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Abstract. – BACKGROUND: The interverte-
bral disc (IVD) is a special tissue localized in the
middle of vertebrae and it often experiences os-
motic environment to accommodate applied me-
chanical forces.

AIM:: Here we aim to confirm significant path-
ways associated with IVD osmotic regulation.

MATERIALS AND METHODS: Two different
pathway analyses which are named component-
based approach and protein-protein interaction
(PPI)-based approach are used to identify the sig-
nificant pathways from the related databases.

RESULTS: The results showed that neuroactive
ligand-receptor interaction pathway was specifi-
cally identified based on traditional significant
pathway analysis. New significant pathway analy-
sis indicated that ErbB signaling pathway, nu-
cleotide excision repair, progesterone-mediated
oocyte maturation pathway, and alpha-Linolenic
acid metabolism pathway, etc. were all associated
with osmotic regulation. Importantly, proges-
terone-mediated oocyte maturation pathway was
only significant in the hyper-osmotic dataset, how-
ever, alpha-Linolenic acid metabolism pathway in
the hypo-osmotic dataset.

CONCLUSIONS: Our results suggest that IVD
accommodation mechanism is important in re-
sponse to osmotic stimuli.

Key Words:
Intervertebral disc, Significant pathway enrichment,

Neuroactive ligand-receptor interaction.

Introduction

The intervertebral disc (IVD) is an avascular and
alymphatic tissue and comprises three morphologi-
cally distinct zones, which are nucleus pulposus
(NP), annulus fibrosus (AF), and transition zone
(TZ)1. IVD cell can secrete a complex extracellular
matrix that contains the highly sulfated proteogly-
can, through its interaction with cations, providing
the tissue with its unique osmotic properties2.

One of the primary responses of disc cells to
variations in local osmolarity is a change in regu-
latory cell volume3. Disc cells adapt to these os-
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motic shifts by remodeling their cytoskeletons
and catalyzing the transport of osmotically active
molecules and water through the cell membrane4.
For example, the expressions of aggrecan and
type II collagen were demonstrated up-regulated
in TZ under hypo-osmotic conditions. Gene ex-
pressions of small proteoglycans, biglycan, and
decorin were up-regulated in TZ cells following
incubation in either hypo- or hyper-osmotic me-
dia. But the same genes were down-regulated in
NP cells under either hypo- or hyper-osmotic
conditions5. Identically, human cells which were
cultured over 5 days would have an increased ex-
pression of aggrecan and collagen II in both NP
and AF cells under increasing osmolarity condi-
tion. In contrast, collagen I expression was de-
creased at high osmolarity in both cell types6.

Further analysis indicates that cells respond to
osmotic stress with altered biosynthesis through a
pathway that may involve calcium (Ca2+) as a sec-
ond messenger. IVD cells respond to hyper-os-
motic and hypo-osmotic stress by increasing the
concentration of intracellular calcium (Ca2+)
through a mechanism involving F-actin7,8. In ad-
dition, there were also some reports indicating hy-
pertonic saline injection9 or iontophoresis com-
bined with Long’s bone-setting manipulation10

could effectively treat IVD protrusion.
Boyd et al11 also identified many different ex-

pressed genes in response to increased osmolari-
ty by microarray analysis. Our results suggest
that we combined the traditional methods and the
PPI-based approach12 to further explore the more
comprehensive pathways for the IVD in the hy-
per and hypo-osmotic stimuli.

Materials and Methods

Data Sources
We downloaded all the pathways from Kyoto

Encyclopedia of Genes and Genomes (KEGG)13
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and protein-protein interaction (PPI) datasets
from human protein reference database (HPRD)14

and biological general repository for interaction
datasets (BIOGRID)15 database.

Then an ensemble protein-protein interaction
network was constructed by integrating two
above existing PPI databases in human. A total of
326,119 unique PPI pairs were collected in
which 39,240 pairs are from HPRD and 379,426
pairs are from BIOGRID.

We generated the IVD gene expression profile
on hyper-osmotic, hypo-osmotic and iso-osmotic
stimuli of GSE1648.

