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Abstract
Purpose  To examine to what extent diabetes mellitus (DM) is implicated as a distinct mechanism in intervertebral disc 
degeneration (IVDD).
Methods  The published clinical and laboratory data relevant to this matter are critically reviewed. A total of 12 clinical stud-
ies evaluate the association between DM and degenerative changes such as IVDD, spinal stenosis (SS) and IVD herniation. 
A total of 34 laboratory research papers evaluate the association between DM and IVDD.
Results  There are 7 studies that correlate DM with IVDD, 4 of them showing that DM is a significant risk factor for degen-
eration, and 3 of them failing to establish any association. Three studies demonstrate significant association between DM 
and SS. However, 2 of these studies also include patients with IVD herniation that failed to demonstrate any correlation 
with DM. Two other studies indicate a significant association between DM and lumbar disc herniation. Multiple different 
mechanisms, acting independently or interactively, cause tissue damage leading to IVDD including: microangiopathy of the 
subchondral vertebral endplate, cellular senescence, cell death (through apoptosis or autophagy), hyperglycaemia, advance 
glycation end products, adipokines, and cytokines (through oxidative, osmotic, and inflammatory mechanisms).
Conclusion  The clinical evidence is not consistent, but weakly supports the relationship between DM and IVDD. However, 
the laboratory studies consistently suggest that DM interferes with multipronged aberrant molecular and biochemical path-
ways that provoke IVDD. Taken as a whole, the strong laboratory evidence and the weak clinical studies implicate DM as 
a distinct contributing factor for IVDD.
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Take Home Messages

1. The laboratory science, is convincingly consistent with the fact that 
diabetes interferes with multipronged aberrant molecular and 
biochemical pathways provoking disc degeneration. 

2. However, the clinical studies only weakly support a relationship between 
diabetes and disc degeneration.

3. Taken together, the strong laboratory evidence and weak clinical studies 
suggest that diabetes is a contributing factor to disc degeneration.  
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Introduction

Diabetes mellitus (DM) and intervertebral disc degeneration 
(IVDD) are both common conditions. DM, with a prevalence 
of 8% in the general population, is a multiorgan disorder 
that affects all types of connective tissues, including bone 
and cartilage [1]. Diabetic patients experience different age-
related changes in their cartilage matrix than non-diabetics 
[2]. Clinical and laboratory studies suggest that DM may 
contribute to the development and deterioration of bone car-
tilage in osteoarthritis [3].

IVDD is an age-dependent, cell-mediated molecular deg-
radation process under genetic influence. IVDD is acceler-
ated primarily by nutritional and mechanical factors, and 
secondarily by toxic or metabolic influences. These factors 
mediate degeneration by triggering multiple chemical reac-
tions. These changes can affect the morphology of the disc, 
manifested as thickening of the vertebral endplate, cracks 
and fissures in the matrix, delamination and tears in the 
annulus fibrosus (AF), and in the biomechanical function 
of the disc. The end result of disc degeneration is character-
ized by collapse of the IVD space and osteophyte formation. 
Although IVDD has been extensively studied, the order and 
the causal relationships of biochemical, molecular, and cel-
lular events occurring in the disease process have not been 
entirely clarified [4].

In this framework, we examine whether and how DM, 
with its generalized adverse metabolic effects in almost 
every tissue, could also be a culprit of IVDD. The purpose 
of this article is to evaluate the published data of the effects 
of DM on IVDD.

Methods

To determine the relationship between DM and IVDD, we 
reviewed the relevant clinical and laboratory publications, 
using PubMed and the US National Library of Medicine 
through December 2018, with the search criteria: “interver-
tebral disc” and “diabetes mellitus”.

The initial electronic search revealed 136 articles. Three 
independent researchers examined each paper to include or 
exclude in the study. The present review is limited to papers 
published in English language peer-reviewed journals. 
Case reports, literature reviews, and technical notes were 
excluded. With these inclusion criteria, 12 clinical studies 
from 9 different countries and 34 laboratory research papers 
investigated the relationship between DM and IVDD.

Results/discussion

Clinical studies

All 12 studies (see Table 1) use correlation methods to 
examine the association between DM and degenerative 
changes such as IVDD, spinal stenosis (SS), and IVD her-
niation. These three entities are different evolutionary states 
of the same degenerative process that begins as IVDD. Disc 
degeneration appears to be a prerequisite of disc prolapse 
and degenerative SS [4]. 

There are 7 studies that investigate the association of DM 
with IVDD. Of these, 4 studies (one cross-sectional control 
[5], two retrospective studies [7, 8], and one cross-sectional 
insurance industry-based retrospective study [6]) show that 
DM is a significant risk factor for IVDD. The severity of 
IVDD seems to be directly correlated with the duration of 
the disease and its bad management. However, retrospec-
tive studies are well known for their inherent incomplete 
documentation and weak persuasive power [17]. There are 
also other important hedges that limit the contribution of 
these studies. For instance, one study with a large number 
of patients is an insurance industry database study in which 
diabetes was one of several other potential risk factors, leav-
ing room for coding errors and code bias [6]. Three studies 
also targeted other associated pathologies [5, 6, 8].

The other 3 studies [9–11] show that DM is not a statisti-
cally significant risk factor for IVDD. One of these stud-
ies, a cross-sectional study in an elderly population, with its 
primary goal the degree of association between IVDD and 
cardiovascular disease, failed to demonstrate any connection 
between IVDD and DM. However, this is a poor-designed 
study which primarily intended to investigate associated risk 
factors between cardiovascular disease status and IVDD. 
Glycosylated haemoglobin (elevated in hyperglycaemia), 
as a biochemical marker for DM, was included among other 
factors as secondary objectives in their study [9]. Two other 
studies were conducted in twins (one case control and one 
cross-sectional) [10, 11] and also failed to demonstrate any 
significant correlation between IVDD and DM.

Of the remaining 5 studies, there is 1 study dealing solely 
with SS and 2 studies with both SS and IVD herniation 
(one prospective control [12], one case control [13], and 
one cross-sectional control [14]). All three studies showed a 
significant association between DM and SS, promoting DM 
as a risk factor for the development of lumbar SS. However, 
there are important caveats lessening their contribution. 
One statistically significant (p < 0.0001) study [12] shows 
that diabetic women are associated with SS. However, the 
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lack of statistically significant association reported in men 
is likely because the male sample is underpowered (n = 96) 
and the female sample is robust (n = 234). This introduces 
a bias in the interpretation of the study results [12]. In 
another cross-sectional study of symptomatic clinical lum-
bar SS patients [14], there is a significant association, but 
only between its moderate form (p < 0.0009) and not with 
its more severe stage. This is an unexpected finding that is 
difficult to explain.

The relationship between DM and SS is corroborated by 
a recent laboratory study, in which harvested decompressive 
laminectomy tissues from patients with lumbar SS exhibited 
a significant greater degree of elastin loss and less homog-
enous fibre orientation in diabetic patients as opposed to 
non-diabetics. Patients with lumbar disc herniation exhib-
ited less elastin degradation and less fibrosis as opposed to 
diabetic patients [18]. These findings suggest that DM, apart 
from its degenerative effect on IVD [1, 3], may also play a 
direct role in the development of SS.

