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OPEN ACCESS Intervertebral disc (IVD) degeneration is not uncommon. It is estimated that approximately
>60% of individuals above the age of 40 years suffer from IVD degeneration. Shan et al.
showed that hyperglycemia can enhance apoptosis of anulus fibrosis cells in a JNK path-
way and p38 mitogen-activated protein kinase (MAPK) pathway dependent fashion. Recent
studies showed that IVD degeneration could be an inflammatory condition characterized by
increased production of matrix metalloproteinases, TNF-«, nitric oxide, IL-6, IL-17, IL-9, and
prostaglandin E2, and decreased formation of anti-inflammatory molecules such as lipoxin
A4. This imbalance between pro- and anti-inflammatory molecules seem to activate JNK
pathway and p38 MAPK pathway to induce apoptosis of anulus fibrosis and nucleus pulpo-
sus cells. The activation of production of PGE2 (due to activation of COX-2 pathway) seems
to be dependent on p38/c-Fos and JNK/c-Jun activation in an AP-1-dependent manner.
These results imply that suppressing pro-inflammatory events in the disc by either augment-
ing anti-inflammatory events or suppressing production of pro-inflammatory molecules or
both may form a logical step in the prevention and management of IVD degeneration.

Introduction

Intervertebral disc (IVD) degeneration is an age-related condition that occurs as a result of one or more
of the discs between the vertebrae of the spinal column deteriorates or breaks down, leading to pain. More
often than not there could occur weakness, numbness and pain that radiates down the leg. It needs to be
mentioned here that despite its name, degenerative disc disease is not a disease, but a natural occurrence
that happens with aging though this debated. The rubbery discs between the vertebrae normally allow
for flexing and bending of the back, like shock absorbers. They may become worn with time and age and
thus, they may no longer offer as much protection as before.

IVDs, also known as intervertebral fibrocartilage or spinal discs, provide the much-needed padding
between the vertebrae of the spine. They have an elastic structure, made of fibrocartilage tissue (Figures
1 &2).

The outer part of the disc is known as the anulus fibrosus. It is tough and fibrous, and it consists of
several overlapping layers. The inner core of the disc is the nucleus pulposus. It is soft and gelatinous.

The IVD not only functions to separate the vertebrae from each other but also provides the
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Figure 1. Lateral and superior view of IVD in position between two vertebrae

The anulus fibrosis surrounds the nucleus pulposus of the IVD. The nucleus pulposus and the inner anulus fibrosus
are separated from the bony vertebral endplate by a thin layer of hyaline cartilage that consists of proteoglycans and
collagen fibers. It is noteworthy that the chemical composition of the fibrocartilaginous endplates’ is similar to the
other components of the IVD implying that there is unlikely to be any barrier for diffusion of nutrients through the
endplates, which is a key pathway for nutrient support to the IVDs. This is important since nutrients reach IVDs
via diffusion, and only to a minor extent by bulk transport since disc has no or only a very limited number of blood
vessels that are restricted to the outer anulus.

The central nucleus pulposus mainly consists of proteoglycans (about 50% of the dry weight of the nucleus), which
represent long chains of GAGs linked to proteins. Proteoglycans are highly negatively charged allowing them to attract
positively charged cations from the interstitial fluid and thus, they have the capacity to attract and imbibe water, which
amounts to approximately 80% of the total weight of the nucleus pulposus in young individuals. The rest of the 20% of
the dry weight of the nucleus pulposus is collagen type II that holds the proteoglycans together. The nucleus pulposus
also contains small amounts of collagen type I, elastin fibers, and other non-collagenous proteins.

The circular anulus fibrosis that surrounds the nucleus pulposus consists of up to 20 layers of circular collagen
type I-rich sheets, called lamellae that are interconnected by radial collagen bundles and the rest of the space is filled
with proteoglycans. Compared with the nucleus pulposus, the anulus fibrosus of a healthy disc contains significantly
fewer proteoglycans and consequently approximately 10% less water, but more than double the amount of collagens.
In contrast with the nucleus pulposus, where collagen type II is predominant, the main collagen of the anulus fibrosus
is type I, which is more suitable to transmit and sustain tensile forces [2].

The jelly-like soft nucleus pulposus and tough exterior anulus fibrosus lies between two vertebrae is called as the
IVD that renders spine flexible and acts as a shock absorber (Figure 3). It is evident from the preceding discussion
that integrity of anulus fibrosis is important to prevent nucleus pulposus from bulging, protrusion, extrusion, and
sequestration as shown in Figures 2A and 4. Changes that lead to IVD degeneration include: loss of fluid that normally
consist of up to 90% of its total fluid content. This loss of fluid causes the disc thinner, the distance between vertebrae
becomes smaller that causes the disc to be less effective as a shock-absorber. Over a period of time, the disc structure
itself could change due to small tears or cracks in the outer layer of the disc due to repeated use. This results in
seeping of the gelatinous material from the nucleus pulposus and hence, the disc may break into fragments leading
to less padding between the vertebrae making the spine less stable (Figure 4). These degenerative changes can cause
compensatory development of osteophytes or bone spurs that can press against the spinal roots causing pain. The
bulging disc called as a herniated disc can press on the nerves and cause pain, weakness, and numbness.

It is estimated that before age 40, approximately 25% of people show evidence of disc degeneration. Beyond age 40,
more than 60% of people show evidence of disc degeneration on MRI and paradoxically, these degenerative changes
do not correlate to pain and are considered as a part of normal ageing process [3-5].