The limma method16 was used to identify dif-
ferentially expressed genes (DEGs). The origi-
nal expression datasets from all conditions
were processed into expression estimates using
the robust multiarray averaging (RMA) method
with the default settings implemented in Bio-
conductor, and then the linear model was con-
structed. The DEGs were chosen if the value
has more than 2 folds change and p-value is
less than 0.05.

Traditional Significant Pathway Analysis
The pathway annotations were based on

KEGG annotations. The p-value for the pathway
enrichment was calculated based on a hypergeo-
metric distribution.

We used the DAVID12 (the database for anno-
tation, visualization and integrated discovery)
bioinformatics resources for the pathway enrich-
ment analysis. Here we reported the significant
pathway enrichments for groups which con-
tained at least two members and p-value was less
than 0.1.

New Significant Pathways Analysis
Based on PPI Datasets

Firstly, to determine the co-expressed signifi-
cance of a gene pair in disease cases, we used the
Pearson correlated coefficient (PCC) test to cal-
culate the p-value.

Then we mapped those p-values to the nodes
and edges in the PPI network collected from the
HPRD14 and BIOGRID15 database. The follow-
ing formula is used to define the function com-
bined with statistical significance by a scoring
scheme. The detail description could be found in
Liu et al17.

S(e) = f [diff (x), corr (x, y), diff (y)]

= -2 ∑k

i=l
loge (pi)

The diff(x) and diff(y) are differential expres-
sion assessments of gene x and gene y, respec-
tively. Corr (x‚ y) represents their correlation be-
tween gene x and gene y. f is a general data inte-
gration method that can handle multiple data
sources differing in statistical power. Where k =
3, p1 and p2 are the p-values of differential ex-
pression of two nodes, p3 is the p-value of their
co-expression. 

Sp = ∑ s(e)
e∈P

Then, to estimate the significance of the path-
ways, we randomly sampled 106 times of the
same size pathways in the edges of pathway net-
work and calculated their overlapping scores.
The frequency of scores that are larger than Sp
was used as the significant p-value of pathway P
to describe its importance.

Results 

For the GSE1648 dataset of IVD cells treated
with 293 mOsm/kg H2O, a total of 723 genes
were detected as DEGs, in which 484 were in hy-
po and 304 were in hyper, using the limma
method. 

Traditional Significant Pathway Analysis
The DAVID with the DEGs was used to find

the significant pathways. At last, two datasets of
hypo and hyper datasets’ significant pathways
were detected. Only one pathway neuroactive
ligand-receptor interaction (hsa04080) was en-
riched in the two sets with the p = 0.06 in hyper
and p = 0.0009 in hypo. The total result of p <
0.1 list is in the Table I.

New Significant Pathway Analysis Based
on PPI Datasets

The pathway neuroactive ligand-receptor inter-
action (hsa04080) was not significant in our new
significant analysis because the p-value is more
than 0.1. We also used the standard deviation of
the population (Sp) to evaluate the importance of
pathways. Total 16 pathways were detected with
the p < 0.05 and node comprising of at least 2
members.

We found total 18 significant pathways in hy-
per-osmotic stimuli or hypo-osmotic stimuli.
Progesterone-mediated oocyte maturation
(hsa04914) was significant in the hyper-osmotic
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Data Term p-value FDR

hyper hsa00982: Drug metabolism 0.006803 7.71972
hyper hsa04730: Long-term depression 0.010621 11.80897
hyper hsa00980: Metabolism of xenobiotics by cytochrome P450 0.028712 29.02668
hyper hsa05414: Dilated cardiomyopathy 0.032816 32.47639
hyper hsa00040: Pentose and glucuronate interconversions 0.046891 43.1767
hyper hsa04080: Neuroactive ligand-receptor interaction 0.060174 51.82856
hyper hsa00910: Nitrogen metabolism 0.072857 58.94721
hyper hsa05410: Hypertrophic cardiomyopathy (HCM) 0.082985 63.92561
hyper hsa00830: Retinol metabolism 0.087169 65.81583
hyper hsa04350: TGF-beta signaling pathway 0.088646 66.46095
hypo hsa04080: Neuroactive ligand-receptor interaction 9.45E-04 1.087845
hypo hsa04640: Hematopoietic cell lineage 0.005131 5.775059
hypo hsa05332: Graft-versus-host disease 0.006842 7.631889
hypo hsa05320: Autoimmune thyroid disease 0.020702 21.48712
hypo hsa04940: Type 1 diabetes mellitus 0.041015 38.38715
hypo hsa05222: Small cell lung cancer 0.046725 42.49898
hypo hsa05200: Pathways in cancer 0.049288 44.26165
hypo hsa04650: Natural killer cell mediated cytotoxicity 0.055683 48.4466
hypo hsa04060: Cytokine-cytokine receptor interaction 0.0651 54.08822