Two studies were specifically designed for lumbar disc 
herniation patients. One based on a case control prospective 
longitudinal population [15], and the other a prospective con-
trol [16], showed a statistically significant association between 
DM and lumbar canal herniation. However, lumbar disc her-
niation was also the objective in two other studies, as men-
tioned earlier: one retrospective case control [13] and the other 
cross-sectional prospective control [12] that also targeted SS 
patients, which failed to establish any association.

The reports correlating DM with the clinical (pain) and 
imaging appearance of IVDD (vertebral space reduction, 
disc herniation, and SS) are few, difficult to compare, and 
use different evaluating criteria. In one study, back pain was 
not entirely attributed to IVDD [13]. It goes without saying 
that blaming lower back pain simply on IVDD is controver-
sial. Imaging structural abnormalities (narrowing of the disc 
space, black discs, herniation, annular tear, etc.) has a weak 
prediction for back pain [19]. Pain, although not always 
present, may originate in structural changes of disc degen-
eration such as tear, fissure, and delamination of AF. These 
defects, however, not always can be invaded by vascular 
granulation tissue carrying nerve fibres [20]. The evolution 
of IVDD to spinal instability, SS, and lumbar disc herniation 
may also contribute to pain, which in theses stages may be 
mechanical or neurogenic in origin.

The very wide heterogeneity and primary objective of 
the studies rendered the strength of the correlation between 
DM and IVDD difficult to evaluate statistically. Because 
DM promotes generalized degeneration on connective tis-
sue, it seems plausible that DM may have a direct harmful 
effect on IVDD. Clinical studies thus far have examined the 
association but not the causal relationship between DM and 
IVDD. The evidence is not consistent or concrete enough, 
but weakly supports a relationship between DM and IVDD. 

Better designed, multicenter clinical studies are necessary 
to establish a causal relationship between DM and IVDD.

Laboratory studies

Biochemical and molecular changes leading to IVDD

We will briefly highlight some of the most salient molecular 
changes contributing to IVDD before analyzing the effects 
of DM on IVDD.

Under the influence of improper chemical signals, 
nucleus pulposus (NP) cells stop producing, or even start 
degrading, proteoglycans (PGs) and collagen II, leading to 
a decline in intradiscal pressure and NP structural integ-
rity [21]. PGs reduction and fragmentation alter extracel-
lular matrix (ECM) hydration levels and osmotic pressure 
and result in fibrocartilaginous metaplasia of the NP and 
impaired disc biomechanical properties [22, 23]. Degrada-
tion of disc substance takes place with the accumulation of 
significant levels of abnormal matrix components and matrix 
degradation mediators such as proinflammatory cytokines 
and catabolic enzymes [4].

Diabetes-induced tissue damage usually refers to specific 
cell subtypes, which are characterized by their incapacity 
to retain stable levels of intracellular glucose when they are 
exposed to hyperglycaemia. These cell subtypes include capil-
lary endothelial cells in the retina, mesangial cells in the renal 
glomerulus, and neurons and Schwann cells in peripheral 
nerves [24]. Evidence from the laboratory studies as detailed 
in Table 2 indicates that IVD cells are also unable to effectively 
handle intracellular hyperglycaemia implicating DM as a defini-
tive injurious process for generating or deteriorating IVDD.

Diabetic‑related pathways leading to IVDD

We analyze the pathways leading to IVD degradation 
according to the various responsible pathophysiological 
contributions in diabetic animals such as: transport of the 
nutrients into the IVD from compromised vertebral end-
plate permeability, cell senescence, cell death (apoptosis and 
autophagy), hyperglycaemia-induced inflammatory reactions 
from toxic end products of glycation (Advance glycation end 
products (AGEs) and Receptor for AGEs (RAGEs)), osmotic 
stress, polyol pathways, and adipokines.

Vertebral chondral endplate  A comparative study between 
diabetic and non-diabetic rats demonstrated that vertebral 
endplate microvessels are significantly narrower in diabetic 
animals resulting in the decline of the blood supply and nutri-
tion to the IVD [25]. Conjointly, the vertebral endplate may 
become sclerotic, further compromising its permeability to 
nutrients. This sclerosis is brought about by the anabolic 
effects of DM on osteochondral metabolism [26]. Similar to 
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er

 st
an

da
rd

 c
ul

tu
re

 c
on

di
tio

ns
 (w

ith
 3

.1
5 

g/
L 

gl
uc

os
e 

an
d 

10
%

 F
B

S)
, o

r w
ith

ou
t g

lu
co

se
 a

nd
/o

r 2
0%

 F
B

S
N

P 
ce

ll 
gr

ow
th

 a
nd

 su
rv

iv
al

 a
re

 in
flu

en
ce

d 
bo

th
 b

y 
ce

ll 
de

ns
ity

 a
nd

 th
e 

av
ai

la
bi

lit
y 

of
 se

ru
m

 o
r n

ut
rie

nt
s, 

su
ch

 a
s g

lu
co

se
. I

n 
D

M
 ty

pe
 1

, v
er

te
br

al
 

en
dp

la
te

s m
ay

 b
ec

om
e 

sc
le

ro
tic

, f
ur

th
er

 c
om

pr
om

is
in

g 
its

 p
er

m
ea

bi
lit

y 
to

 
nu

tri
en

ts
. T

he
se

 c
ha

ng
es

 a
re

 b
ro

ug
ht

 a
bo

ut
 b

y 
an

ab
ol

ic
 e

ffe
ct

 o
f D

M
 ty

pe
 1

 
on

 m
et

ab
ol

is
m

5.
W

on
 e

t a
l. 

[2
7]

Lu
m

ba
r I

V
D

 ti
ss

ue
 D

M
 (n

 =
 20

 D
M

 ra
ts

: 1
0 

ra
ts

 6
- a

nd
 1

0 
ra

ts
 1

2-
m

on
th

 o
ld

) 
ve

rs
us

 n
on

-D
M

 ra
ts

 (n
 =

 20
 n

on
-D

M
 ra

ts
: 1

0 
ra

ts
 6

- a
nd

 1
0 

ra
ts

 1
2-

m
on

th
 

ol
d)

D
M

 is
 a

ss
oc

ia
te

d 
w

ith
 p

re
m

at
ur

e,
 e

xc
es

si
ve

 a
po

pt
os

is
 o

f N
P 

no
to

ch
or

da
l c

el
ls

 
in

 ra
ts

 a
cc

el
er

at
in

g 
tra

ns
iti

on
 o

f n
ot

oc
ho

rd
al

 N
P 

to
 fi

br
oc

ar
til

ag
in

ou
s N

P.
 