The integrity of anulus fibrosis and its ability to prevent the seeping of the gelatinous material from the nucleus
pulposus depends on the health of the anulus fibrosis (AF) cells. Thus, the balance between the rate of apoptosis of
AF cells and their ability to divide and replace the apoptotic cells is crucial to the integrity of anulus fibrosis and
the prevention of disc degeneration. In this context, the study by Shan et al. [6] is noteworthy which showed that

2 (© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 2. Cross section of vertebra with intervertebral disc

(A) Scheme showing relationship among various vertebral structures, a herniated disc and spinal nerves. Extrusion of the nucleus
pulposus through anular fissures could impinge on a spinal nerve(s) and induce inflammatory response that ultimately results in
radicular pain. DRG = Dorsal root ganglion; IVD = Intervertebral disc. Taken from: Makarand V Risbud, Irving Milton Shapiro. Nature
Reviews Rheumatology 2014; DOI: 10.1038/nrrheum.2013.160.
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Figure 4. Four stages of disc herniation

hyperglycemia increased anulus fibrosis cell apoptosis in a JNK and p38 mitogen-activated protein kinase (MAPK)
pathway dependent manner implying that efforts directed to inhibit this pathway may form a new approach to prevent
disc degeneration.

IVD disease as a pro-inflammatory condition

Despite the general belief that IVD disease is a degenerative disorder, there is now substantial evidence to suggest that
it could be a pro-inflammatory condition. It is likely that IVD cells exhibit diverse biologic responses to mechanical
stimuli, depending on the loading type, magnitude, duration and anatomic zone of cell origin. It is proposed that
the inner most cells respond to low-to-moderate magnitudes of static compression, osmotic pressure or hydrostatic
pressure with an increase in anabolic cell responses, whereas higher magnitudes of loading may produce catabolic
responses in the form of elevated protease gene or protein expression or activity. It is predicted that the responses
of the IVD cells respond in a differentia manner to various micromechanical stimuli depending on their location,
amount of exposure to the mechanical stimuli, duration of exposure, frequency of exposure, etc. It is likely that large
hydrostatic pressures, but little volume change, are predicted to occur for cells of the nucleus pulposus during com-
pression, while the cells of the anulus fibrosus may experience deformations in tension or compression during matrix
deformations. In general, it is possible that the cells of the nucleus pulposus and inner portion of the anulus fibrosus
show comparable micromechanical stimuli iz situ and may respond more similarly than cells of the outer portion
of the anulus fibrosus. But little is known about the mechanisms that regulate cellular responses to intervertebral
mechanobiology. It is predicted that mechanical factors may regulate responses of the IVD cells through mechanisms
involving intracellular Ca®* transients and cytoskeletal remodeling that are likely to be involved in the regulation of
downstream events such as gene expression and post-translational biosynthesis that could include genetic factors, cy-
tokines, and inflammatory mediators that ultimately determine the regulation of IVD degeneration/disease [7]. Some
of these assumptions are supported by the results of a study wherein the rabbit IVD explants in vitro were subjected
to unconfined uniaxial compression, static compression load suppressed gene expression for collages and aggrecan
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in the disc, whereas dynamic compression enhanced anabolic change as evidenced by increase in the expression of
type I and type II collagen and aggrecan with distinct regional differences in the responses to mechanical loading
between the anulus fibrosus and nucleus pulposus. All loading conditions produced marked histologic changes, and
a significant increase in the expression of matrix metalloproteinases (MMP1, MMP2, MMP3, and MMP13), IL-1(3
and TNF-o and a substantial increase in TUNEL positive cells in the intervertebral cells [8,9].

Furthermore, cells derived from nucleus pulposus and anulus fibrosus of Sprague-Dawley rat tails cultured with or
without cyclic mechanical stress (CMS) in the presence or absence of inflammatory stimulus increased prostaglandin
E2 (PGE2) and CMS, and inflammatory stimulus synergistically enhanced PGE2 synthesis of both cell types. It is
noteworthy that anulus fibrosus cells showed a stronger reactivity to these stimuli than nucleus pulposus cells. The
expression of cyclo-oxygenase-2 (COX-2, which is needed for PGE2 synthesis) mRNA of anulus fibrosus cells corre-
lated to the amount of PGE2, whereas COX-2 mRNA was constitutively expressed in nucleus pulposus cells. These
results imply that the role of COX-2 might be different between nucleus pulposus and anulus fibrosus, whereas
phospholipase-A2 IIA (that is needed for the release of arachidonic acid (AA), the precursor of PGE2 from the cell
membrane lipid pool) mRNA was constitutively expressed in both cell types [10]. These in vitro and animal studies
[9,10] were reinforced by the studies performed with cultured normal and herniated human IVD specimens, it was
reported that normal, control disc specimens significantly increased their production of matrix metalloproteinases,
nitric oxide, IL-6, and PGE2 in response to IL-1(3, whereas herniated lumbar and cervical discs spontaneously re-
leased increased levels of these biochemical molecules and showed further increase in the production of nitric oxide,
IL-6, and PGE2 in response to IL-1f3. Surprisingly, blocking of nitric oxide synthesis in IL-13 stimulated disc cells
produced a large increase in the production of IL-6 suggesting a feedback regulation amongst IL-1, IL-6, and NO
with NO having an inhibitory action on IL-6 production [11-13]. It was reported that suppression of NO production
increased proteoglycan synthesis in the IVD specimens in a dose-dependent fashion, whereas increased NO gener-
ation suppressed proteoglycan synthesis. It is interesting that three-atmosphere hydrostatic pressure stimulated the
proteoglycan synthesis, whereas 30-atm pressure inhibited proteoglycan synthesis rates. In contrast, at 3 atm, NO
production was decreased whereas at a pressure of 30 atm, NO production was increased [14]. These results attest
to the fact that (1) human herniated lumbar disc cultures spontaneously produce NO; (2) NO inhibits proteoglycan
synthesis in the IVD; and (3) NO inhibits IL-6, a pro-inflammatory cytokine, production. Thus, NO seems to play
an important role in the regulation of disc cell metabolism under mechanical stress and in the pathophysiology of
IVD disease. In addition, large numbers of peripheral blood mononuclear cells were found to be attached to the sur-
faces of extruded discs, and these contained higher amounts of MMP-1 and MMP-3 compared with the controls.
Furthermore, significant enhancement of MMP-1 and MMP-3 mRNA expression was noted in the disc-derived cells
stimulated with cytokines IL-6, IL-1f3, and TNF-« [15]. The increased macrophage infiltration of the discs seems to
be associated with increased macrophage produced MMPs that are needed for proteoglycan degradation, loss of wet
weight, and subsequent disc degeneration. The MMPs seem to be needed for the release of TNF-« from macrophages,
whereas TNF-o is essential for the induction of MMPs in disc cocultures, which, in turn, is essential for macrophage
infiltration. Thus, there is an extensive cross-talk between macrophages and chondrocytes in herniated disc resorp-
tion that is made possible by MMPs, cytokines and NO and other soluble bioactive factors [10-18]. This cross-talk
is further influenced by the observation that TNF-x-induces vascular endothelial growth factor (VEGF) production
in anulus fibrosis cells in culture primarily through the NF-kB pathway. The angiogenic activity stimulated by VEGF
could be inhibited by NF-«B inhibitors or anti-VEGF antibody. Since neovascularization is essential for herniated
disc resorption, these results imply that inhibition or blocking of TNF-cay aid in the prevention of IVD degeneration
and resorption [19].