Table I. Significant pathway analysis using the DAVID.

Data mean the datasets is from hyper-osmotic stimuli or hypo-osmotic stimuli. FDR: Flight Data Recorder Analysis. DAVID:
the database for annotation, visualization and integrated discovery.

Path Description Size Node Edge Hyper-score

hsa04012 ErbB signaling pathway 87 9 23 2183357
hsa04060 Cytokine-cytokine receptor interaction 265 103 430 5670118
hsa04062 Chemokine signaling pathway 189 118 800 8056954
hsa04140 Regulation of autophagy 35 14 88 6549952
hsa04330 Notch signaling pathway 47 32 715 10027686
hsa05322 Systemic lupus erythematosus 142 19 147 4477446
hsa03420 Nucleotide excision repair 44 31 227 3590759
hsa00534 Glycosaminoglycan biosynthesis – heparan sulfate 26 4 12 773239.4
hsa04310 Wnt signaling pathway 151 46 121 1936303
hsa04920 Adipocytokine signaling pathway 67 8 26 728663.4
hsa04623 Cytosolic DNA-sensing pathway 56 3 6 252394.5
hsa04621 NOD-like receptor signaling pathway 62 38 291 2188181
hsa00460 Cyanoamino acid metabolism 7 2 6 116999.3
hsa03030 DNA replication 36 2 7 4416.183
hsa04914 Progesterone-mediated oocyte maturation 87 3 3 23.87489
hsa00592 alpha-linolenic acid metabolism 19 2 3 8.762666

Table II. Significant pathway of hyper and hypo.

dataset but not in the hypo-osmotic. The pathway
alpha-linolenic acid metabolism (hsa00592) was
significant in the hypo-osmotic dataset but not in
the hyper-osmotic dataset (Table II).

Discussion

Using these two analysis methods, we identi-
fied some significant pathways associated with
osmotic regulation. Of them, neuroactive ligand-

receptor interaction pathway was specifically
identified based on component-based approach-
es, which only consider differential genes. How-
ever, PPI-based approach analysis indicated that
ErbB signaling pathway, nucleotide excision re-
pair, progesterone-mediated oocyte maturation
pathway, and alpha-linolenic acid metabolism
pathway, etc were all associated with osmotic
regulation. In addition, progesterone-mediated
oocyte maturation pathway was only significant
in the hyper-osmotic dataset, but alpha-linolenic
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acid metabolism pathway in the hypo-osmotic
dataset. There were few interactions between two
pathway methods and, therefore, comprehensive
analysis may be effective for signaling pathway
identification.

There is evident that epidermal growth factor
receptor (EGFR:ErbB) signaling pathway has a
crucial function to contribute to the regulation of
osmo-adaptive responses. Cell swelling (hypos-
molarity, isosmotic urea, hyperosmotic sorbitol) or
shrinkage (hyperosmotic NaCl or raffinose) in NP
cell induces matrix metallo protease (MMP)-de-
pendent activation of EGFR, likely via shedding
of transformin growth factor-α (TGF-α), and
downstream activation of Ras and the mitogen-ac-
tivated protein (MAP) kinases p38 and extracellu-
lar-signal-regulated kinases (ERK)1/2, which fur-
ther stimulate TonEBP transactivation activity18,19.
Activated TonEBP binds to the tonicity responsive
enhancer element (TonE) of various osmoprotec-
tive genes, such as aldose reductase, taurine trans-
porter (TauT) and betaine/γ-aminobutyric
acid(GABA) transporter20,21, and then these genes
expression may result in taurine-glycine receptor
and GABA-GABAR interaction, namely, neuroac-
tive ligand-receptor interaction.

