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Abstract
Background The HIF-1α/Notch signaling pathway has been shown to regulate proliferation, apoptosis,
and metabolism in the intervertebral disc (IVD). The NP is an important structure adjacent to the disc.
However, the roles of HIF1α and Notch signaling pathways in NP cells of patients with different Modic
changes (MCs) are unclear. The purpose of this research was to assess the expression and association
of HIF-1α and components of the Notch pathway in nucleus pulposus (NP) tissue of patients with various
MCs.

Methods Eighty-�ve surgical NP tissue samples were obtained from patients undergoing
microdiscectomy procedures for the treatment of low back and root pain caused by prolapse of the IVD.
The NP tissues were divided into four groups based on the adjacent endplate degeneration: MC I, II, III,
and negative MC groups. The expression of HIF-1α and Notch-related components were measured and
compared.

Results The expression of HIF-1α, Notch1, and Notch2 were gradually increased in the MC I and MC II
groups compared with that of the negative MC group. Meanwhile, HIF-1α and Notch-related components
were rarely detected in MC III group.

Conclusions The expression of HIF-1α/Notch is increased in the NP cells of patients with MC I and MC II.
Application of the association between HIF-1α/Notch signaling pathway could be promising target for
clinical diagnosis and treatment of disc degeneration in MC patients.

Background
Modic changes (MCs) are changes of vertebral body marrow and endplate lesions that appear are visual
signals on magnetic resonance images (MRI). In 1988, this phenomenon was �rst described and
validated by Modic et al [1, 2]. In their study, these changes were classi�ed into 3 general types. The
different Modic types may represent different stages of the same pathological process: Modic type 1
changes (MC I) are associated with �ssuring of the cartilaginous endplate corresponding to endplate
edema. Modic type 2 changes (MC II) re�ect fatty replacement of the adjacent marrow. Modic type 3
lesions (MC III) are observed in vertebral bodies with sclerotic changes.

Previous studies of MCs have focused mainly on their pathogenesis and the clinical signi�cance of
changes between different types of MCs, as well as their relationship with low back pain (LBP) [3, 4]. The
main cause of MCs has been attributed to minor trauma of the endplate as a result of repetitive loading
[5] or to recurrent disc injury which causes an in�ammatory reaction within the nucleus pulposus (NP).
This initiates endplate changes and intervertebral disc (IVD) degeneration [6]. Therefore, investigating
whether or not there is an association between IVD degeneration and MCs was desired. In order to clarify
the correlation between IVD degeneration and MCs, we have focused on their change of hypoxic
biomarkers.
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Hypoxia-inducible factor (HIF) is a master transcription factor induced upon hypoxia and directs
coordinated cellular responses to hypoxic environments. The HIF family of proteins comprises several
distinct HIF proteins: HIF-1, HIF-2, and HIF-3. Each of these consist of an α-subunit and a constitutively
expressed β-subunit known as aryl hydrocarbon receptor nuclear translocator [7, 8]. Risbud et al. [9]
examined the expression of HIF-1α in rat, human, and sheep NP cells under both hypoxia and normoxia
(2% and 21% oxygen); they found that NP cells consistently expressed functionally active HIF-1α protein
under hypoxia. Thus, we apply HIF-1α as an index of the ischemia and anoxia of NP cells of the IVD.
Therefore, it is reasonable to predict that HIF1-α may be a potential target for the prevention and
treatment of IVD degeneration.

Notch is a hypoxia-sensitive receptor protein that can widely regulate proliferation of progenitor cells.
This protein has four species of Notch receptors, including Notch1, Notch2, Notch3, and Notch4. Several
studies have investigated the relationship between HIF-1 and Notch in physiological and pathological
conditions [10–12]. In short, hypoxia activates the Notch signaling pathway to maintain IVD cell
proliferation, accelerating catabolism. Therefore, HIF-1 and Notch may play an important role in the
pathological process of disc degeneration. We predict that HIF-1/Notch might be an important signaling
pathway in the maintenance of disc cell proliferation, and thus offers a therapeutic target for the
restoration of cell numbers during degenerative disc disease.

