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Study Design: Human herniated discs were obtained from discectomy specimens for the immunohistochemical detection of O-
GlcNAc and O-GlcNAcase (OGA)/O-GlcNAc transferase (OGT).
Purpose: This study aimed to quantify the extent of O-GlcNAcylation and its associated enzymes (OGT/OGA) in human degenerated 
intervertebral discs.
Overview of Literature: The O-GlcNAcylation of nuclear, cytoplasmic, and mitochondrial proteins as well as the effects of such 
post-translational modifications are currently the focus of extensive research. O-GlcNAcylation is believed to contribute to the etiol-
ogy of chronic illnesses by acting as a nutrient and stress sensor in the cellular environment. Mature intervertebral disc cells are 
chondrocyte-like cells, and O-GlcNAc has been shown to promote chondrocyte apoptosis in vitro . We believe that O-GlcNAcylation is 
a key regulator of disc degeneration.
Methods: Fifty-six specimens were fixed for 24 hours in a 10% solution of neutral-buffered formaldehyde, dehydrated, and embed-
ded in paraffin. Tissue slices (4-μm-thick) were used for hematoxylin-eosin staining and immunohistochemistry.
Results: We found that O-GlcNAcylation of cytoplasmic proteins was less than that of nuclear proteins in both single cells and cell 
clusters. Cytoplasmic O-GlcNAcylation occurs subsequent to nuclear O-GlcNAcylation and is directly proportional to disc degenera-
tion. OGT and O-GlcNAc expression levels were identical in all specimens examined.
Conclusions: O-GlcNAc and OGA/OGT expression is shown to correlate for the first time with intervertebral disc cell degeneration. 
Increasing disc degeneration is associated with increasing O-GlcNAcylation in both nuclear and cytoplasmic proteins in human disc 
cells.
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Introduction

The process of O-GlcNAcylation is defined as a post-trans-

lational, bidirectional, dynamic modification of serine and 
threonine residues within nuclear, mitochondrial, and 
cytoplasmic proteins by O-linked β-N-acetylglucosamine 
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(Ο-GlcNAc). The O-GlcNAcylation substrate uridine 
diphospho-N-acetylglucosamine (UDP-GlcNAc) is di-
rectly produced by extracellular glucose metabolism via 
the hexosamine biosynthesis pathway, a major branch 
of the glycolytic pathway responsible for metabolizing 
2%–5% of all cellular glucose [1]. As serum glucose levels 
rise in cases of diabetes or because of dietary uptake, more 
glucose is shunted into the hexosamine pathway, resulting 
in elevated levels of UDP-GlcNAc that can bind to prote-prote-
ins [2]. O-GlcNAcylation occurs post-translationally as a 
distinct form of glycosylation in both the nucleus and cy-
toplasm and is critical for cell transcription, proliferation, 
differentiation, and apoptosis. O-GlcNAcylation of serine 
and threonine residues is mediated by O-GlcNAc trans-
ferase (OGT) and reversed by O-GlcNAcase (OGA). The 
gene encoding OGT is highly conserved; its deletion is 
embryonically lethal [3,4]. O-GlcNAcylation is o� en sug-GlcNAcylation is o� en sug-is o�en sug-
gested to serve as a nutrient sensor, as it is more common 
in hyperglycemic conditions, such as diabetes mellitus 
and metabolic syndrome [5,6].

The roles of biochemical factors in intervertebral disc 
degeneration and pain have received increased focus 
recently. The human intervertebral disc contains chon-
drocyte-like cells within the nucleus pulposus and inner 
annulus fibrosus, and fibroblast-like cells are found in the 
outer annulus fibrosus. These cells are responsible for the 
synthesis and regulation of the disc matrix and control of 
homeostasis between extracellular matrix synthesis and 
degradation. Increased protein O-GlcNAcylation plays 
an important role in the stress response [7]. Disc cells are 
capable of producing pro-inflammatory mediators, such 
as tumor necrosis factor α (TNF-α) and interleukin-1 (IL-
1), which may directly stimulate discogenic back pain by 
promoting neoangiogenesis and sensitizing peripheral 
nociceptors. Further matrix degradation triggered by 
these agents may result in pain by impairing mechanical 
stability or structural integrity [8].

The purpose of this study was to investigate the O-
GlcNAcylation of nuclear and cytoplasmic proteins in hu-
man degenerated intervertebral disc cells.

Materials and Methods

Fifty-six tissue samples were obtained from discectomy 
specimens of human herniated discs. The patient cohort 
included 30 men and 26 women, with a mean age of 45.6 
years (range, 32 to 57 years). All patients presented with 

extruded nucleus pulposus and symptoms of severe ra-
diculopathy. Specimens were fixed for 24 hours in a 10% 
solution of neutral-buffered formaldehyde, dehydrated 
sequentially in 80%, 95%, and 100% solutions of ethanol 
and 100% xylene, and embedded in paraffin. Slices (4-μm-
thick) were used for hematoxylin-eosin staining and im-
munohistochemistry.