Th
is

 le
ad

s t
o 

IV
D

D
. A

ct
iv

at
io

n 
of

 e
xt

rin
si

c 
pa

th
w

ay
, e

xp
re

ss
io

n 
of

 M
M

Ps
 

an
d 

TI
M

Ps
 a

re
 si

gn
ifi

ca
nt

ly
 in

cr
ea

se
d 

in
 th

e 
N

P 
of

 D
M

 ra
ts

6.
K

on
g 

et
 a

l. 
[2

8]
A

du
lt 

N
P 

ce
lls

 fr
om

 ra
ts

 is
ol

at
ed

 a
nd

 p
la

ce
d 

in
 1

0%
 F

B
S 

(n
or

m
al

 c
on

tro
l) 

or
 

10
%

 F
B

S 
pl

us
 tw

o 
di

ffe
re

nt
 h

ig
h 

gl
uc

os
e 

co
nc

en
tra

tio
ns

 fo
r 1

 o
r 3

 d
ay

s
H

ig
h 

gl
uc

os
e 

ac
ce

le
ra

te
s s

tre
ss

-in
du

ce
d 

se
ne

sc
en

ce
 in

 a
du

lt 
ra

t N
P 

ce
lls

 in
 a

 
do

se
- a

nd
 ti

m
e-

de
pe

nd
en

t m
an

ne
r

7.
Jia

ng
 e

t a
l. 

[2
9]

IV
D

 h
ar

ve
ste

d 
fro

m
 D

M
 (n

 =
 15

) a
nd

 n
on

-D
M

 ra
ts

 (n
 =

 17
)

C
el

lu
la

r l
os

s f
ro

m
 a

po
pt

os
is

 a
nd

 se
ne

sc
en

ce
 in

cr
ea

se
s a

bo
ut

 tw
of

ol
d 

in
 th

e 
N

P 
of

 D
M

 ra
ts

 w
ith

 a
 sh

ift
 in

 th
e 

m
et

ab
ol

ic
 st

at
us

 o
f t

he
 N

P 
ce

lls
 (d

ec
re

as
ed

 
an

ab
ol

is
m

 a
nd

 in
cr

ea
se

d 
ca

ta
bo

lis
m

). 
H

yp
er

gl
yc

ae
m

ia
 p

ro
m

ot
es

 a
po

pt
os

is
 b

y 
tri

gg
er

in
g 

bo
th

 th
e 

ex
tri

ns
ic

 ro
ut

e,
 w

hi
ch

 is
 m

ed
ia

te
d 

by
 d

ea
th

 c
el

l r
ec

ep
-

to
rs

 a
nd

 th
e 

in
tri

ns
ic

 ro
ut

e,
 w

hi
ch

 m
ob

ili
ze

s m
ito

ch
on

dr
ia

 a
nd

 e
nd

op
la

sm
ic

 
pa

th
w

ay
s

8.
Pa

rk
 e

t a
l. 

[3
0]

A
F 

ce
lls

 w
er

e 
is

ol
at

ed
 fr

om
 4

-w
ee

k-
ol

d 
yo

un
g 

ra
ts

 c
ul

tu
re

d 
an

d 
pl

ac
ed

 in
 

ei
th

er
 1

0%
 F

B
S 

(n
or

m
al

 c
on

tro
l) 

or
 1

0%
 F

B
S 

pl
us

 tw
o 

di
ffe

re
nt

 h
ig

h 
gl

u-
co

se
 c

on
ce

nt
ra

tio
ns

 fo
r 1

 a
nd

 3
 d

ay
s

H
ig

h 
gl

uc
os

e 
co

nc
en

tra
tio

n-
in

du
ce

d 
ox

id
at

iv
e 

str
es

s a
cc

el
er

at
es

 p
re

m
at

ur
e 

str
es

s-
in

du
ce

d 
se

ne
sc

en
ce

 in
 y

ou
ng

 ra
t A

F 
ce

lls
 ra

th
er

 th
an

 re
pl

ic
at

iv
e 

se
ne

s-
ce

nc
e 

th
ro

ug
h 

de
te

rio
ra

tiv
e 

m
ito

ch
on

dr
ia

l d
am

ag
e.

 E
xc

es
si

ve
 g

en
er

at
io

n 
of

 R
O

S 
te

lo
m

er
as

e 
ac

tiv
ity

 d
ec

lin
es

, w
hi

le
 e

xp
re

ss
io

n 
of

 p
ro

te
in

s r
el

at
ed

 to
 

SI
PS

 (p
16

-p
R

B
) i

nc
re

as
es

9.
Pa

rk
 e

t a
l. 

[3
1]

N
ot

oc
ho

rd
al

 c
el

ls
 is

ol
at

ed
 fr

om
 4

-w
ee

k-
ol

d 
ra

ts
, a

nd
 tr

ea
te

d 
ei

th
er

 1
0%

 F
B

S 
(n

or
m

al
 c

on
tro

l) 
an

d 
un

de
r t

w
o 

di
ffe

re
nt

 h
ig

h 
gl

uc
os

e 
co

nc
en

tra
tio

ns
 fo

r 1
 

an
d 

3 
da

ys

H
ig

h 
gl

uc
os

e-
in

du
ce

d 
ox

id
at

iv
e 

str
es

s a
cc

el
er

at
es

 st
re

ss
-in

du
ce

d 
se

ne
sc

en
ce

 
in

 ra
t n

ot
oc

ho
rd

al
 c

el
ls

. H
ig

h 
gl

uc
os

e 
co

nc
en

tra
tio

n 
en

ha
nc

es
 d

is
ru

pt
io

n 
of

 
m

ito
ch

on
dr

ia
l t

ra
ns

m
em

ba
ne

 p
ot

en
tia

l a
nd

 e
xc

es
si

ve
 g

en
er

at
io

n 
of

 R
O

S 
in

 
no

to
ch

or
da

l c
el

ls
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1 3

Ta
bl

e 
2  

(c
on

tin
ue

d)

N
o.

Re
fe

re
nc

es
Ex

pe
rim

en
t

Re
su

lts

10
.

Pa
rk

 e
t a

l. 
[3

2]
R

at
 n

ot
oc

ho
rd

al
 c

el
ls

 is
ol

at
ed

, c
ul

tu
re

d,
 a

nd
 p

la
ce

d 
in

 e
ith

er
 1

0%
 F

B
S 

(n
or

-
m

al
 c

on
tro

l) 
or

 1
0%

 F
B

S 
pl

us
 th

re
e 

di
ffe

re
nt

 h
ig

h 
gl

uc
os

e 
co

nc
en

tra
tio

ns
 

fo
r 1

, 3
, 5

 a
nd

 7
 d

ay
s

H
ig

h 
gl

uc
os

e 
co

nc
en

tra
tio

n 
si

gn
ifi

ca
nt

ly
 d

ec
re

as
es

 p
ro

lif
er

at
io

n 
an

d 
in

cr
ea

se
s 

ap
op

to
si

s o
f n

ot
oc

ho
rd

al
 c

el
ls

 v
ia

 th
e 

in
tri

ns
ic

 p
at

hw
ay

. E
xp

re
ss

io
n 

of
 M

M
Ps

 
an

d 
TI

M
Ps

 is
 in

cr
ea

se
d 

w
ith

 d
os

e-
 a

nd
 ti

m
e-

de
pe

nd
en

t e
ffe

ct
s

11
.

K
on

g 
et

 a
l. 