IVD is a special tissue that permits motion be-
tween vertebrae. Therefore, NP cells secrete ma-
trix macromolecules, which serve to accommo-
date applied mechanical forces by elevating the
osmotic pressure. However, the hyperosmotic
status and avascular supply lead to anaerobic me-
tabolism in NP cells and then decreased pH22. In
order to adapt to acidotic and hyperosmotic mi-
croenvironment, NP cell may regulate trans-

membrane Ca2+ flux to elevate pH as proges-
terone-mediated oocyte maturation process, in
which Ca2+-activated chloride channel ClC-0 can
mediate pH changes23. 

In human, alpha-linoleic acid (ALA) could be
converse into longer-chain polyunsaturated fatty
acids (PUFAs) through de-saturation and elonga-
tion pathway, such as eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), which
are important for optimal tissue function24. Some
studies have indicated that hypotonic swelling
could activate ALA metabolism related en-
zyme(s) to produce PUFAs and then open tran-
sient receptor potential vanilloid 4 (TRPV4) in
mammalian cells25. TRPV4 is a Ca2+-permeable
cation channel within the vanilloid receptor sub-
group of the transient receptor potential (TRP)
family26, and it also has been implicated in Ca2+-
dependent signal transduction in hypo-osmotic
IVD7.

In addition, high osmolality strongly inhibits
NP cells’ proliferation by activating the G2 and
G1 cell cycle checkpoints27 and provoking DNA
damage in the form of double strand breaks in
NP cells. Such damage could be removed by nu-
cleotide excision repair28. Within a hyperosmotic
environment, NP cells preserve their ability to
sense DNA damage and nucleotide excision re-
pair, as confirmed by the reactivation of p53 by
ionizing radiation, retain the MRN (Mre11–
Rad50–Nbs1) complex in the nucleus, and phos-
phorylate H2A.X (H2A histone family, member
X). DNA repair efficiency of NP cells was found
to be significantly increased under hyperosmotic
pressure29.

Path Description Hyper-p value Hypo score Hypo-p value

hsa04012 ErbB signaling pathway 0 2183321 0
hsa04060 Cytokine-cytokine receptor interaction 0 5670002 0
hsa04062 Chemokine signaling pathway 0 8056997 0
hsa04140 Regulation of autophagy 0 6549977 0
hsa04330 Notch signaling pathway 0 10027605 0
hsa05322 Systemic lupus erythematosus 0 4477340 0
hsa03420 Nucleotide excision repair 0.0001 3590658 2.00E-05
hsa00534 Glycosaminoglycan biosynthesis - heparan sulfate 0.00071 773242.3 0.00075
hsa04310 Wnt signaling pathway 0.0028 1936261 0.00294
hsa04920 Adipocytokine signaling pathway 0.01153 728683.5 0.01086
hsa04623 Cytosolic DNA-sensing pathway 0.01482 252387.4 0.0145
hsa04621 NOD-like receptor signaling pathway 0.01554 2187850 0.01543
hsa00460 Cyanoamino acid metabolism 0.01478 117022.9 0.01547
hsa03030 DNA replication 0.04287 4391.62 0.04292
hsa04914 Progesterone-mediated oocyte maturation 0.02973 15.19603 0.10441
hsa00592 alpha-linolenic acid metabolism 0.49682 19.19977 0.04823

Table III. The last 2 rows red marked indicate the different pathways in two datasets.
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Conclusions

In this study, a PPI-based approach was used
to analyze the significance among IVD related
pathways. New significant pathways are found
and analyzed using the PPI datasets and expres-
sion profiles. The results are inconsistent with
our prior knowledge of IVD. The new significant
pathways present new alternative insights for
IVD pathology. Our work indicates that compre-
hensive and system-wide analysis provides evi-
dence for IVD and complements the traditional
component-based approaches.

––––––––––––––––––––
Acknowledgements
This research was supported by Department of Rehabilita-
tion Medicine, Guangzhou General Hospital, Guangzhou
Military Area. We are very grateful to Mrs Hongxiao Yang
for technical assistance.