In this study, we investigated the expression of HIF-1α and Notch in the bulgy discs adjacent to end plates
with MCs and discuss the relationship between MCs and disc degeneration through imaging,
biochemical, immunohistochemical methods to determine whether the expression of HIF-1α and Notch is
helpful for the diagnosis and treatment of degenerative disc diseases.

Materials And Methods

Human Tissue Collection
The Ethics Committee of the Hospital and Medical College approved this study and waived the
requirement for informed consent. Eighty-�ve surgical IVD tissue samples were obtained from patients
undergoing micro discectomy procedures for the treatment of LBP and root pain caused by prolapse of
the IVD from January 2013 to January 2016. Each sample was obtained from the protrusive region of the
IVD. The average LBP intensity was reported by the patient on a 0–10 numerical rating scale (NRS): 0 = 
no pain, 10 = worst possible pain. (Table 1)
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Table 1
Characteristics of the 85 patients included in the study

Modic Type Sex Population Age Sample Level Population NRS score

Control Group M F 5 15 48.81 ± 9.93 L1/2 2 3.3 ± 2.1

L2/3 1

L3/4 3

L4/5 8

L5/S1 6

Modic Type 1 M F 9 6 42.6 ± 12.88 L1/2 2 4.2 ± 1.6

L4/5 9

L5/S1 4

Modic Type 2 M F 10 30 55.69 ± 11.03 L1/2 2 3.6 ± 1.7

L2/3 4

L3/4 5

L4/5 12

L5/S1 17

Modic Type 3 M F 4 6 64.6 ± 7.3 L2/3 1 4.3 ± 1.7

L4/5 6

L5/S1 3

Values are presented as the mean ± SD.

As shown in Fig. 1, patients were included with MC 1, MC2, and MC3 according to the inclusion criteria for
MCs on MRI. The exclusion criteria were as follows: mixed MCs, ankylosing spondylitis, scoliosis,
vertebral fractures, lumbar spine infection, spinal tumors, metastatic lesions, and other spine-related
diseases; diabetes, hypertension, and other relevant medical history; history of spinal surgery, smoking,
alcoholism, or drug use; psychological disorders, mental disorders, and other systemic disorder.

Isolation Of Np Cells And Treatments
NP cells from three patients of each group (L4/5, mean age of 55.16 years, 4 males and 8 females) were
isolated using a previously described method.[13] After isolation, cells were maintained in Dulbecco’s
modi�ed Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) supplemented with antibiotics. For
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hypoxic culture, NP cells were cultured in a tri-gas incubator (Huaxi Electronics Technetronic Co, ltd) under
the condition of a mixture of 1% O2, 5% CO2, and 94% N2 for 8 h.

Protein Isolation And Western Blotting
NP tissues from three patients of each group were placed on ice immediately and washed with pre-cooled
PBS buffer solution, followed by homogenization in RIPA (Aspen, China) supplemented with
phenylmethanesulfonyl �uoride, as well as protease and phosphatase inhibitors (Aspen, China). Tissue
lysates were sonicated on ice, and protein concentrations were determined using the BCA protein assay
kit (Sigma). The extracted proteins were resolved on 10% SDS-PAGE gels and blotted onto PVDF
membranes (EMD Millipore Corporation, US), which was blocked with 5% non-fat dry milk in TBST at
room temperature for 1 h. Membranes were then incubated overnight 4 °C with primary antibodies. The
membrane was then washed with TBST three times, and the protein bands were developed using
horseradish peroxidase (HRP)–conjugated secondary antibody (Proteintech) at room temperature for 1 h.
Resulting banding was detected using enhanced chemiluminescent detection reagents.