[3
3]

N
P 

an
d 

A
F 

ce
lls

 fr
om

 a
du

lt 
ra

ts
 c

ul
tu

re
d 

in
 e

ith
er

 1
0%

 F
B

S 
(n

or
m

al
 c

on
tro

l) 
or

 1
0%

 F
B

S 
pl

us
 tw

o 
di

ffe
re

nt
 h

ig
h 

gl
uc

os
e 

co
nc

en
tra

tio
ns

To
o 

hi
gh

 g
lu

co
se

 si
gn

ifi
ca

nt
ly

 in
cr

ea
se

s t
he

 e
xp

re
ss

io
ns

 o
f a

ut
op

ha
gy

 m
ar

ke
rs

 
in

 a
du

lt 
ra

t I
V

D
 c

el
ls

. A
ut

op
ha

gy
 is

 re
gu

la
te

d 
by

 a
ut

op
ha

gy
-r

el
at

ed
 g

en
es

 
lig

ht
 c

ha
in

 p
ro

te
in

 3
12

.
Pa

rk
 e

t a
l. 

[3
4]

R
at

 n
ot

oc
ho

rd
al

 c
el

ls
 c

ul
tu

re
d,

 a
nd

 p
la

ce
d 

in
 e

ith
er

 1
0%

 F
B

S 
(n

or
m

al
 c

on
-

tro
l) 

or
 1

0%
 F

B
S 

pl
us

 tw
o 

di
ffe

re
nt

 h
ig

h 
gl

uc
os

e 
co

nc
en

tra
tio

ns
 fo

r 1
 a

nd
 

3 
da

ys

H
ig

h 
gl

uc
os

e-
in

du
ce

d 
ox

id
at

iv
e 

str
es

s p
ro

m
ot

es
 a

ut
op

ha
gy

 th
ro

ug
h 

m
ito

ch
on

-
dr

ia
l d

am
ag

e 
of

 y
ou

ng
 ra

t n
ot

oc
ho

rd
al

 c
el

ls
 in

 a
 d

os
e-

 a
nd

 ti
m

e-
de

pe
nd

en
t 

m
an

ne
r

13
.

C
he

n 
et

 a
l. 

[3
5]

N
P 

ce
lls

 u
nd

er
 o

xi
da

tiv
e 

str
es

s (
in

 v
itr

o)
 a

nd
 p

un
ct

ur
e-

in
du

ce
d 

ra
t I

V
D

D
 

m
od

el
 (i

n 
vi

vo
). 

To
ta

l r
at

s 4
0 

(n
o 

co
nt

ro
l s

tu
dy

)
M

et
fo

rm
in

 a
tte

nu
at

es
 c

el
lu

la
r a

po
pt

os
is

 a
nd

 se
ne

sc
en

ce
 in

du
ce

d 
by

 te
rt-

bu
ty

l 
hy

dr
op

er
ox

id
e 

in
 N

P 
ce

lls
. A

ut
op

ha
gy

 is
 a

ct
iv

at
ed

 b
y 

m
et

fo
rm

in
 in

 N
P 

ce
lls

M
et

fo
rm

in
 p

ro
te

ct
s N

P 
ce

lls
 a

ga
in

st 
ap

op
to

si
s a

nd
 se

ne
sc

en
ce

 v
ia

 a
ut

op
ha

gy
 

sti
m

ul
at

io
n 

in
 v

iv
o

14
.

Ts
ai

 e
t a

l. 
[3

6]
N

P 
ce

lls
 fr

om
 D

M
 (n

 =
 5)

/n
on

-D
M

 (n
 =

 4)
 ra

ts
 a

nd
 h

um
an

s (
n =

 3 
D

M
, 3

 
no

n-
D

M
)

Th
e 

ex
pr

es
si

on
 o

f A
G

Es
 is

 si
gn

ifi
ca

nt
ly

 in
cr

ea
se

d 
in

 D
M

 IV
D

s. 
In

 re
sp

on
se

 
to

 A
G

Es
, i

nc
re

as
e 

in
 M

M
P-

2,
 R

A
G

E,
 a

nd
 (e

xt
ra

ce
llu

la
r s

ig
na

l-r
eg

ul
at

ed
 

ki
na

se
s)

 E
R

K
 a

t b
ot

h 
m

R
N

A
 a

nd
 p

ro
te

in
 e

xp
re

ss
io

n 
le

ve
ls

 a
re

 g
en

er
at

ed
 

ob
se

rv
ed

 in
 D

M
 N

P 
ce

lls
. H

yp
er

gl
yc

ae
m

ia
 in

 D
M

 e
nh

an
ce

s t
he

 a
cc

um
ul

a-
tio

n 
of

 A
G

Es
 in

 th
e 

N
P 

an
d 

tri
gg

er
s I

V
D

D
15

.
Yo

ko
su

ka
 e

t a
l. 

[3
7]

Im
m

un
oh

ist
oc

he
m

ic
al

 a
na

ly
si

s o
f N

P 
tis

su
es

 fr
om

 1
5 

m
en

 a
nd

 2
0 

w
om

en
, 

ag
ed

 3
2–

64
 y

ea
rs

 (m
ea

n:
 4

8.
6 

ye
ar

s)
, p

ts
 u

nd
er

go
in

g 
su

rg
er

y 
fo

r t
o 

IV
D

D
. 

H
ea

lth
y 

tis
su

es
 fr

om
 p

ts
 w

ith
 n

o 
IV

D
D

 w
er

e 
al

so
 c

ol
le

ct
ed

 fr
om

 tw
o 

m
al

es
 

an
d 

th
re

e 
fe

m
al

es
, a

ge
d 

15
–2

1 
ye

ar
s (

m
ea

n:
 1

7.
8 

ye
ar

s)
, w

ho
 u

nd
er

w
en

t 
id

io
pa

th
ic

 sc
ol

io
si

s s
ur

ge
ry

A
G

Es
 a

nd
 R

A
G

E 
ar

e 
lo

ca
liz

ed
 in

 th
e 

N
P 

of
 th

e 
IV

D
. A

G
Es

 a
re

 fo
un

d 
to

 
si

gn
ifi

ca
nt

ly
 su

pp
re

ss
 th

e 
ex

pr
es

si
on

 o
f a

gg
re

ca
n 

at
 b

ot
h 

m
R

N
A

 a
nd

 p
ro

te
in

 
le

ve
ls

. A
cc

um
ul

at
io

n 
of

 A
G

Es
 a

nd
 R

A
G

Es
 re

su
lts

 in
 d

ow
n 

re
gu

la
tio

n 
of

 
ag

gr
ec

an
 p

ro
du

ct
io

n 
an

d 
si

gn
ifi

ca
nt

 su
rg

e 
of

 M
M

P-
2 

ex
pr

es
si

on
 a

t b
ot

h 
tra

ns
cr

ip
tio

na
l a

nd
 tr

an
sl

at
io

na
l l

ev
el

s
16

.
Fi

el
ds

 e
t a

l. 
[3

8]
(1

) D
M

 ra
ts

 (n
 =

 6 
(U

C
D

-T
2D

M
))

(2
) L

ea
n,

 d
ef

ec
tiv

e 
pa

nc
re

at
ic

 b
et

a 
ce

ll 
is

le
t f

un
ct

io
n 

an
d 

in
su

lin
 se

cr
et

io
n 

(Z
D

F-
le

an
) r

at
s (

n =
 6)

(3
) O

be
se

, S
pr

ag
ue

–D
aw

le
y,

 O
SD

 ra
ts

 (n
 =

 6)