IL-1 and TNF-x activate JNK or p38 MAPK pathway

c-Jun N-terminal kinases (JNKs) that belong to mitogen-activated protein kinase family, bind and phosphorylate
c-Jun on Ser-63 and Ser-73 within its transcriptional activation domain. JNKs respond to stress stimuli including cy-
tokines, ultraviolet irradiation, heat shock, and osmotic shock (including mechanical pressure as seen in subjects with
IVD disease). JNKs play a role in T cell differentiation and cellular apoptosis pathway and contribute to inflammatory
responses.

P38 mitogen-activated protein kinases are a class of MAPKSs that respond stress stimuli: cytokines, ultraviolet irra-
diation, heat shock, and osmotic shock, and are involved in cell differentiation, apoptosis, and autophagy. Thus, there
is a very close relationship and overlapping actions between JNKs and p38 MAPK pathway and they interact with
each other [20,21].
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Figure 5. Gamma-linolenic acid, DGLA, and AA from linoleic acid and eicosapentaenoic acid and DHA

Dietary essential fatty acids’ (LA and ALA) metabolism. LA = Linoleic acid; GLA = Gamma-linolenic acid; DGLA = Dihomo-gam-
ma-linolenic acid; AA = Arachidonic acid; ALA = Alpha-linolenic acid; EPA = Eicosapentaenoic acid; DHA = Docosahexaenoic
acid; PGs = Prostaglandins; LTs = Leukotrienes; TXs = Thromboxanes; LXA4 = Lipoxin A4. It may be noted here that PGs and
TXs of three series and LTs of five series formed from EPA are less pro-inflammatory compared with two series PGs and TXs and
four series LTs formed from AA. LXA4, resolvins, protectins, and maresins can inhibit formation of pro-inflammatory PGs, TXs and
LTs.

Nucleus pulposus cells when exposed to IL-1 or TNF-« in the presence of p38 MAPK inhibition showed decreased
PGE2, NO and IL-6 production and increased the ratio of tissue inhibitor of matrix metalloproteinase-1 (TIMP-1)
to MMP-3. These results indicate that inhibition of p38 MAPK can be used as a strategy to suppress inflammation
and associated disc matrix catabolism as a viable therapeutic approach to slow IVD degeneration [22,23]. Hyperbaric
oxygen decreased expression of IL-1[3, increased the gene expression of aggrecan and type II collagen, suppressed
the phosphorylation of p38 MAPK, decreased NO, PGE-2, and MMP-3, and increased TIMP-1 expression in nuclear
pulposus cells lending support to the concept that IL-13 and the p38 MAPK signal play a significant role in the
inflammatory and catabolic changes associated with disc degeneration and hyperbaric oxygen treatment may be of
therapeutic benefit in this condition [24-26].

In addition to IL-1, IL-6, and TNF-« other pro-inflammatory cytokines that seem to be involved in disc degenera-
tion process are IL-17 and IL-9. Nucleus pulposus cells isolated from patients undergoing IVD degeneration showed
increased expression of COX-2 and PGE2 production due to activation of MAPK/activating protein-1 (AP-1) path-
way, p38 kinase, and JNK in response to IL-17A, indicating a role for cytokines IL-17 in this disease [27]. Similarly,
nucleus pulposus cells from subjects with IVD disease showed enhanced expression of IL-9 and TNF-c. IL-9 sig-
nificantly up-regulated TNF-oc and PGE2 secretion by these cells suggesting a critical role for this cytokine in IVD
degeneration [28].
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Based on these results [10-28], it is reasonable to propose that IVD degeneration can be considered as an inflam-
matory disease in which IL-1, IL-6, TNF-«&, NO, IL-17, IL-9, PGE2, metalloproteinases, activation of JNK, and p38
MAPK pathways occur leading to an imbalance in Bax/BCL-2 and activation of caspases that ultimately results in
apoptosis of nucleus pulposus and anulus fibrosis cells. These events ultimately lead to degeneration of IVD. These
adverse changes seem to be exaggerated by hyperglycemia as shown by Shan et al [6].