––––––––––––––––––––
Conflict of Interest
None to declare.

References

1) LI S, DUANCE VC, BLAIN EJ. Zonal variations in cy-
toskeletal element organization, mRNA and pro-
tein expression in the intervertebral disc. J Anat
2008; 213: 725-732.

2) TAKENO K, KOBAYASHI S, NEGORO K, UCHIDA K, MIYAZA-
KI T, YAYAMA T, SHIMADA S, BABA H. Physical limita-
tions to tissue engineering of intervertebral disc
cells: effect of extracellular osmotic change on
glycosaminoglycan production and cell metabo-
lism. Laboratory investigation. J Neurosurg Spine
2007; 7: 637-644.

3) HUNTER CJ, BIANCHI S, CHENG P, MULDREW K. Os-
moregulatory function of large vacuoles found in
notochordal cells of the intervertebral disc run-
ning title: an osmoregulatory vacuole. Mol Cell
Biomech 2007; 4: 227-238.

4) GAJGHATE S, HIYAMA A, SHAH M, SAKAI D, ANDERSON

DG, SHAPIRO IM, RISBUD MV. Osmolarity and intra-
cellular calcium regulate aquaporin2 expression
through TonEBP in nucleus pulposus cells of the
intervertebral disc. J Bone Miner Res 2009; 24:
992-1001.

5) CHEN J, BAER AE, PAIK PY, YAN W, SETTON LA. Ma-
trix protein gene expression in intervertebral
disc cel ls subjected to altered osmolar i ty.
Biochem Biophys Res Commun 2002; 293: 932-
938.

6) WUERTZ K, URBAN JP, KLASEN J, IGNATIUS A, WILKE HJ,
CLAES L, NEIDLINGER-WILKE C. Influence of extracellu-

lar osmolarity and mechanical stimulation on
gene expression of intervertebral disc cells. J Or-
thop Res 2007; 25: 1513-1522.

7) PRITCHARD S, GUILAK F. The role of F-actin in hypo-
osmotically induced cell volume change and cal-
cium signaling in anulus fibrosus cells. Ann Bio-
med Eng 2004; 32: 103-111.

8) PRITCHARD S, ERICKSON GR, GUILAK F. Hyperosmot-
ically induced volume change and calcium sig-
naling in intervertebral disk cells: the role of the
actin cytoskeleton. Biophys J 2002; 83: 2502-
2510.

9) ZHENG X. Treatment of intervertebral disc protru-
sion with hypertonic saline injection. J Interven-
tional Radiology 2003; 12: 280-282.

10) HUANG Z. The iontophoresis combined with Long's
bone-setting manipulation to treatment waist in-
tervertebral disc protrusion. Modern J Integr Tradit
Chin West Med 2009; 18: 3568-3569.

11) BOYD LM, RICHARDSON WJ, CHEN J, KRAUS VB, TEWARI

A, SETTON LA. Osmolarity regulates gene expres-
sion in intervertebral disc cells determined by
gene array and real-time quantitative RT-PCR.
Ann Biomed Eng 2005; 33: 1071-1077.

12) DA WEI HUANG BTS, LEMPICKI RA. Systematic and in-
tegrative analysis of large gene lists using DAVID
bioinformatics resources. Nat Protoc 2008; 4: 44-
57.

13) KANEHISA M. The KEGG database. ‘In Silico’ Simu-
lation of Biological Processes 2002: 91-103.

14) PRASAD TSK, GOEL R, KANDASAMY K, KEERTHIKUMAR S,
KUMAR S, MATHIVANAN S, TELIKICHERLA D, RAJU R,
SHAFREEN B, VENUGOPAL A. Human protein refer-
ence database–2009 update. Nucleic Acids Res
2009; 37: D767-D772.

15) STARK C, BREITKREUTZ BJ, CHATR-ARYAMONTRI A, BOUCH-
ER L, OUGHTRED R, LIVSTONE MS, NIXON J, VAN AUKEN

K, WANG X, SHI X. The BioGRID interaction data-
base: 2011 update. Nucleic Acids Res 2011; 39:
D698-D704.