In
 ra

t m
od

el
 o

f p
ol

yg
en

ic
 o

be
se

 T
2D

, D
M

, a
nd

 n
ot

 o
be

si
ty

, i
s a

ss
oc

ia
te

d 
w

ith
 

hi
gh

 le
ve

ls
 o

f A
G

Es
 w

hi
ch

 in
te

rfe
re

s w
ith

 se
ve

ra
l f

ea
tu

re
s o

f m
at

rix
 h

om
oe

o-
st

as
is

, b
y 

re
du

ci
ng

 th
e 

EC
M

 G
A

G
 a

nd
 h

yd
ra

tio
n,

 in
cr

ea
si

ng
 th

e 
ex

pr
es

-
si

on
 o

f h
yp

ox
ia

-in
du

ci
bl

e 
ge

ne
s, 

ca
ta

bo
lic

 m
ar

ke
rs

 a
nd

 o
xi

da
tiv

e 
str

es
s, 

de
cr

ea
si

ng
 th

e 
ex

pr
es

si
on

 o
f m

ar
ke

rs
 o

f m
at

rix
 h

ea
lth

 (T
im

pl
/C

ol
2a

l).
 T

he
se

 
de

ge
ne

ra
tiv

e 
ch

an
ge

s c
or

re
la

te
 w

ith
 in

cr
ea

se
d 

ve
rte

br
al

 e
nd

pl
at

e 
th

ic
kn

es
s 

an
d 

de
cr

ea
se

d 
en

dp
la

te
 p

or
os

ity
. A

ll 
th

es
e 

al
te

ra
tio

ns
 re

su
lt 

in
 d

is
ru

pt
io

n 
of

 
IV

D
 st

ru
ct

ur
e 

an
d 

co
m

pr
om

is
e 

bi
om

ec
ha

ni
ca

l i
nt

eg
rit

y.
 IV

D
s f

ro
m

 D
M

 ra
ts

 
ar

e 
sti

ffe
r a

nd
 e

xh
ib

it 
le

ss
 c

re
ep

 w
he

n 
co

m
pr

es
se

d
17

.
Ts

ur
u 

et
 a

l. 
[3

9]
H

um
an

 h
er

ni
at

ed
 d

is
cs

D
M

 p
ts

 (n
 =

 4)
, n

on
-D

M
 p

ts
 (n

 =
 4)

H
um

an
 fo

et
al

 ti
ss

ue
 w

as
 o

bt
ai

ne
d 

by
 th

er
ap

eu
tic

 a
bo

rti
on

 a
s c

on
tro

l

IV
D

 h
er

ni
at

io
n 

is
 a

ss
oc

ia
te

d 
w

ith
 h

ig
h 

co
nc

en
tra

tio
n 

of
 A

G
Es

 a
pp

ar
en

tly
 

lin
ke

d 
to

 in
cr

ea
se

d 
ap

op
to

si
s a

nd
 R

A
G

E 
lo

ca
te

d 
in

 th
e 

m
ac

ro
ph

ag
es

. T
he

se
 

fa
ct

or
s m

ay
 c

on
tri

bu
te

 to
 IV

D
D

. T
hi

s s
ug

ge
sts

 th
at

 h
ig

h 
co

nc
en

tra
tio

n 
of

 
A

G
Es

 in
 D

M
 m

ay
 p

re
ci

pi
ta

te
 d

is
c 

he
rn

ia
tio

n
18

.
Ill

ie
n-

Jü
ng

er
 e

t a
l. 

[4
0]

(1
) l

ow
 A

G
E 

ch
ow

 (n
 =

 12
 ra

ts
), 

pr
od

uc
ed

 w
ith

ou
t t

he
 u

se
 o

f h
ea

t (
dM

G
-)

(2
) l

ow
 A

G
E 

ch
ow

 su
pp

le
m

en
te

d 
w

ith
 sy

nt
he

tic
 M

G
-B

SA
-(

A
G

E 
pr

ec
ur

so
r)

 
(n

 =
 9 

ra
ts

)

dM
G

 +
 m

ic
e 

ex
hi

bi
te

d 
a 

pr
e-

D
M

 p
he

no
ty

pe
, a

s t
he

y 
ar

e 
in

su
lin

 re
si

st
an

t b
ut

 
no

t h
yp

er
gl

yc
ae

m
ic

. A
 d

ie
t r

ic
h 

in
 A

G
Es

 c
on

te
nt

s p
ro

m
ot

es
 IV

D
 a

lte
ra

tio
ns

 
in

vo
lv

in
g 

G
A

G
 lo

ss
, i

nc
re

as
ed

 c
or

tic
al

 th
ic

kn
es

s, 
an

d 
ec

to
pi

c 
ca

lc
ifi

ca
tio

n 
in

 v
er

te
br

al
 e

nd
pl

at
es

. T
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se
 p

at
ho

ph
ys

io
lo

gi
ca

l c
ha

ng
es

 p
ro

m
ot

e 
ag

e-
ac

ce
le

ra
te

d 
IV

D
D

. T
he

se
 d

eg
en

er
at

iv
e 

ch
an

ge
s o

cc
ur

 in
 p

ar
al

le
l w

ith
 in

su
lin

 
re

si
st

an
ce

 su
pp

or
tin

g 
th

e 
co

nc
ep

t t
ha

t c
hr

on
ic

 d
ie

ta
ry

 e
xp

os
ur

e 
to

 A
G

Es
 c

an
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nt

rib
ut

e 
to

 sp
in

al
 d

eg
en
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at

io
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N
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-D

M
 (n

 =
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8)
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M
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 =
 6–

8)
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r d
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be
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e 
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at
ed
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to
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n-
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ph

at
e 
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nt

i-i
nfl

am
m

at
or

y)
 a

nd
 p

yr
id

ox
am

in
e 

(A
G

E-
in

hi
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to
r)

(n
 =

 6–
8)

A
cc

um
ul

at
io

n 
of

 A
G

Es
 is

 a
ss

oc
ia

te
d 

w
ith

 in
cr

ea
se

d 
le

ve
ls

 o
f T

N
Fa

, M
M

P-
13

, 
an

d 
A

D
A

M
TS

-5
, e

nh
an

ce
d 

ca
ta

bo
lis

m
 o

f N
P 

ce
lls

, d
ec

re
as

ed
 G

A
G

 c
on

te
nt

, 
an

d 
str

uc
tu

ra
l a

lte
ra

tio
n 

in
 D

M
 IV

D
. T

he
re

 a
re

 im
po

rta
nt

 fa
ct

or
s i

n 
th

e 
in

iti
at

io
n 

of
 IV

D
D
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nd

 d
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re
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ed
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er
te
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al
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on

e 
m

as
s. 

H
ow

ev
er

, t
re

at
m

en
t 

w
ith

 a
nt

i-i
nfl

am
m

at
or

y 
an

d 
A

G
Es

-in
hi

bi
to

r d
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re
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s o

r r
ed
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s
20

.
So

ng
 e

t a
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[4
2]

N
P 

ce
lls

 w
er

e 
is

ol
at

ed
 fr

om
:

(1
) D

eg
en

er
at

iv
e 

N
P 

tis
su

es
. 1

5 
m

al
es

 a
nd

 2
0 

fe
m

al
es

, a
ge

d 
32

–6
4 

ye
ar

s 
(m

ea
n:
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8.