Lipoxin A4, epoxyeicosatrienoic acid, and soluble epoxide
hydrolase in IVD degeneration

In this context, it is noteworthy that both IVD degeneration and hyperglycemia (diabetes mellitus) may have some
common abnormalities with regard to essential fatty acid metabolism that may be relevant to the role of these lipids
in the pathobiology of IVD degeneration and developing newer therapeutic strategies.
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20-HETE and 5,6-EET can be converted by cyclo-oxygenase to analogues of prostaglandins. Note that there are at least 4 types of
EETS: 5, 6-EET; 8, 9-EET; 11, 12-EET and 14, 15-EET are formed from AA that may have overlapping actions. Both EPA and DHA
may undergo similar metabolic pathways.

Dietary linoleic acid (LA) and «-linolenic acid (ALA) are converted to their respective long-chain metabolites
namely gamma-linolenic acid (GLA), dihomo-GLA (DGLA), and AA from LA, and eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) from ALA possibly due to the action of same set of enzymes (Figure 5). DGLA
forms the precursor to prostaglandin E1 (PGE1), whereas AA and EPA form precursors to respective prostaglandins
leukotrienes and thromboxanes as shown in Figures 5 and 6. In general, PGs, LTs, and TXs have pro-inflammatory
actions. Lipoxin A4 formed from AA and resolvins of E series from EPA and resolvins of D series, protectins and
maresins formed from DHA have potent anti-inflammatory actions [29]. The precursors for various eicosanoids (all
PGs, LTs, TXs, LXA4, resolvins, protectins and maresins, and other similar metabolites), termed as polyunsaturated
fatty acids (PUFAs), are derived from the cell membrane lipid pool and form an important constituent of the cell mem-
branes. Both PUFAs and their metabolites have many actions that are critical to several physiological and pathological
processes. It is likely that under physiological conditions a balance is maintained between pro- and anti-inflammatory
eicosanoids and when this balance is tilted more toward pro-inflammatory metabolites, inflammatory events could
be initiated and progressed.

The observation that increased amounts of PGE2, a pro-inflammatory eicosanoid derived from AA, are generated
by cells of nucleus pulposus and anulus fibrosis [11-13] suggests that there could occur simultaneously decreased
synthesis of anti-inflammatory metabolites from PUFAs. This is supported by the observation that LXA4 is of signif-
icant benefit in a rat model of non-compressive lumbar disc herniation by inhibiting ERK, JNK and NF-kB/p65,
and pro-inflammatory cytokines IL-1f3 and TNF-«, and up-regulating the expression of anti-inflammatory cy-
tokines: TGF-f3 and IL-10 [30]; and 14, 15-EET (epoxyeicosatetraenoic acid, also derived from AA (Figure 7 for
the metabolism of EETs) protected rat nucleus pulposus cells against death induced by TNF-« in vitro by inhibiting
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License 4.0 (CC BY).

#20¢ Iudy €z uo 3senb Aq ypd 0.1 1 Z2-6102-1SA/6.6G58/. | 1.26102HSE/01/6€/4Pd-8]01e/da110S01q/W0D JleydIaA|Is Hod)/:dRy woly papeojumoq



Bioscience Reports (2019) 39 BSR20192117 °
https://doi.org/10.1042/BSR20192117 '. (] EROE%ELAND
°

Mechanical
stress/pressure

Nucleus pulposus and
anulus fibrosis cells

Intracellular Ca2+*
and cytoskeletal
modeling

\ Hyperglycemia

NF-kB activation

Hyperglycemia

iNO, TNF-a, IL-6, IL-17,

JNK, MAPK
IL-9, IL-1B% 1
Phospholipase A2
activationf
COX-21 i__’
Hyperglycemia Release of AA and \
other PUFAs
\/ Hyperglycemia
4 < -
EETs > PGE21
\ IVD Degeneration <

Figure 8. Scheme showing sequence of events that could lead to IVD degeneration and the role of various molecules in
this process
Hyperglycemia has pro-inflammatory actions and thus, exaggerates IVD degeneration. iNO = inducible nitric oxide.

the NF-kB pathway and local administration of 14,15-EET prevented IVD degeneration [31]. It is noteworthy that
soluble epoxide hydrolase set of enzymes can metabolize EETs and thus, limit their beneficial actions especially in
the prevention of IVD degeneration. Hence, inhibiting epoxide hydrolase enzymes to enhance the half-life of EETs
may form a new approach to prevent and manage IVD degeneration. It is evident from these studies [11-13,30,31]
that a delicate balance exists between pro-inflammatory PGE2 (and possibly, other pro-inflammatory eicosanoids)
and anti-inflammatory LXA4 (and possibly, resolvins, protectins, and maresins) and EETs and if the balance could be
tilted more toward LXA4 and EETs may prevent IVD degeneration. It is interesting to note that both PGE2 and LXA4
(and resolvins, protectins, and maresins) suppress IL-1f3, IL-6, TNF-o and metalloproteinases expression and thus,
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bring about their anti-inflammatory actions. In contrast, IL-1f3, IL-6, and TNF-& augment COX-2 expression and en-
hance the production of PGE2 and other pro-inflammatory eicosanoids. The paradoxical action of PGE2 to suppress
IL-183, IL-6, and TNF-o production yet possess pro-inflammatory action suggests that there is a cross-talk between
PGE2 and cytokines, and is meant to limit inflammatory process. It is paradoxical that AA forms the precursor of
both PGE2 and LX A4, implying that regulation of AA metabolic pathway is crucial in the regulation of inflammatory
process and consequent diseases. It was reported that in many inflammatory conditions in which increased PGE2
production is seen are also characterized by AA deficiency and reduced production of LXA4 (reviewed in [29,32-37]
). In these AA deficiency states, administration of AA enhances LXA4 production with no change in PGE2 synthesis
[29,38,39].