Rna Extraction And Real-time Polymerase Chain Reaction
(rt-pcr)
MC tissue was frozen in liquid nitrogen and ground into a �ne powder under liquid nitrogen using a
mortar and pestle. Total RNA was extracted using the RNeasy Mini kit (Qiagen, Valencia, CA) according to
the manufacturer’s protocols. The quantity of the total RNA was measured by a spectrophotometer.
Complementary DNA was synthesized using the First Strand cDNA Synthesis Kit (TAKARA, Japan)
according to the manufacturer’s instructions. The forward and reverse primers for the target genes are
listed in Table 2. RT-PCR was performed on a 96-well plate ABI Prism 7500 (Applied Biosystems, Foster
City, CA) using KAPA SYBR FAST qPCR Kit Master Mix. Relative expression was calculated using the 2 − 
ΔCt method normalized to GAPDH.
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Table 2
Primer sequences for Real-Time Polymerase Chain

Reaction (RT-PCR)

Gene   Primer sequence

Notch 1 Forward GCGACAACGCCTACCTCTG

Reverse AAGCCATTGATGCCGTCC

Notch 2 Forward TCAGCCGGGATACCTATGAG

Reverse CTGGCAGTGTCCTGGAATGT

Notch 3 Forward ACCGCGTGGCTTCTTTCTA

Reverse GAGCACTCGTCCACATCCTG

Notch 4 Forward GGAGAAGGGGCTGTGGAAT

Reverse GCAGGGGTCAGGAAACTGG

HES 1 Forward GAGTGCATGAACGAGGTGAC

Reverse GGTCATGGCATTGATCTGG

HIF1α Forward ACCACCTATGACCTGCTTGG

Reverse TATCCAGGCTGTGTCGACTG

GAPDH Forward GCACCGTCAAGGCTGAGAAC

Reverse TGGTGAAGACGCCAGTGGA

Immunohistochemical Analysis
Immunohistochemistry was used to con�rm and localize production of HIF-1α and Notch1 in IVDs.
Tissue sections were dewaxed and rehydrated, endogenous peroxidases were quenched, and, following
heat antigen retrieval, blocked in goat serum. Sections were incubated overnight at 4 °C with rabbit
polyclonal antibodies against human HIF-1α and Notch1 (1:200). Pre-immune rabbit IgG (Abcam) was
used as a negative control. After washing, sections were incubated with biotinylated goat anti-rabbit
antiserum (1:400) and binding was detected by the formation of streptavidin-biotin complex (Vector
Laboratories, Peterborough, UK) with 3,3-diaminobenzidine tetrahydrochloride solution (Sigma-Aldrich).
Sections were counterstained with Mayer’s Hematoxylin (Leica Microsystems, Milton Keynes, UK),
dehydrated, cleared, and mounted in Pertex (Leica Microsystems). Sections were visualized and images
captured using an Olympus BX60 microscope and QCapture Pro software (version 8.0, Media-
Cybernetics, Marlow, UK). Random �elds of view were assessed for immunopositive and immunonegative
cells until a total of 200 NP cells were counted in each section; the number of immunopositive cells were
expressed as a percentage of the total count.
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Statistical Analysis
All measurements were performed in triplicate. Data were analyzed using the Graphpad Prism statistical
software (version 7.00). Unpaired t-test was used for comparison between different groups. Differences
between groups were assessed by analysis of variance. P values less than 0.05 were considered
statistically signi�cant.

Results

Histological Analysis
We assayed HIF-1α expression related to Notch signaling in human NP tissues isolated from degenerated
IVDs. The results showed that the NP tissues from MC I and MC II groups expressed higher level of HIF-1α
protein compared with that of the control group. The expression of HIF-1α protein did not show any
signi�cant change in the MC III group (Fig. 2a). Additional statistical analysis showed that the percentage
of cells immunopositive for HIF-1α in the MC I and MC II groups was signi�cantly higher than that in the
control group (MC I:33.96% vs. 9.8%, MC II: 41.52% vs. 9.8%, P < 0.01; Fig. 2b). In accordance with the
immunoactivity for HIF-1α, the Notch1 intracellular domain (NICD) expression was correlated to elevated
HIF-1α level in MC I and MC II groups (MC I:29.75% vs. 18.32%, MC II: 41.96% vs. 18.32%, p < 0.01;
Fig. 2c).