6 
ye

ar
s)

, p
ts

 u
nd

er
go

in
g 

su
rg

er
y 

du
e 

to
 IV

D
D

.
(2

) C
on

tro
ls

: H
ea

lth
y 

tis
su

es
 fr

om
 p

ts
 w

ith
 n

o 
IV

D
D

 fr
om

 2
 m

al
es

 a
nd

 3
 

fe
m

al
es

, a
ge

d 
15

–2
1 

ye
ar

s (
m

ea
n:

 1
7.

8 
ye

ar
s)
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w

en
t s

ur
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 d
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r r
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l d
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l r
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 m
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 p
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at
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l d
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l d
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 c
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m
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e 
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d 
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e 
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iv
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ei
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G

E 
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A

G
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ow

C
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V
D

s w
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e 
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ed
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 b
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t, 
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gi
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l a
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es
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en
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fo
r b

io
m

ec
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ca

l t
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tin
g
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A

G
E 

di
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 re
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G

E 
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m
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io
n 
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 IV

D
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se
d 
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D

 c
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-
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iff
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ng
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d 
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ue

, p
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 fo
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es
. 

Th
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e 
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om
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ha
ni

ca
l c
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ng
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ke
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 c
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se
d 
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cr
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se
d 

A
G

E 
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os
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ki

ng
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e 
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s fi

br
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us
, m

ea
su
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d 
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tip

ho
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im
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in
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d 
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m
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e 
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su
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w
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 c
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n 
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in
g 

pe
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t a
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ea

r t
o 
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m
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ha
ni

ca
l p

ro
pe

rti
es

 a
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 m
ay

 b
e 

a 
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k 
fa
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s 

th
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e 
an
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s a
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). 
H

ig
h 

A
G

Es
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ie
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 c
an

 b
e 

a 
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V
D

 c
ro
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ki
ng

 
an

d 
co

lla
ge

n 
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m
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n 

to
 b

e 
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po
rta
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D

D
22

.
C

he
ng

 e
t a

l. 
[4

4]
(1

) D
M

 ra
ts

 (n
 =

 8)
(2

) D
M

 +
 al

do
se
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du

ct
as

e 
in

hi
bi

to
r (

n =
 8)

(3
) D

M
 ra

ts
 +

 p3
8 

in
hi

bi
to

r (
n =

 8)
(4

) C
on

tro
l: 

no
n-

D
M

 ra
ts

 (n
 =

 8)

Th
er

e 
is

 a
 si

gn
ifi

ca
nt

 in
cr

ea
se

 o
f g

lu
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se
 to

 so
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ito
l c

on
te
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n 
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D
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f 
D

M
 ra

ts
. T

he
 P

ol
yo

l p
at

hw
ay

 m
ed

ia
te

s e
nh

an
ce

 d
eg

ra
da

tio
n 

of
 E

C
M

 th
ro

ug
h 

ac
tiv

at
io

n 
of

 p
38

, a
ld

os
e 

re
du

ca
se

, M
M

Ps
 d

eg
ra

da
tio

n 
of

 M
M

P-
de

riv
ed

 
ag

gr
ec

an
, a

nd
 ty

pe
 II

 c
ol

la
ge

n 
de

gr
ad

at
io

n 
re

la
te

d 
to

 M
M

Ps
. T

he
 T

IM
Ps

 
le

ve
ls

 a
re

 d
ec

re
as

ed
23

.
Se

ga
r e

t a
l. 

[4
5]

B
ov

in
e 

N
P 

ce
lls

 c
ul

tu
re

d 
un

de
r v

ar
yi

ng
 c

on
ce

nt
ra

tio
ns

 o
f l

ep
tin

, a
lo

ne
 

or
 to

ge
th

er
 w

ith
 th

e 
pr

oi
nfl

am
m

at
or

y 
cy

to
ki

ne
s T

N
F-

a,
 IL

-1
β 

or
 IL

-6
. 

Re
sp

on
se

s i
n 

re
la

tio
n 

to
 p

ro
du

ct
io

n 
of

 n
itr

ic
 o

xi
de

, l
ac

ta
te

, G
A

G
 a

nd
 

ex
pr

es
si

on
 o

f a
na

bo
lic

 a
nd

 c
at

ab
ol

ic
 g

en
es

 w
er

e 
an

al
yz

ed

Le
pt

in
 in

flu
en

ce
s t

he
 c

el
lu

la
r m

et
ab

ol
is

m
 le

ad
in

g 
pa

rti
cu

la
rly

 to
 g

re
at

er
 

pr
od

uc
tio

n 
of

 p
ro

te
as

es
 a

nd
 N

O
. A

dd
iti

on
 o

f l
ep

tin
 to

 a
n 

in
fla

m
m

at
or

y 
en

vi
-

ro
nm

en
t d

em
on

str
at

es
 a

 m
ar

ke
d 

de
le

te
rio

us
 sy

ne
rg

ist
ic

 e
ffe

ct
 w

ith
 g

re
at

er
 

pr
od

uc
tio

n 
of

 N
O

, M
M

Ps
 a

nd
 p

ot
en

tia
tio

n 
of

 p
ro

in
fla

m
m

at
or

y 
cy

to
ki

ne
 

pr
od

uc
tio

n
24

.
Zi

v 
et

 a
l. 

[4
6]

IV
D

 h
ar

ve
ste

d 
fro

m
 y

ou
ng

 (n
 =

 15
), 

ol
d 

(n
 =

 15
), 

an
d 

yo
un

g 
D

M
 (n

 =
 15

) r
at

s
D

ist
ur

ba
nc

es
 o

f I
V

D
 P

G
s b

y 
D

M
 c

an
 c

au
se

 b
io

ch
em

ic
al

 c
ha

ng
es

 re
sp

on
si

bl
e 

fo
r d

is
ru

pt
io

n 
of

 th
e 

co
lla

ge
n 

ne
tw

or
k 

an
d 

fu
rth

er
 in

ab
ili

ty
 to

 w
ith

st
an

d 
os

m
ot

ic
 a

nd
 c

om
pr

es
si

ve
 fo

rc
es

. T
hi

s p
ro

ce
ss

es
 a

cc
el

er
at

es
 IV

D
D

25
.

Si
lb

er
be

rg
 [4

7]
Ve

rte
br

al
 c

ol
um

n 
fro

m
 D

M
 ra

ts
In

 D
M

 a
ni

m
al

s, 
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D
D

 is
 a

cc
el

er
at

ed
 a

nd
 a

 d
ec

re
as

ed
 b
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e 

tu
rn

ov
er

 w
as

 
no

tic
ed

, w
hi

ch
 w
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 st

at
ist

ic
al

ly
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gn
ifi

ca
nt

 o
nl

y 
in

 re
ga

rd
 to

 th
e 

le
ng

th
 o

f t
he

 
tra

be
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la
r s

ur
fa

ce
 c

ov
er

ed
 b

y 
os

te
ob

la
sts

In
 th

e 
ve

rte
br

al
 c

ol
um

n 
of

 th
e 

ra
ts

, t
he

 te
nd

en
cy

 to
 o

ste
op

or
os

is
—

ag
e-

lin
ke

d 
or

 D
M

-r
el

at
ed

 is
 lo

w
er

 d
ue

 to
 th

e 
in
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en

ce
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f l
oc
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es
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m

ot
e 
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8]

