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Abstract

Study Design—In vitro measurements of the oxygen consumption rates (OCR) of human 

intervertebral disc (IVD) cells.

Objective—To determine the differences in the OCR of nondegenerate and degenerate human 

annulus fibrosus (AF), nucleus pulposus (NP), and cartilage endplate (CEP) cells at different 

glucose concentrations.

Summary of Background Data—The avascular nature of the IVD creates a delicate balance 

between rate of nutrient transport through the matrix and rate of disc cell consumption necessary 

to maintain tissue health. Previous studies have shown a dependence of OCR for animal (e.g. 

bovine and porcine) IVD cells on oxygen level and glucose concentration. However, the OCR of 

nondegenerate human IVD cells compared to degenerate human IVD cells at different glucose 

concentrations has not been investigated.

Methods—IVD cells were isolated from the AF, NP, and CEP regions of human cadaver spines 

and surgical samples. The changes in oxygen concentration were recorded when cells were sealed 

in a metabolic chamber. The OCR of cells was determined by curve fitting using the Michaelis-

Menton equation.

Results—Under identical cell culture conditions, the OCR of degenerate human IVD cells was 

3-5 times greater than that of nondegenerate human IVD cells. The degenerate IVD cells cultured 

in low glucose medium (1 mM) exhibited the highest OCR compared to degenerate cells cultured 

at higher glucose levels (i.e., 5 mM, 25mM), while no significant differences in OCR was found 

among the nondegenerate IVD cells for all glucose levels.

Conclusions—Considering the significantly higher OCR and unique response to glucose of 

degenerate human IVD cells, the degeneration of the IVD is associated with a cell phenotypic 
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change related to OCR. The OCR of IVD cells reported in this study will be valuable for 

understanding human IVD cellular behavior and tissue nutrition in response to disc degeneration.
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Introduction

The intervertebral disc (IVD) is a fibrocartilage structure separating the vertebrae. 

Differences in biochemical composition and structure distinguish three regions of the disc: 

annulus fibrosus (AF), nucleus pulposus (NP), and cartilage endplates (CEP). Due to its 

large avascular nature, critical nutrients (i.e., glucose and oxygen) required for maintaining 

disc tissue health are supplied by blood vessels at the margins of the disc.1,2 Within the IVD, 

diffusion mechanisms regulate small nutrient (e.g., oxygen and glucose) supply. The balance 

between rate of nutrient transport through the matrix and rate of consumption by disc cells 

determines the local IVD nutrient concentration gradient.3 Poor nutritional supply to the disc 

is believed to be a key initiator of degeneration where changes in disc morphology, 

biochemistry, function, and material properties are observed.1

The oxygen gradient is a powerful regulator of IVD cellular activity and can strongly 

influence rates of extracellular matrix (ECM) synthesis, and possibly cell proliferation.4-6 

Oxygen is necessary for cellular activity, although not for survival, as its consumption 

pathway is unclear.7 Previous studies have shown a dependence of oxygen consumption 

rates (OCR) for bovine and porcine IVD cells on oxygen level, glucose concentration, and 

pH level.5,6,8-10 In the porcine IVD, NP cells were shown to have a significantly higher OCR 

compared to that of AF cells.10 Overall, bovine and porcine IVD cells have been reported to 

have similarly low OCR compared to articular chondrocytes.5,8,10,11 However, to our 

knowledge, no study on human AF, NP, and CEP cells has investigated OCR.

Furthermore, there is no study that compares human nondegenerate and degenerate IVD 

cells in regards to OCR as well as their response to variable glucose levels. Differences in 

tissue region, level of degeneration, and glucose concentration may contribute to changes in 

OCR in the human IVD cells. A change in nutrient supply as a consequence of the onset and 

progression of disc degeneration could drive a change in the IVD cell phenotype. The 

hypothesis of this study is that IVD degeneration will impact the OCR and response to 

glucose level due to the distinct cell phenotype of nondegenerate and degenerate human disc 

cells. Therefore, the objective of this study is to determine the OCR of nondegenerate and 

degenerate human IVD and examine the differences due to disc degeneration among the AF, 

NP, and CEP cells at different glucose levels. The investigation will provide a better 

understanding of the effect of disc degeneration on oxygen consumption in the human IVD 

as well as compare the human IVD cellular activity to that of animal IVD cells.
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Materials and Methods

Tissue preparation

Human IVD tissues (see Table 1 for demographic data; total 8 donors, aged 21-65 years old, 

Thompson Grade I or II [i.e., nondegenerate])12 consisted of pooled L1 through S1 lumbar 

motion segments, were collected through an local Organ Procurement Organization within 

24 hours of time of death under institutional approval. In addition, to-be-discarded human 

IVD surgical waste samples from patients undergoing surgery for degenerative disc disease 

(see Table 1 for demographic data; total 5 patients, aged 43-62 years old, Thompson Grade 

III or IV [i.e., degenerate])12 were obtained and processed within 2 hours. The degeneration 

grades of the IVD specimens were assessed by a senior Orthopaedic surgeon. The 

degenerate disc specimens from discectomy were graded based on both MRI (prior to 

surgery) and gross anatomy (after surgery). The nondegenerate disc specimens from the 

cadavers were assessed by gross anatomy during dissection. The samples were carefully 

separated and pooled into AF, NP, and CEP according to anatomic appearance and location 

(Figure 1: top left). The transition zone between the AF and NP region was discarded to 

avoid mixed cell culture populations. All three tissue regions were easily distinguishable due 

to differences in tissue location, structure, and composition in both the nondegenerate and 

degenerate tissues samples. For the surgical IVD samples, repeated saline washes were 

completed to eliminate blood cells carried through to culturing.

