenic mice [53]. In addition, McClain et al. [49]
demonstrated that muscles and adipocyte cells develop insulin resistance when bathed
with high glucose chronically; however, treatment with DON, a potent inhibitor of GFAT,
ameliorated this. Also, a prior study [54] demonstrated that there was no significant
difference in the expression of GFAT between T2DM patients and non-diabetic controls in
the liver and muscle of rats, which is consistent with the findings of this study. Interestingly,
this same study [54] found that GFAT activity was about 40% lower in the muscle and liver
of diabetic rats compared to the controls, indicating that expression and activity are not
necessarily causally connected. Therefore, the observations highlighted in this paragraph
suggest a cell-specific and complex relationship between T2DM and the expression of the
enzymes that regulate cellular O-GlcNAcylation.

We acknowledge some limitations of this study. Firstly, we have demonstrated that
neither T2DM nor hyperglycaemia caused any significant alteration in the protein expres-
sion levels of the regulatory enzymes of cellular O-GlcNAcylation in HSVSMCs from
T2DM patients versus non-T2DM controls. However, this finding does not suggest that
the activities of these enzymes are not altered by T2DM and hyperglycaemia; hence, this
will be investigated in our future studies. Additionally, we will investigate the impact of
T2DM and hyperglycaemia on these enzymes (OGA, OGT, and GFAT) and their consequent
effect on other PTMs such as phosphorylation. Given that their relationship is inverse in
nature, O-GlcNAcylation and phosphorylation control of subcellular colocalisation has
been described as a potential mediator of vascular dysfunction [14,55,56]. This is because
the production of nitric oxide by eNOS is compromised because eNOS phosphorylation
is downregulated due to increased O-GlcNAcylation [14,15,55,56]. Furthermore, it is our
aim in future studies to identify and functionally characterise target proteins in HSVSMCs
that are more or differentially O-GlcNAcylated in T2DM patients compared to non-diabetic
control. Additionally, studies to describe and assess this link in HSVECs will be use-
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ful to further understand this dynamic cellular interaction in vascular dysfunction and,
consequently, will help identify possible novel target(s) for drug development.

5. Conclusions

Through this study, we have demonstrated that neither T2DM nor hyperglycaemia
caused any significant alteration in the expression levels of regulatory enzymes that control
O-GlcNAcylation in HSVSMCs isolated from excess saphenous vein tissue obtained under
consent from T2DM patients versus non-T2DM controls undergoing coronary artery bypass
graft procedures. Our findings have now provided preliminary information that will help
lay the foundation for further investigations about this dynamic dysregulation in particular
cell types and disease states.
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