To identify O-GlcNAcylated proteins, we used the 
MAI-072 mouse monoclonal antibody RL2, which was 
obtained from Thermo Fisher Scientific (Waltham, MA, 
USA), at a 1:200 dilution, according to the manufacturer’s 
instructions. To determine the localization of OGT, we 
used the PA5-13654 rabbit polyclonal antibody, which 
was obtained from Thermo Fisher Scientific, at a 1:100 
dilution, according to the manufacturer’s instructions. For 
the detection of OGA, we used the rabbit anti-MGEA5 
antibody from Sigma-Aldrich Chemie GmbH (Taufkirch-
en, Germany). For immunohistochemistry experiments, 
the Genemed Kit Polymer HRP-containing goat antibody 
(South San Francisco, CA, USA) was used as a second 
antibody and for multicolor staining, according to the 
manufacturer’s instructions.

Histological changes were graded according to the 
method described by Boos et al. [9]; we chose cell prolif-
eration score (CPS) as a degeneration index. Immuno-
histochemistry grading was as follows: negative staining; 
weak staining (1+); moderate staining (2+); and intense 
staining (3+); for each intensity, if >75% of the cell popu-
lation was stained, was considered high, if 25%–75% of 
the cell population was stained, it was considered moder-
ate, and if <25% of the cell population was stained, it was 
considered low. All statistical analyses were performed us-
ing Microso� Excel 2015 and SPSS ver. 21.0 (IBM Corp., 
Armonk, NY, USA).

The study was approved by the Institutional Review 
Board of University of Thessaly.

Results

The results of the immunohistochemistry experiments 
showed that there was nuclear and cytoplasmic staining 
of O-GlcNAc, OGT, and OGA in both single cells and cell 
clusters.

Staining results were identical for OGT and O-GlcNAc-
ylated proteins. In all samples with a CPS of 5, nuclear 
staining was intense (3+) in >75% of single cells and cell 
clusters, whereas cytoplasmic staining was intense and 
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samples.
Out of 26 samples with a CPS of 5, nuclear OGA stain-

ing was intense and high in 23% of samples, intense and 
moderate (25%–75% of cells) in 23% of samples, weak 
and low (<25% of cells) in four samples, and completely 
negative in the remaining 10 samples. Cytoplasmic stain-
ing was weak and high in six samples, weak and moderate 
in six samples, and negative in 14 samples. In samples 
with a CPS of 4, both nuclear and cytoplasmic staining 
was negative in all 12 samples. In samples with a CPS of 3, 
nuclear staining was intense and high in 11% of samples, 
intense and moderate in two samples, moderate and high 
in two samples, weak and low in two samples, and com-
pletely negative in the remaining 10 samples. Cytoplasmic 
staining was weak and high in 22% of samples, weak and 
moderate in two samples, and negative in the remaining 
12 samples (Figs. 1‒5).

Kendall’s tau-b correlation coefficient was used to ex-
amine the relationship between the O-GlcNAc staining of 
nuclear and cytoplasmic proteins and CPS. A statistically 
significant moderate association was found between the 
O-GlcNAc staining of nuclear proteins and CPS (Kendall’s 
coefficient=0.334, p=0.027), and a significantly positive 
strong association was found between the O-GlcNAc 
staining of cytoplasmic proteins and CPS (Kendall’s coef-
ficient=0.513, p<0.001). Moreover, a significantly positive 
association was found between the O-GlcNAc staining 
of nuclear and cytoplasmic proteins (Kendall’s coeffi-

high (>75% of cells) in 46% of samples and moderate 
(2+) and high in the remaining samples. In all samples 
with a CPS of 4, nuclear staining was intense and high in 
single cells and cell clusters, whereas cytoplasmic stain-clusters, whereas cytoplasmic stain-, whereas cytoplasmic stain-
ing was intense and high in only 16% of samples and 
moderate and high in the remaining samples. In samples 
with a CPS of 3, nuclear staining was intense and high in 
77% of samples and moderate and high in the remaining 
four samples. Furthermore, in samples with a CPS of 3, 
cytoplasmic staining was moderate and high in 14 of 18 
samples, and weak (1+) and high in the remaining four 

Fig. 1. (A) A large group of cells are shown. The overwhelming major-
ity of cells shows intense nuclear and cytoplasmic staining (×400). (B) 
Single cells from an adjacent area of the same specimen show intense 
nuclear and cytoplasmic staining (×400).