H
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m
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al
 c

ha
ng
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D

 h
ar

ve
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m
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M
 p

ts
, i

n 
a 

ca
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ve
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 st
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y 
w

ith
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m
ite

d 
nu

m
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r o
f s

ub
je

ct
s (

4 
D

M
 v

s. 
2 

no
n-

D
M

)
N

P 
of

 D
M

 p
ts

 re
ve

al
s a

 si
gn

ifi
ca

nt
 d

ec
re

as
e 

in
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ex
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in
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nt
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st
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 si
gn

ifi
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se
 o

f h
yd

ro
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pr
ol

in
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 a
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 si
gn

ifi
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 in
cr

ea
se
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ac

tiv
iti

es
 o

f f
ou

r e
nz
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es

 (β
-g

lu
cu

ro
ni

da
se

, β
-a

ce
ty

lg
al

ac
to

sa
m

in
id

as
e,

 
β-

ac
et

yl
gl

uc
os

am
in

id
as

e 
an

d 
ur

id
in

e 
di

ph
os

ph
at

eg
lu

co
se

 d
eh

yd
ro

ge
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se
) 

in
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ed
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 th
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et
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ol
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m
 o

f c
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bo
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es
27

.
Je

on
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[4

9]
H

um
an

 N
P 

ce
lls

 fr
om

 p
ts

 o
f d

iff
er

en
t a

ge
s (

35
, 4

2,
 5

5,
 6

6,
 a

nd
 7

6 
yo
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5 

su
bj

ec
ts

)
H

um
an

 N
PC

s h
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a 

fin
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o 

lif
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 w
hi

ch
 d
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B
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s d
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Zh
an
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0]
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lls
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0 

m
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ra
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 o
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 C
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f c
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 p
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 p
at

hw
ay

 a
nd

 Ja
nu

s k
in

as
e 

(J
A

K
)2

/s
ig

na
l 

tra
ns

du
ce

r a
nd

 a
ct

iv
at

or
 o

f t
ra
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 b
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the generalized deleterious effects of DM in the connective 
tissue [24], in diabetic rats, hyperglycaemia, oxidative stress, 
and AGEs have been blamed for microvessel endothelial 
cell injury in the vertebral endplate [25]. This pathological 
occlusion of the microvessels impairs the transportation of 
nutrients to the IVD [57], interfering with the cell viability 
(senescence, apoptosis, etc.) [25]. Furthermore, it provokes 
the accumulation of intradiscal toxic metabolic waste [27, 58] 
further degrading the IVD matrix. These in turn jumpstart 
biochemical and molecular changes interfering with IVD 
matrix homoeostasis in different ways that lead to weakened 
structural changes and eventually to degeneration.

Cellular senescence, apoptosis, autophagy  Senescence, or 
biological ageing, is a gradual deterioration of cell func-
tion. It is traditionally divided into replicative senescence 
regulated by the p53-p21-RB signalling pathway in a tel-
omere-dependent manner, and stress-induced premature 
senescence (SIPS) that activates the p16INK4a-RB pathway 
independently of telomere length. SIPS is the main reason 
for senescence within degenerative IVD [28, 58]. Cell death 
is a terminal biological process that is necessary for tissue 
development and is divided into three main classes: apop-
tosis, autophagy, and necrosis. Deregulation of cell death 
is associated with the aetiology, and pathogenesis of many 
degenerative diseases including IVDD [59, 60].

From the studies highlighted in Table 2, it is apparent 
that DM can induce or accelerate cellular senescence [61] 
which can be increased about twofold in the NP of diabetic 
rats [29]. High glucose accelerates SIPS in adult rat NP cells 
[28]. AF cells and notochordal cells harvested from young rats 
exhibit mitochondrial damage (disruption of mitochondrial 
transmembrane potentials), provoked by hyperglycaemia and 
excessive generation of reactive oxidative species. Telomerase 
activity declines, while the expression of proteins related to 
SIPS by p16-pRB pathway markedly increases [30, 31].

The accumulating senescent cells reduce the ability of 
the disc to replace the cells lost to necrosis or apoptosis 
leading to a fewer number of metabolically active cells [4]. 
It is therefore conceivable that interfering with IVD matrix 
turnover may lead to its structural failure leading to disc 
herniation [4].

Cellular loss from apoptosis and senescence of IVD 
cells plays an important role in the process of IVDD [60]. 
Apoptosis and senescence are associated with a shift in the 
metabolic status of the NP cells (decreased anabolism and 
increased catabolism) [29] that contribute to the degradation 
of ECM. Similarly, nutrient deprivation and multiple stress 
stimuli trigger the apoptotic pathways in IVD cells. Hyper-
glycaemia promotes apoptosis [32] by triggering both the 
extrinsic route, which is mediated by death cell receptors, 
and the intrinsic route [29], which mobilizes mitochondria 
and endoplasmic pathways [29, 32].

DM is associated with premature, excessive apoptosis 
of NP notochordal cells in a rat model and accelerates the 
transition of a notochordal NP to a fibrocartilaginous NP, 
which in turn leads to early IVDD. The expression of the 
extrinsic pathway (FAS APO-1) [27] and the expression of 
matrix metalloproteinases (MMPs) and tissue inhibitors of 
metalloproteinases (TIMPs) are significantly increased in 
the NP cells of diabetic rats [27]. In this vicious cycle, the 
presence of degraded ECM components leads to increased 
MMP production, which in turn generates more degraded 
ECM components [27].

Autophagy comprises a multi-step process which is 
highly regulated by autophagy-related genes (ATGs) and 
light chain protein 3 (LC3) [33]. Autophagy, triggered by 
hyperglycaemia [29], possibly acts as a protective mecha-
nism against disc cell senescence and apoptosis. High glu-
cose-induced oxidative stress promotes autophagy through 
mitochondrial damage of young rats’ notochordal cells [34]. 
Hyperglycaemia increases significantly the expressions of 
autophagy markers, such as Beclin-1, Lc3-II, Atg3, 5, 7, and 
12, in adult rat NP and AF [33].

Autophagy is currently considered an important protec-
tive mechanism in age-related degenerative diseases [33, 62]. 
Autophagy is closely associated with apoptosis and shares 
some of its regulators and molecular events. Autophagy 
guarantees the fine balance of synthesis, degradation and 
recycling of cellular components, and is essential for cell 
differentiation and organ development. In osteoarthritis, 
autophagy reduces the severity of cartilage degradation in 
mice [63]. However, studies in different tissues deliver con-
tradictory and inconsistent information on autophagy as a 
regulator of ageing and degeneration [62, 63].

Cellular senescence and cell death through apoptosis or 
autophagy, triggered by hyperglycaemia, promote molecu-
lar degradation that results in disc degeneration. The dys-
functional microenvironment of the degenerative disc sets 
in a vicious cycle, characterized by poor nutrition, incapac-
ity to adapt mechanical load, high levels of inflammatory 
cytokines, and mediators of oxidative stress, further promot-
ing premature senescence and tissue damage [64].

Metformin protects against apoptosis and senescence of 
the rat NP cells, through activation of autophagy; its admin-
istration may have potential protective or even ameliorating 
effects in IVDD [35].