Gene Expression
An increase in Notch1 and Notch2 mRNA levels were seen in MC I and MC II groups, which positively
correlated with HIF-1α upregulation. However, the activities of those genes in patients with MC III showed
no statistically signi�cant difference compared with that of the control group (Fig. 3a-c). Additionally,
there was no signi�cant difference in the expression of Notch3 in patients with MC I and MC III compared
with that of the control group (Fig. 3d). The transcriptional level of Notch3 receptor in the MC II group
increased moderately compared to that of the control group. The transcriptional activities of Notch4 in
MC groups displayed no statistically signi�cant difference compared with that of the control group
(Fig. 3e). Moreover, a signi�cantly increased expression of HES1 (Fig. 3f), the target gene of Notch
signaling, was detected in MC I and MC II groups when compared with that in the control group.

Correlation Analysis
The expression of HIF-1α and Notch1 (Fig. 3g; p = 0.0001), HIF-1α and Notch2 (Fig. 3h; p = 0.0077), and
HIF-1α and Notch3 (Fig. 8i; p = 0.0011), and HIF-1α and Notch4 (Fig. 8j; p = 0.0077) in patients with MC II
were signi�cantly correlated with one another (Table 3). No signi�cant correlations were observed
between NRS back pain and HIF-1α or Notch receptors in any MC groups (Table 4).
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Table 3
Correlation of mRNA expression between HIF-1α and Notch receptors in

different groups. The p values and R2 of Pearson’s correlation are provided.

  Ctrl MC I MC II MC III

p R2 p R2 p R2 p R2

Notch1 0.09 0.15 0.16 0.14 < 0.01 0.33 0.01 0.72

Notch2 0.18 0.10 0.68 0.01 0.01 0.17 0.46 0.07

Notch3 0.08 0.16 0.05 0.27 < 0.01 0.25 1.00 < 0.01

Notch4 0.13 0.12 0.67 0.01 0.01 0.17 0.72 0.02

Table 4
Correlation of mRNA expression between NRS scores and HIF-

1α/Notch receptors in different groups

  HIF-1α Notch1 Notch2 Notch3 Notch4

MC I 0.66 0.20 0.99 0.84 0.89

MC II 0.67 0.54 0.83 0.92 0.12

MC III 0.63 0.79 0.74 0.84 0.77

p values are provided.

Figure 1:

Protein Expression Of Isolated Np Cells
Figure 4 shows that NP cells display a HIF-1α-dependent increase in protein levels of Notch1 and Notch2.
The expression levels of NICD and HES1 were prominently increased in MC I and MC II groups compared
with those in the control group, which was consistent with the trend observed for HIF-1α. These results
indicated that the expression of HIF-1α correlated with the Notch signaling pathway to a great extent in
MC tissues.

Discussion
In this research, the expression of HIF-1α was elevated in the NP cells of patients with MC I and MC II
compared with that of the cells of patients with pure disc herniation. First of all, HIF-1α is an indicator of
anaerobic condition. In response to hypoxic conditions, cells up-regulate the synthesis of HIF proteins
[14]. HIF-1α plays an important role in the regulation of the biological behaviors of NP cells [7, 15].
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Therefore, the increased expression of HIF-1α indicates conditions of degeneration or ischemia and
hypoxia. Furthermore, other studies found that the HIF-1α/Notch signaling pathway plays an important
role in the anoxic pathologic process such as tumor and neural degeneration disease. Based on the
above results, we hypothesize that there is a correlation between Notch and hypoxia (through HIF-1α) in
the patients with IVD herniation. Our study shows that the expression of NICD in the NP cells of the
patients with IVD protrusion was higher, and it was positively correlated with HIF-1α. Therefore, we can
speculate that in the NP cells of the disc herniation patients HIF-1α may work through Notch signaling
and change the downstream products.

Based on the interesting observation in our immunohistochemical results above, we assessed the mRNA
expression of major components of the Notch signaling pathway in lumbar disc cells of different MC
groups. There was an increased expression of Notch1, NICD, and HES1 in MC I and MC II groups, which
was consistent with the histological results obtained. The evident correlation between HIF-1α and the
Notch signaling pathway strengthens the point that HIF-1α regulates disc regeneration through activation
of the Notch-HES1 pathway. Speci�cally, HIF-1α may promote recruitment of the NICD to the CSL-binding
motifs in the HES1 promoter and maintain the homeostasis of the ECM in NP [16, 17].