This is further supported by our studies that showed that hyperglycemia due to type 1 and type 2 diabetes mellitus
induced by chemicals, such as alloxan and streptozotocin, in experimental animals could be prevented by various n-3
and n-6 fatty acids, especially AA and LXA4 [40-43]. Furthermore, it was noted that experimental animals with type
1 and type 2 diabetes mellitus have low plasma and tissue levels of AA and LXA4 [40-45], and increased plasma levels
of PGE2 [46-48] implying that diabetes is an inflammatory condition. Thus, it appears that both IVD degeneration
and diabetes mellitus are inflammatory conditions and both are benefited by anti-inflammatory strategies. This may
explain as to why hyperglycemia (diabetes mellitus) exaggerates IVD degeneration as shown by Shan et al [6].

Conclusion and future perspective

Based on the preceding discussion, it is suggested that IVD degeneration is an inflammatory condition ( Figure 8).
In view of the pro-inflammatory nature of IVD prolapse, studies have been conducted employing anticytokine ther-
apies (such as etanercept, adalimumab, and infliximab that are anti-TNF monoclonal antibodies and tocilizumab,
an anti-IL-6 antibody), but the results have given conflicting results. In this context, use of LXA4 and other
anti-inflammatory bioactive lipids, such as resolvins, protectins, and maresins, may be worth trying since they can
inhibit the production and action of IL-6, TNF-o and other pro-inflammatory cytokines. Since IVD degeneration
is more common in elderly subjects who are likely to have diabetes mellitus that may exaggerate the disease and
may worsen the prognosis. In this context, it will be highly relevant to study the expressions of enzymes desaturases,
COX, LOX, soluble epoxide hydrolases, and the concentrations of PGE2, LXA4 and other pro- and anti-inflammatory
eicosanoids and their precursors in the pathobiology of IVD degeneration and how they could influence the sur-
vival, proliferation and resilience of cells of nucleus pulposus and anulus fibrosis. Studies pertaining to the cross-talk
amongst pro- and anti-inflammatory cytokines, eicosanoids and their precursors is needed. It is possible that injec-
tions of LXA4 and other anti-inflammatory resolvins, protectins and maresins at the site of IVD degeneration could
be of significant benefit in the arrest of IVD degeneration. The possibility that oral supplementation of AA and other
PUFAs may be of significant benefit in the prevention and management of IVD degeneration needs to be explored
(since we observed that oral AA is as potent as that of intraperitoneal AA in preventing DM [42,43]. It is important
to study whether local administration of EET and soluble epoxide hydrolase inhibitors are of benefit in arresting IVD
degeneration. The current evidences highlight how understanding the molecular pathological events could lead to
the development of newer preventive and therapeutic strategies that ultimately benefit the patient(s).

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Abbreviations

AA, arachidonic acid; ALA, «-linolenic acid; CMS, cyclic mechanical stress; COX-2, cyclo-oxygenase-2; DGLA,
dihomo-gamma-linolenic acid; DHA, docosahexaenoic acid; EET, epoxyeicosatrienoic acid; EPA, eicosapentaenoic acid; GAG,
glycosaminoglycan; GLA, gamma-linolenic acid; IVD, Intervertebral disc; LA, linoleic acid; MAPK, mitogen-activated protein
kinase; PGE2, prostaglandin E2; VEGF, vascular endothelial growth factor.

References

1 Antoniou, J., Steffen, T., Nelson, F., Winterbottom, N., Hollander, A.P., Poole, R.A. et al. (1996) The human lumbar intervertebral disc: evidence for
changes in the biosynthesis and denaturation of the extracellular matrix with growth, maturation, ageing, and degeneration. J. Clin. Invest. 98,
996-1003, https://doi.org/10.1172/JCI118884

2 Wilke, H.-J. and Volkheimer, D. (2018) Basic Biomechanics of the Lumbar Spine. In Biomechanics of the Spine (Galbusera, F. and Wilke, H.-J., eds), vol.
1, pp. 51-70, Academic Press, New York

3 Powell, M.C., Wilson, M., Szypryt, P., Symonds, E.M. and Worthington, B.S. (1986) Prevalence of lumbar disc degeneration observed by magnetic
resonance in symptomless women. Lancet 2, 1366—1367, https://doi.org/10.1016/S0140-6736(86)92008-8

10 (© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

#20¢ Iudy €z uo 3senb Aq ypd 0.1 1 Z2-6102-1SA/6.6G58/. | 1.26102HSE/01/6€/4Pd-8]01e/da110S01q/W0D JleydIaA|Is Hod)/:dRy woly papeojumoq


https://doi.org/10.1172/JCI118884
https://doi.org/10.1016/S0140-6736(86)92008-8

Bioscience Reports (2019) 39 BSR20192117
https://doi.org/10.1042/BSR20192117

4 Hirsch, C. and Schajowicz, F. (1952) Studies on structural changes in the lumbar annulus fibrosus. Acta Orthop. Scand. 22, 184-231,
https://doi.org/10.3109/17453675208989006

5 Jensen, M.C., Brant-Zawadzki, M.N., Obuchowski, N., Modic, M.T., Malkasian, D. and Ross, J.S. (1994) Magnetic resonance imaging of the lumbar
spine in people without back pain. N. Engl. J. Med. 331, 69-73, https://doi.org/10.1056/NEJM199407143310201

6 Shan, L., Yang, D., Zhu, D., Feng, F. and Li, X. (2019) High glucose promotes annulus fibrosus cell apoptosis through activating the JNK and p38 MAPK
pathways. Biosci. Rep. 39, pii: BSR20190853, https://doi.org/10.1042/BSR20190853

7 Setton, L.A. and Chen, J. (2006) Mechanobiology of the intervertebral disc and relevance to disc degeneration. J. Bone. Joint Surg. Am. 88, 52-57