Fig. 2. (A) A group of cells stained for O-GlcNAc transferase are 
shown. The great majority of cells shows intense nuclear and cyto-
plasmic staining. Seven cells remain unstained (blue nuclei) (×400). (B) 
Single cells from an adjacent area of the same specimen show intense 
nuclear and cytoplasmic staining (×400).

Fig. 3. (A) Immunohistochemistry for O-GlcNAcase (OGA) is shown. A 
group of three cells with intense nuclear and weak cytoplasmic stain-
ing are shown (×400). (B) A group of herniated intervertebral disc cells 
are shown. Immunohistochemistry for OGA is shown. All cells show 
negative nuclear staining (blue nuclei). Few cells with weak cytoplas-
mic staining (brown color) are shown (×400).
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cient=0.530, p=0.025) with a low agreement (25%).

Discussion

Intervertebral disc cells can be subjected to stress in the 
cellular environment due to avascularity and mechani-
cal loading conditions. Such cells reside in a vulnerable 
environment characterized by hypoxia and low-glucose 
availability, as their nutrition is dependent upon diffusion 
from the neighboring capillary circulation [10,11]. Chon-
drocytes tend to proliferate and become hypertrophic 
under stress. Normal chondrocyte-like intervertebral disc 
cells exist in isolation, whereas degenerated disc cells are 
housed in stress-induced clusters that are derived from a 

single progenitor cell [12]. Stress o�en stimulates cellular 
glucose uptake, and increased protein O-GlcNAcylation 
has been shown to play an important role in this stress 
response [7], either through OGA inhibition or OGT 
overexpression. The elevation of O-GlcNAc levels before, 
or immediately after, the induction of cellular injury is 
protective in models of heat stress, oxidative stress, endo-
plasmic reticulum stress, hypoxia, ischemia reperfusion 
injury, and trauma hemorrhage [13,14]. Conversely, a 
sustained increase in O-GlcNAcylation contributes to the 
development of vascular and cardiac dysfunction [15]. 
Ο-GlcNAc represents not only a nutrient sensor but also 
a stress sensor. Cells can consequently modify O-GlcNAc 
levels to both respond and adapt to the cellular environ-
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Fig. 5. Cytoplasmic expression of O-GlcNAc/O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA) is shown. CPS, cell 
proliferation score as defined int he text; H, high; M, moderate; L, low; N, none.  
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Fig. 4. Nuclear expression of O-GlcNAc/O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA) is shown. CPS, cell pro-
liferation score as defined int he text; H, high; M, moderate; L, low; N, none. 
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ment. The purpose of the current study was to quantify 
Ο-GlcNAc in human degenerated disc cells.

O-GlcNAc was present in both the nucleus and cyto-
plasm of degenerated herniated intervertebral disc cells 
at different levels, according to the degree of disc degen-
eration, which is reflected by the CPS. O-GlcNAc has a 
predominantly nuclear distribution, is associated with 
chromatin, and is found to bind with many cytoplasmic 
and mitochondrial proteins [16-18]. In all samples with a 
CPS of 4 or 5, nuclear staining was both intense and high. 
There were also no differences in the staining of single 
cells and cell clusters as a result of stress-induced prolif-clusters as a result of stress-induced prolif-as a result of stress-induced prolif-
eration. These findings suggest that either O-GlcNAc or 
stress similarly affect both single cells and cell clusters, or 
immunohistochemistry experiments are unable to resolve 
such subtle cellular differences. Nuclear staining was more 
intense in samples with a higher CPS in a statistically 
significant manner. The fact that nuclear staining was 
reduced in samples with a CPS of 3 compared with those 
with a higher CPS suggests that increased disc degenera-
tion correlates with greater O-GlcNAcylation of nuclear 
proteins.

O-GlcNAc staining of cytoplasmic proteins was less 
than that of nuclear proteins. Cytoplasmic staining was 
intense and high in only 46% and 16% of samples with 
a CPS of 5 and 4, respectively. However, nuclear stain-
ing was intense in every sample with a CPS of 5 or 4. No 
sample with a CPS of 3 had intense cytoplasmic staining, 
whereas 77% of such samples had intense nuclear stain-
ing. Furthermore, in samples with a CPS of 3, there was 
weak cytoplasmic staining in 23% of samples, compared 
with samples with a CPS of 5 or 4. Therefore, cytoplas-
mic O-GlcNAcylation occurs subsequent to nuclear O-
GlcNAcylation and is directly proportional to disc degen-
eration.