Biochemical and  molecular pathways  Other diabetic-
related pathways or cellular mediators, such as hyperglycae-
mia, AGE/RAGE, sorbitol, adipokines, and cytokines acting 
independently or interactively through oxidative, osmotic, 
and inflammatory mechanisms, can cause tissue damage 
leading to IVDD [3]. AGEs are a heterogeneous group of 
molecules produced from the nonenzymatic reaction of 
reducing sugars with proteins, lipids, or nucleic acids [36]. 
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Recently, much progress has been made in our understand-
ing of how AGEs alter IVD composition and matrix homoe-
ostasis in diabetes [36].

Brownlee et al. [65] maintained that when blood glucose 
levels are high, AGEs accumulate and lead to increased tis-
sue damage. The return of glucose levels back to normal 
does not affect AGEs levels since they are irreversibly bound 
to collagen and other proteins [65]. Excessive accumulation 
of the AGEs in DM induces IVDD by causing permanent 
alterations in ECM components and blood vessel walls [36]. 
AGEs may begin inflammatory reactions (proinflammatory 
cytokines and oxygen radicals) and cellular degradation by 
binding to various cell surface receptors (RAGEs). In vitro, 
the presence of AGEs and RAGEs in human and rat discs, 
with increased expression in diabetic discs, results in the 
downregulation of aggrecan production and in a significant 
surge of MMP-2 expression at both transcriptional and trans-
lational levels [36, 37]. The interaction between AGEs and 
their macrophage receptor stimulates monokine secretion, 
which modulates MMPs production and the degradation of 
the matrix. Furthermore, crosslinking between AGEs and 
proteins leads to reduced elasticity and tissue stiffness [65].

Accumulation of AGEs is also associated with increased 
levels of tumour necrosis factor alpha (TNF-α), enhancing 
catabolism in NP cells and structural alterations in diabetic 
mice IVD, initiating its degeneration. In a rat model of 
polygenic obese of type 2 diabetes, DM, but not obesity, is 
associated with high levels of AGEs, compromising several 
features of disc structure, matrix homoeostasis, and biome-
chanical integrity. More specifically, they result in the reduc-
tion in ECM glycosaminoglycan (GAG) and hydration con-
tent, increased vertebral endplate thickness and decreased 
endplate porosity [38]. Discs from diabetic rats are stiffer 
and exhibit less creep when compressed. At the matrix level, 
DM increases the expression of hypoxia-inducible genes, 
catabolic markers, and oxidative stress and decreases the 
expression of markers of matrix health (TimpI and Col2aI) 
through AGE/RAGE-mediated interactions [38].

An immunohistochemical study of IVD specimens har-
vested during discectomy reveals the presence of AGE-
producing cells in the degenerative and herniated discs. The 
excessive accumulation of AGEs results in unbalanced tissue 
homoeostasis and repairs causing tissue damage [39]. Chronic 
dietary exposure to AGEs promotes age-accelerated IVD 
alterations involving GAG loss, increased cortical thickness, 
and ectopic calcification in vertebral endplates [40]. There-
fore, restriction of foods rich in AGEs may have preventive 
effects on IVD degeneration, particularly in diabetic patients.

Other DM-related pathways, such as osmotic stress, the 
polyol pathway, and adipokines, have been implicated in the 
development of IVDD [44, 45, 66, 67]. DM significantly 
contributes to plasma hyperosmolarity and consequently 
to cellular hyperosmotic state. Hyperosmotic stress is a 

potent inflammatory stimulus that triggers proinflamma-
tory cytokine release. Cells have employed several adap-
tive response strategies to restore osmotic balance [68]; 
however, an increase in extracellular osmolarity results in 
detrimental effects on cellular function and viability. Hyper-
osmolarity induces intracellular dehydration, which leads to 
cell shrinkage and altered protein function. Hyperosmolar-
ity also causes a concomitant expression of p53 and DNA 
damage-inducible gene activation, leading to cell circle 
arrest and apoptosis [69]. Cells of the IVD, especially NP 
cells, respond to environmental osmotic changes by altering 
their matrix production [68, 70].

DM may also contribute to enhanced IVD matrix degra-
dation through the polyol pathway [44]. Chung et al. [71] 
believed that elevated oxidative stress caused by glucose 
metabolism through the polyol pathway, rather than osmotic 
stress, is the main underlying cause of diabetic disturbance 
in neural structure.

The polyol pathway mediates enhanced degradation of 
extracellular matrix. The levels of aldose reductase, p38, 
MMPs, degradation of MMPs-derived aggrecan, and type II 
collagen degradation are also increased, while TIMPs levels 
are decreased [44]. According to Brownlee [24], when intra-
cellular glucose levels become too high, aldose reductase, 
an enzyme of the polyol pathway, increases susceptibility to 
intracellular oxidative stress and plays a critical role in the 
pathogenesis of chronic diabetic complications [24].

At the molecular level, significant changes in IVD pro-
teoglycans have been observed in DM. In sand rats, DM 
provokes biochemical changes responsible for the disruption 
of the collagenous network, which becomes unable to with-
stand osmotic and compressive forces. This event acceler-
ates degeneration of IVD [46, 47]. A cadaveric study reveals 
a significant decrease in hexosamine content, a significant 
increase in hydroxyproline, and significantly increased activ-
ities of 4 enzymes involved in the metabolism of carbohy-
drates [48]. Discs harvested from diabetic patients’ exhibit 
PGs with lower buoyant density and a significantly under-
sulphated GAG content [2].

Obesity  Increased adipose tissue mass is associated with alter-
ations in adipokine production (e.g. overexpression of TNF-α, 
interleukin-6, plasminogen activator inhibitor-1, and under-
expression of adiponectin in adipose tissue). These changes 
of the proinflammatory status support a plausible associa-
tion between insulin resistance and endothelial dysfunction, 
the early stage in the atherosclerotic process, in obese indi-
viduals and in diabetic patients [72]. Altered adipokine lev-
els, produced by adipose tissue, are seen in obesity in both 
the absence and presence of diabetes [67]. Obese people are 
known to have higher concentrations of serum leptin, and 
IVD cells expressing leptin receptors. Leptin can upregulate 
proteases involved in degenerative processes in IVD, an effect 
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that is enhanced in the presence of proinflammatory cytokines 
such as TNF-α and IL-1b [45]. Because DM is often associ-
ated with obesity, it can also indirectly contribute to IVDD.

DM–induced IVD degenerative processes pursue distinct 
biochemical and molecular degradation matrix pathways. 
These include: microangiopathy of the subchondral vertebral 
endplate, cellular senescence/apoptosis, autophagy resulting 
to cellular death, intracellular hyperglycaemia, AGEs, polyol, 
and adipokines (particularly when associated with obesity) 
(Fig. 1).

Conclusion

DM–induced IVDD proceeds along different pathways than 
the usual pathophysiological process of genetically predis-
posed and traumatic IVDD, as described in laboratory studies. 
The laboratory science analyzed in this review is convincingly 
consistent with the fact that DM interferes with multipronged 
aberrant molecular and biochemical pathways provoking 
IVDD. However, the clinical studies only weakly support 
a relationship between DM and IVDD. Taken together, the 
strong laboratory evidence and weak clinical studies suggest 
that diabetes is a contributing factor to IVDD.
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