8 Wang, D.L., Jiang, S.D. and Dai, L.Y. (2007) Biologic response of the intervertebral disc to static and dynamic compression in vitro. Spine (Phila Pa
1976) 32, 2521-2528, https://doi.org/10.1097/BRS.0b013e318158¢ch61

9 Neidlinger-Wilke, C., Wiirtz, K., Urban, J.P., Bérm, W., Arand, M., Ignatius, A. et al. (2006) Regulation of gene expression in intervertebral disc cells by
low and high hydrostatic pressure. Eur. Spine J. 15, S372-S378, https://doi.org/10.1007/s00586-006-0112-1

10 Miyamoto, H., Doita, M., Nishida, K., Yamamoto, T., Sumi, M. and Kurosaka, M. (2006) Effects of cyclic mechanical stress on the production of
inflammatory agents by nucleus pulposus and anulus fibrosus derived cells in vitro. Spine (Phila Pa 1976) 31, 4-9,
https://doi.org/10.1097/01.brs.0000192682.87267.2a

11 Kang, J.D., Stefanovic-Racic, M., Mcintyre, L.A., Georgescu, H.I. and Evans, C.H. (1997) Toward a biochemical understanding of human intervertebral
disc degeneration and herniation. Contributions of nitric oxide, interleukins, prostaglandin E2, and matrix metalloproteinases. Spine (Phila Pa 1976) 22,
1065-1073, https://doi.org/10.1097/00007632-199705150-00003

12 Kang, J.D., Georgescu, H.l., McIntyre-Larkin, L., Stefanovic-Racic, M., Donaldson, 3rd, W.F. and Evans, C.H. (1996) Herniated lumbar intervertebral
discs spontaneously produce matrix metalloproteinases, nitric oxide, interleukin 6, and prostaglandin E2. Spine (Phila Pa 1976) 21, 271-277,
https://doi.org/10.1097/00007632-199602010-00003

13 Kang, J.D., Georgescu, H.l., Mcintyre-Larkin, L., Stefanovic-Racic, M. and Evans, C.H. (1995) Herniated cervical intervertebral discs spontaneously
produce matrix metalloproteinases, nitric oxide, interleukin 6, and prostaglandin E2. Spine (Phila Pa 1976) 20, 2373-2378,
https://doi.org/10.1097/00007632-199511001-00001

14 Liu, G.Z., Ishihara, H., Osada, R., Kimura, T. and Tsuji, H. (2001) Nitric oxide mediates the change of proteoglycan synthesis in the human lumbar
intervertebral disc in response to hydrostatic pressure. Spine (Phila Pa 1976) 26, 134—141, https://doi.org/10.1097/00007632-200101150-00005

15 Doita, M., Kanatani, T., 0zaki, T., Matsui, N., Kurosaka, M. and Yoshiya, S. (2001) Influence of macrophage infiltration of herniated disc tissue on the
production of matrix metalloproteinases leading to disc resorption. Spine (Phila Pa 1976) 26, 1522-1527,
https://doi.org/10.1097/00007632-200107150-00004

16 Haro, H., Crawford, H.C., Fingleton, B., Shinomiya, K., Spengler, D.M. and Matrisian, L.M. (2000) Matrix metalloproteinase-7-dependent release of
tumor necrosis factor-alpha in a model of herniated disc resorption. J. Clin. Invest. 105, 143-150, https://doi.org/10.1172/JCI7091

17 Haro, H., Crawford, H.C., Fingleton, B., MacDougall, J.R., Shinomiya, K., Spengler, D.M. et al. (2000) Matrix metalloproteinase-3-dependent generation
of a macrophage chemoattractant in a model of herniated disc resorption. J. Clin. Invest. 105, 133141, https://doi.org/10.1172/JCI7090

18 Kato, T., Haro, H., Komori, H. and Shinomiya, K. (2004) Sequential dynamics of inflammatory cytokine, angiogenesis inducing factor and matrix
degrading enzymes during spontaneous resorption of the herniated disc. J. Orthop. Res. 22, 895-900, https://doi.org/10.1016/j.orthres.2003.11.008

19 Ohba, T., Haro, H., Ando, T., Wako, M., Suenaga, F., Aso, Y. et al. (2009) TNF-alpha-induced NF-kappaB signaling reverses age-related declines in VEGF
induction and angiogenic activity in intervertebral disc tissues. J. Orthop. Res. 27, 229-235, https://doi.org/10.1002/jor.20727

20 Staples, C.J., Owens, D.M., Maier, J.V., Cato, A.C.B. and Keyse, S.M. (2010) Cross-talk between the p38c and JNK MAPK Pathways Mediated by MAP
Kinase Phosphatase-1 Determines Cellular Sensitivity to UV Radiation. J. Biol. Chem. 285, 25928-25940, https://doi.org/10.1074/jbc.M110.117911

21 Mansouri, A., Ridgways, L.D., Korapati, A.L., Zhang, Q., Tian L Wang, Y., Siddik, Z.H. et al. (2003) Sustained activation of JNK/p38 MAPK pathways in
response to cisplatin leads to Fas ligand induction and cell death in ovarian carcinoma cells. J. Biol. Chem. 278, 1924519256,
https://doi.org/10.1074/jbc.M208134200

22 Studer, RK., Aboka, A.M., Gilbertson, L.G., Georgescu, H., Sowa, G., Vo, N. et al. (2007) p38 MAPK inhibition in nucleus pulposus cells: a potential
target for treating intervertebral disc degeneration. Spine (Phila Pa 1976) 32, 2827-2833, https://doi.org/10.1097/BRS.0b013e31815b757a