16) SMYTH GK. Linear models and empirical bayes
methods for assessing differential expression in
microarray experiments. Stat Appl Genet Mol Biol
2004; 3: Article 3.

17) LIU ZP, WANG Y, ZHANG XS, CHEN L. Identifying dys-
functional crosstalk of pathways in various re-
gions of Alzheimer’s disease brains. BMC Syst Bi-
ol 2010; 4: S11.

18) LEZAMA R, DIAZ-TELLEZ A, RAMOS-MANDUJANO G,
OROPEZA L, PASANTES-MORALES H. Epidermal growth
factor receptor is a common element in the sig-
nal ing pathways act ivated by cel l  volume
changes in isosmotic, hyposmotic or hyperos-
motic conditions. Neurochem Res 2005; 30:
1589-1597.

19) TSAI TT, GUTTAPALLI A, AGRAWAL A, ALBERT TJ, SHAPIRO

IM, RISBUD MV. MEK/ERK signaling controls os-
moregulation of nucleus pulposus cells of the in-
terver tebral disc by transactivation of
TonEBP/OREBP. J Bone Mineral Res 2007; 22:
965-974.

L. Wang, C. Liu, J.W. Tian, G.Q. Li, Q.H. Zhao



20) KÜPER C, STEINERT D, FRAEK ML, BECK FX, NEUHOFER

W. EGF receptor signaling is involved in expres-
sion of osmoprotective TonEBP target gene al-
dose reductase under hypertonic conditions. Am
J Physiol Renal Physiol 2009; 296: F1100-F1108.

21) TSAI TT, DANIELSON KG, GUTTAPALLI A, OGUZ E, ALBERT

TJ, SHAPIRO IM, RISBUD MV. TonEBP/OREBP is a
regulator of nucleus pulposus cell function and
survival in the intervertebral disc. Adv Biol Chem
2006; 281: 25416-25424.

22) UCHIYAMA Y, CHENG CC, DANIELSON KG, MOCHIDA J,
ALBERT TJ, SHAPIRO IM, RISBUD MV. Expression of
acid-sensing ion channel 3 (ASIC3) in nucleus
pulposus cells of the intervertebral disc is regulat-
ed by p75NTR and ERK signaling.  J Bone Miner
Res 2007; 22: 1996-2006.

23) COOPER GJ, FONG P. Relationship between intracel-
lular pH and chloride in Xenopus oocytes ex-
pressing the chloride channel ClC-0. Am J Physi-
ol Cell Physiol 2003; 284: C331-C338.

24) BURDGE G. Metabolism of alpha-linolenic acid in
humans. Prostaglandins Leukot Essent Fatty
Acids 2006; 75: 161-168.

25) LOUKIN SH, SU Z, KUNG C. Hypotonic shocks activate
rat TRPV4 in yeast in the absence of polyunsaturat-
ed fatty acids. FEBS Lett 2009; 583: 754-758.

26) VRIENS J, WATANABE H, JANSSENS A, DROOGMANS G,
VOETS T, NILIUS B. Cell swelling, heat, and chemical
agonists use distinct pathways for the activation
of the cation channel TRPV4. Proc Natl Acad Sci
U S A 2004; 101: 396-401.

27) MAVROGONATOU E, KLETSAS D. Effect of varying os-
motic conditions on the response of bovine nucle-
us pulposus cells to growth factors and the activa-
tion of the ERK and Akt pathways. J Orthop Res
2010; 28: 1276-1282.

28) KÜLTZ D, CHAKRAVARTY D. Hyperosmolality in the
form of elevated NaCl but not urea causes DNA
damage in murine kidney cells. Proc Natl Acad
Sci U S A 2001; 98: 1999-2004.

29) MAVROGONATOU E, KLETSAS D. High osmolality acti-
vates the G1 and G2 cell cycle checkpoints and
affects the DNA integrity of nucleus pulposus in-
tervertebral disc cells triggering an enhanced
DNA repair response. DNA Repair (Amst) 2009;
8: 930-943.

1625

Significant pathways response to osmotic stimuli in the Intervertebral disc