Furthermore, to illustrate the association between MCs and lumbar disc degeneration, a Spearman’s rank
correlation analysis between NRS score and gene expression of HIF-1α/Notch receptors was conducted.
Contrary to the imaging methods to evaluate the degree of IVD degeneration [18], neither of the
biochemical markers above are positively corelated with the clinical symptoms of LBP in different MC
groups. This inconsistent result is likely because the Notch-HES1 pathway is not involved in the initiation
of LBP. A large study showed that there were signi�cant correlations between LBP and in�ammatory
factors, such as IL-6, IL-8, PGE2, TNFα, etc [19, 20]. Most of them have been successfully used to activate
Notch signaling in NP [21, 22]. In addition, HIF-1α expression was signi�cantly increased in the IL-1β-
stimulated NP cells under hypoxic condition [23]. We therefore speculate that the overexpressed
in�ammatory factors participate in consistent activation of the Notch and HIF-1α pathways and
subsequent initiation of IVD degeneration in MCs patients, especially MC I and MC II on MRI [24].

Most studies have demonstrated crosstalk between HIF-1α and Notch signaling pathways in IVD [17]. Our
study is the �rst to elucidate the different co-expression pattern of HIF-1α and the Notch signaling
pathway in patients with different MCs. Speci�cally, hypoxia-induced Notch receptors and downstream
molecules were highly expressed only in patients with MC I and MC II, not MC III, as detected by RT-PCR,
western blotting, and immunohistochemistry. Notch1 and Notch2 mRNA transcriptional levels were
markedly elevated in the NP, while Notch3 and Notch4 were not altered as a result of the change of PO2 in
pathophysiological progress in IVD with MCs.

We can conclude that HIF-1α and Notch signaling pathways play an important role in the degeneration
process of IVDs. Therefore, the treatment should proceed from the etiology, especially for a patient not
suitable for surgery. These patients may get clinical bene�t through intervention of HIF-1 α and Notch
pathways, and this may offer a new therapeutic target for the treatment of degenerative disc disease with
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MCs. For future clinical application, we should further investigate the interaction between HIF-1α and
Notch signaling and the in�uence of downstream products.

This study has several limitations. First of all, the sample size was so small within MC I and MC III groups
that they were inclusive when conducting Spearman’s rank correlation analysis. This may lead to a
statistical uncorrelation between HIF-1α and Notch1/Notch2 in MC I and MC III groups. Second, given that
the annulus �brosus (AF) and endplate (EP) parts of the IVD samples were far too small to proceed with
the follow-up analysis, they were carefully excluded from NP tissue. We did not evaluate the change of
the above related genes and proteins in AF and EP tissues. Thus, evaluation of the study results in AF and
EP tissues is needed in the future. Meanwhile, the samples used for western blotting must have strong
proliferative ability in vitro. The enrolled samples from L4/5 of each group may lead to a large margin of
selection bias.

Abbreviations
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Annulus �brosus
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Figure 1

Representative T1- and corresponding T2-weighted images of different Modic change (MCs). The red
arrows indicate positions of MCs.

Figure 2

Immunohistochemistry of HIF1α and the Notch1 intracellular domain (NICD) in nucleus pulposus (NP)
cells of different MC tissues and control group. Scale bar: 20 μm. Values are presented as the means ±
S.E.M. *p < 0.05, **p < 0.01.
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Figure 3

RT-PCR analyses of HIF-1α (A), Notch receptors (B-E), and HES1 (F) from different MC tissues.
Spearman’s rank correlation analysis between HIF1α and Notch1 (G), HIF1α and Notch2 (H), HIF1α and
Notch3 (I), and HIF1α and Notch4 (J). Values are presented as means ± S.E.M. *p < 0.05, **p < 0.01.
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Figure 4

Representative expression of HIF1α and Notch receptors/target genes in NP cells isolated from different
patients under hypoxia (1% O2). Anti-GAPDH was used as a loading control. Values are expressed as the
mean ± SEM of three individual experiments. *p < 0.05, **p < 0.01; (n = 3)