23 Studer, R.K., Gilbertson, L.G., Georgescu, H., Sowa, G., Vo, N. and Kang, J.D. (2008) p38 MAPK inhibition modulates rabbit nucleus pulposus cell
response to IL-1. J. Orthop. Res. 26, 991-998, https://doi.org/10.1002/jor.20604

24 Niu, C.C., Yuan, L.J., Chen, L.H., Lin, S.S., Tsai, T.T,, Liao, J.C. et al. (2011) Beneficial effects of hyperbaric oxygen on human degenerated intervertebral
disk cells via suppression of IL-1(3 and p38 MAPK signal. J. Orthop. Res. 29, 14-19, https://doi.org/10.1002/jor.21195

25 Niu, C.C., Lin, S.S., Yuan, L.J., Chen, L.H., Wang, I.C., Tsai, T.T. et al. (2013) Hyperbaric oxygen treatment suppresses MAPK signaling and mitochondrial
apoptotic pathway in degenerated human intervertebral disc cells. J. Orthop. Res. 31, 204-209, https://doi.org/10.1002/jor.22209

26 Wang, I.C., Ueng, S.W., Lin, S.S., Niu, C.C., Yuan, L.J., Su, C.I. et al. (2011) Effect of hyperbaric oxygenation on intervertebral disc degeneration: an in
vitro study with human lumbar nucleus pulposus. Spine (Phila Pa 1976) 36, 1925-1931, https://doi.org/10.1097/BRS.0b013e3181feebde

27 Li, J.K., Nie, L., Zhao, Y.P, Zhang, Y.Q., Wang, X., Wang, S.S. et al. (2016) IL-17 mediates inflammatory reactions via p38/c-Fos and JNK/c-Jun
activation in an AP-1-dependent manner in human nucleus pulposus cells. J. Transl. Med. 14, 77, https://doi.org/10.1186/s12967-016-0833-9

28 Zhang, Y., Zhao, Y., Li, J., Wang, S., Liu, Y., Nie, L. et al. (2016) Interleukin-9 promotes TNF-cc and PGE2 release in human degenerated intervertebral
disc tissues. Spine (Phila Pa 1976) 41, 1631-1640, https://doi.org/10.1097/BRS.0000000000001621

29 Poorani, R., Bhatt, A.N., Dwarakanath, B.S. and Das, U.N. (2016) COX-2, aspirin and metabolism of arachidonic, eicosapentaenoic and docosahexaenoic
acids and their physiological and clinical significance. Eur. J. Pharmacol. 785, 116—132, https://doi.org/10.1016/j.ejphar.2015.08.049

30 Miao, G.S., Liu, Z.H., Wei, S.X., Luo, J.G. and Fu, Z.J. (2015) Sun Lipoxin A4 attenuates radicular pain possibly by inhibiting spinal ERK, JNK and
NF-kB/p65 and cytokine signals, but not p38, in a rat model of non-compressive lumbar disc herniation. Neuroscience 300, 3818,
https://doi.org/10.1016/j.neuroscience.2015.04.060

(© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

«. 2 PORTLAND
09 press

11

#20¢ Iudy €z uo 3senb Aq ypd 0.1 1 Z2-6102-1SA/6.6G58/. | 1.26102HSE/01/6€/4Pd-8]01e/da110S01q/W0D JleydIaA|Is Hod)/:dRy woly papeojumoq


https://doi.org/10.3109/17453675208989006
https://doi.org/10.1056/NEJM199407143310201
https://doi.org/10.1042/BSR20190853
https://doi.org/10.1097/BRS.0b013e318158cb61
https://doi.org/10.1007/s00586-006-0112-1
https://doi.org/10.1097/01.brs.0000192682.87267.2a
https://doi.org/10.1097/00007632-199705150-00003
https://doi.org/10.1097/00007632-199602010-00003
https://doi.org/10.1097/00007632-199511001-00001
https://doi.org/10.1097/00007632-200101150-00005
https://doi.org/10.1097/00007632-200107150-00004
https://doi.org/10.1172/JCI7091
https://doi.org/10.1172/JCI7090
https://doi.org/10.1016/j.orthres.2003.11.008
https://doi.org/10.1002/jor.20727
https://doi.org/10.1074/jbc.M110.117911
https://doi.org/10.1074/jbc.M208134200
https://doi.org/10.1097/BRS.0b013e31815b757a
https://doi.org/10.1002/jor.20604
https://doi.org/10.1002/jor.21195
https://doi.org/10.1002/jor.22209
https://doi.org/10.1097/BRS.0b013e3181feebde
https://doi.org/10.1186/s12967-016-0833-9
https://doi.org/10.1097/BRS.0000000000001621
https://doi.org/10.1016/j.ejphar.2015.08.049
https://doi.org/10.1016/j.neuroscience.2015.04.060

o = PORTLAND
09 rress

12

Bioscience Reports (2019) 39 BSR20192117
https://doi.org/10.1042/BSR20192117

31 Li, J., Guan, H., Liu, H., Zhao, L., Li, L., Zhang, Y. et al. (2017) Epoxyeicosanoids prevent intervertebral disc degeneration in vitro and in vivo. Oncotarget
8, 3781-3797

32 Das, U.N. (2010) Current and emerging strategies for the treatment and management of systemic lupus erythematosus based on molecular signatures
of acute and chronic inflammation. J. Inflammation Res. 3, 143-170, https://doi.org/10.2147/JIR.S9425

33 Das, U.N. (2013) Lipoxins, resolvins, protectins, maresins and nitrolipids and their clinical implications with specific reference to cancer: Part . Clin.
Lipidol. 8, 437-463, https://doi.org/10.2217/clp.13.31