OGT and Ο-GlcNAc expression levels were identical 
in all specimens examined. Identical increases in nuclear 
staining of these proteins were observed as intervertebral 
disc degeneration increased, with staining of cytoplasmic 
proteins less than that of nuclear proteins. However, a dif-
ferent pattern was observed for OGA expression. Negative 
OGA expression was observed in samples with a CPS of 
4, whereas samples with a CPS of 3 or 5 displayed a range 
of OGA staining results. OGA cytoplasmic expression 
occurred subsequent to its nuclear expression. Therefore, 
OGA expression cannot be characterized as the opposite 
of O-GlcNAc or OGT expression, considering its negative 

expression in all samples with a CPS of 4.
An example of an inflammatory role for a specific O-

GlcNAcylated protein is p65, a subunit of nuclear factor 
kB (NF-kB), in rheumatoid arthritis (RA). Its effects were 
studied in both fibroblast-like synoviocytes (FLS) and a 
mouse model of collagen-induced arthritis (CIA). Cells 
were first treated with an OGA inhibitor and then with 
TNF-α, resulting in the enhancement of O-GlcNAcyla-
tion. It was shown that hyper-O-GlcNAcylation increased 
both cell proliferation and expression levels of pro-
inflammatory cytokines associated with RA in vitro and 
aggravated the severity of CIA in vivo. In contrast, hypo-
O-GlcNAcylation in response to OGA overexpression sig-
nificantly attenuated inflammation in TNF-α‒stimulated 
FLS. O-GlcNAcylation of p65 enhanced inflammatory 
processes in TNF-α‒stimulated FLS via increases in the 
nuclear translocation of p65, protein–DNA binding, and 
transcriptional activity, which increased the expression 
levels of downstream genes [19]. In contrast, another 
study reported that glucosamine improved cardiac func-
tion in rats following hemorrhagic shock and attenuated 
the activation of NF-kB, which plays a central role in 
regulating the release of many cytokines, including TNF-α 
[20]. Finally, elevated O-GlcNAcylation appeared to 
significantly enhance colitis and colitis-associated colon 
cancer by modulating the DNA-binding activity of p65 in 
vivo [21].

It appears that hyperglycemia (in conditions of diabe-
tes or dietary excess) has detrimental effects on human 
chondrocytes. Mature intervertebral disc cells are chon-
drocyte-like cells [22] that undergo the typical cascade of 
chondrogenic differentiation events (cell proliferation, ex-
tracellular matrix synthesis, cellular hypertrophy, matrix 
mineralization, vascular invasion, and eventually apop-
tosis), which allows cartilage remodeling into bone [23]. 
Diabetes can cause intervertebral disc degeneration by 
accelerating NP cell senescence and apoptosis [24]. Ad-
ditionally, O-GlcNAc accumulation has been shown to in-
crease chondrocyte apoptosis in vitro [25]. Furthermore, 
levels of O-GlcNAcylated proteins were found to increase 
four-fold in human osteoarthritic (OA) cartilage com-
pared with healthy cartilage, a condition partly induced 
by IL-1 [26]. The increase in O-GlcNAcylation observed 
in OA cartilage was associated with a redistribution of 
expressed OGT isoforms, and an increase in OGA expres-
sion was also observed. Increased expression levels of 
OGT have been associated with O-GlcNAc accumulation 
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in response to both acute stress and chronic damage [27]. 
In human OA chondrocytes, O-GlcNAc accumulation 
parallels increases in both OGT and OGA, suggesting that 
OGT and OGA levels may fluctuate in response to modi-
fications of O-GlcNAc levels [25], similar to our results.

In recent research on diabetic rats, the apoptotic index 
of nucleus pulposus notochordal cells and the extent of 
transition of notochordal nucleus pulposus into pro-car-
tilaginous nucleus pulposus were significantly increased, 
confirming the hypothesis that hyperglycemia-induced 
O-GlcNAc expression promotes and accelerates chon-
drocyte apoptosis, resulting in degeneration. Expression 
levels of matrix metalloproteinases-1, -2, -3, and -13 were 
also significantly increased in diabetic rats [28]. A higher 
incidence of degenerative disc disease in patients with dia-
betes and at a younger age than nondiabetic populations 
has been reported [29], suggesting that hyperglycemia 
contributes to the accelerated degeneration of interverte-
bral disc cells via O-GlcNAc.

This study’s major strength is the use of immunohisto-
chemistry to detect O-GlcNAc in degenerated interver-
tebral disc cells from human noncadaveric tissues, which 
has not been previously published. The major limitations 
of this study are the lack of similar immunohistochem-
istry data from normal discs and a lack of correlation 
between magnetic resonance imaging results for disc de-
generation and our immunohistochemistry data.

Conclusions

O-GlcNAcylated proteins mediate numerous cellular pro-
cesses. Research on the role of O-GlcNAc in intervertebral 
disc degeneration could elucidate the mechanism of inter-
vertebral disc degeneration and lead to its prevention in 
various metabolic states.
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