34 Das, U.N. (2013) Lipoxins, resolvins, protectins, maresins and nitrolipids and their clinical implications with specific reference to diabetes mellitus and
other diseases: part Il. Clin. Lipidol. 8, 465—-480, https://doi.org/10.2217/clp.13.32

35 Das, U.N. (2019) Beneficial role of bioactive lipids in the pathobiology, prevention, and management of HBV, HCV and alcoholic hepatitis, NAFLD, and
liver cirrhosis: A review. J. Adv. Res. 17, 17-29, https://doi.org/10.1016/j.jare.2018.12.006

36 Das, U.N. (2019) Circulating microparticles in septic shock and sepsis-related complications. Minerva Anestesiol. 85, 571-576,
https://doi.org/10.23736/S0375-9393.19.13596-1

37 Das, U.N. (2019) Polyunsaturated fatty acids and sepsis. Nutrition 65, 39-43, https://doi.org/10.1016/j.nut.2019.02.016

38 Tateishi, N., Kakutani, S., Kawashima, H., Shibata, H. and Morita, I. (2014) Dietary supplementation of arachidonic acid increases arachidonic acid and
lipoxin A4 contents in colon, but does not affect severity or prostaglandin E, content in murine colitis model. Lipids Health Dis. 13, 30,
https://doi.org/10.1186/1476-511X-13-30

39 Tateishi, N., Kaneda, Y., Kakutani, S., Kawashima, H., Shibata, H. and Morita, I. (2015) Dietary supplementation with arachidonic acid increases
arachidonic acid content in paw, but does not affect arthritis severity or prostaglandin E2 content in rat adjuvant-induced arthritis model. Lipids Health
Dis. 14, 3, https://doi.org/10.1186/1476-511X-14-3

40 Suresh, Y. and Das, U.N. (2003) Long-chain polyunsaturated fatty acids and chemically induced diabetes mellitus: Effect of w-6 fatty acids. Nutrition
19, 93-114, https://doi.org/10.1016/50899-9007(02)00856-0

41 Suresh, Y. and Das, U.N. (2003) Long-chain polyunsaturated fatty acids and chemically induced diabetes mellitus: Effect of w-3 fatty acids. Nutrition
19, 213-228, https://doi.org/10.1016/50899-9007(02)00855-9

42 Naveen, K.V.G., Naidu, V.G.M. and Das, U.N. (2017) Arachidonic acid and lipoxin A4 attenuate alloxan-induced cytotoxicity to RIN5F cells in vitro and
type 1 diabetes mellitus in vivo. Biofactors 43, 251-271, https://doi.org/10.1002/biof.1336

43 Naveen, K.V.G., Naidu, V.G.M. and Das, U.N. (2017) Arachidonic acid and lipoxin A4 attenuate streptozotocin-induced cytotoxicity to RINSF cells in vitro
and type 1 and type 2 diabetes mellitus in vivo. Nutrition 35, 61-80, https://doi.org/10.1016/j.nut.2016.10.004

44 Das, U.N. (2013) Arachidonic acid and lipoxin A4 as possible endogenous anti-diabetic molecules. Prostaglandins Leukot. Essent. Fatty Acids 88,
201-210, https://doi.org/10.1016/j.plefa.2012.11.009

45 Kaviarasan, K., Mohanlal, J., Mohammad Mulla, M.A., Shanmugam, S., Sharma, T., Das, U.N. et al. (2015) Low blood and vitreal BDNF, LXA4 and
altered Th1/Th2 cytokine balance as potential risk factors for diabetic retinopathy. Metabolism 64, 958-966,
https://doi.org/10.1016/j.metabol.2015.04.005

46 Chase, H.P, Williams, R.L. and Dupont, J. (1979) Increased prostaglandin synthesis in childhood diabetes mellitus. J. Pediatr. 94, 185-189,
https://doi.org/10.1016/S0022-3476(79)80819-7

47 Aslan, M., Ozcan, F., Aslan, I. and Yiicel, G. (2013) LC-MS/MS analysis of plasma polyunsaturated fatty acids in type 2 diabetic patients after insulin
analog initiation therapy. Lipids Health Dis. 12, 169, https://doi.org/10.1186/1476-511X-12-169

48 Abbate, R., Pinto, S., Panetta, A., Favilla, S., Prisco, D., Paniccia, R. et al. (1988) Platelet synthesis of cyclooxygenase and lipoxygenase products in type
| and type Il diabetes. Prostaglandins Leukot. Essent. Fatty Acids 31, 9—15, https://doi.org/10.1016/0952-3278(88)90158-5

(© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

#20¢ Iudy €z uo 3senb Aq ypd 0.1 1 Z2-6102-1SA/6.6G58/. | 1.26102HSE/01/6€/4Pd-8]01e/da110S01q/W0D JleydIaA|Is Hod)/:dRy woly papeojumoq


https://doi.org/10.2147/JIR.S9425
https://doi.org/10.2217/clp.13.31
https://doi.org/10.2217/clp.13.32
https://doi.org/10.1016/j.jare.2018.12.006
https://doi.org/10.23736/S0375-9393.19.13596-1
https://doi.org/10.1016/j.nut.2019.02.016
https://doi.org/10.1186/1476-511X-13-30
https://doi.org/10.1186/1476-511X-14-3
https://doi.org/10.1016/S0899-9007(02)00856-0
https://doi.org/10.1016/S0899-9007(02)00855-9
https://doi.org/10.1002/biof.1336
https://doi.org/10.1016/j.nut.2016.10.004
https://doi.org/10.1016/j.plefa.2012.11.009
https://doi.org/10.1016/j.metabol.2015.04.005
https://doi.org/10.1016/S0022-3476(79)80819-7
https://doi.org/10.1186/1476-511X-12-169
https://doi.org/10.1016/0952-3278(88)90158-5