Cell harvest and culture

Cells were released from AF, NP, and CEP tissues by enzyme digestion in high glucose (25 

mM) Dulbecco's Modified Eagle Medium (DMEM; Hyclone) supplemented with 10% fetal 

bovine serum (FBS; Invitrogen) and 1% antibiotic-antimycotic (Invitrogen) for 24 hours. 

The enzyme solution contained collagenase II (Worthington Biochemical Corp., Lakewood, 

NJ) and protease (Sigma Chemical, St. Louis, MO) digestion (AF and CEP: 1 mg/mL 

collagenase and 0.6 mg/mL protease; NP: 0.5 mg/mL collagenase and 0.3 mg/mL protease). 

The digestions were strained through a 70 μm filter, washed with phosphate buffered saline, 

and re-suspended in high glucose DMEM with 10% FBS, 1% penicillin/streptomycin 

(Gibco Brl), 25 μg/mL ascorbic acid (pH 7.4) and the osmolality was measured within the 

range of 290–310 mOsmol. All isolated cells were identically cultured in monolayer at 21% 

O2 and 5% CO2 at 37°C to reduce variability as well as produce sufficient cell numbers for 

experimentation. The first media change was done less than 72 hours after plating the cells 

so any residual blood cells were washed away with the medium changes during first passage 

(P1) primary cell culture, as previously shown in the literature.13 The media was changed 

every 3 days, and upon reaching 95% confluence (typically within 3 weeks), P1 cells were 

detached with 0.25% trypsin (Invitrogen) and re-plated at a 1:2 ratio and monolayer cultured 

to second passage (P2) which was used in experiments. Morphologies of cultured 

nondegenerate and degenerate human IVD cells from AF, NP, and CEP regions (Figure 1) 

were examined by a light microscope. Cells were separated into 3 groups and incubated in 

FBS-free DMEM (pH 7.4) with glucose concentrations of 1, 5, or 25 mM for another 24 

hours before the oxygen consumption rate measurements. Glucose levels were chosen based 

on low levels in the IVD finite element study14 as well as standard glucose culture medium 
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(25 mM). The 24 hour incubation period allowed for cellular glycogen levels to adjust to the 

low levels of glucose.5

OCR measurement

In the experiment, P2 cell suspensions (3 million/mL) were placed into a 175 μL metabolic 

chamber (Instech Laboratories, Plymouth Meeting, PA) maintained at 37°C (Figure 2A). 

The concentration of dissolved oxygen in the culture medium at 37°C and atmospheric 

pressure was 200 μmol/L (or 21% oxygen level). The chamber was sealed and real time 

dissolved oxygen concentration in the medium was recorded by a fiber optic oxygen sensor 

(Ocean Optics, Dunedin, FL) until the oxygen concentration fell to 0.95 μmol/L (0.1% 

oxygen level). There were no notable changes in glucose concentration, pH of the culture 

medium, as well as cell viability measured at the end of the experiments.

Figure 2B shows a typical plot of dissolved oxygen concentration over time in the metabolic 

chamber. Previous IVD and articular chondrocyte studies have shown the relationship 

between OCR and oxygen concentration can be expressed using the Michaelis-Menten 

kinetics equation given by8,10,15:

where R is oxygen consumption rate (nmol/106 cells/hr), Vmax is the maximum oxygen 

consumption rate (nmol/106 cells/hr), Km is the Michaelis-Menten constant (μmol/L), and C 

is the oxygen concentration in the chamber (μmol/L). The Vmax is the maximum oxygen 

consumption rate achieved at high oxygen, and the Km is the oxygen concentration at which 

the oxygen concentration rate decreases to 50% of the. Vmax Based on the conservation of 

mass (i.e., oxygen) in the sealed metabolic chamber, the kinetic coefficients of Vmax and Km 

were determined by curve-fitting the recorded oxygen concentration data in the chamber 

over time to the Michaelis-Menten equation as previous studies.10,16

Statistical analysis

The OCR outcomes are presented as the mean and standard deviation (SD) from 5 separate 

OCR experimental runs (n=5) from at least 3 separate cell isolations. Two-way analysis of 

variance and Tukey's post hoc tests were performed to determine the effects of glucose 

concentration and disc degeneration on Vmax and Km for each disc tissue region using the 

SPSS statistics software (SPSS 16.0, IBM, NY).

Results

Human IVD cells from three tissue regions can be morphologically distinguished using a 

transmission light microscope (Figure 1: top right, bottom left, and bottom right). There was 

no morphological difference between cultured nondegenerate and degenerate human IVD 

cells. For human nondegenerate and degenerate disc cells, OCR for AF, NP, and CEP 

decreased with the decrease in oxygen concentration (Figure 2C) in accordance with the 

Michaelis-Menten kinetics model. Figure 3AB shows the average Vmax and Km for 
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nondegenerate and degenerate AF, NP, and CEP cells at 1 mM, 5 mM, and 25 mM glucose 

mediums. No significant differences were found in Vmax (16.40±9.78 nmol/106 cells/hr) 

among the glucose levels (p=0.67) and tissue regions (p=0.102) of the nondegenerate IVD 

cells. In contrast, significant effects of glucose concentration were found on Vmax of 

degenerate AF, NP, and CEP with all cells cultured in the lowest glucose medium (1 mM: 

93.77±16.83 nmol/106 cells/hr) exhibiting a larger Vmax than those cultured in both higher 

glucose mediums (5 mM: 53.99±10.77 nmol/106 cells/hr and 25 mM: 48.90±12.03 nmol/106 

cells/hr) (p<0.0001). No significant differences were found between tissue region among the 

Vmax of degenerate IVD cells (p=0.171). As shown in Table 2, for the nondegenerate and 

degenerate IVD cells, there were no significant differences in Km (12.53±6.16 μmol/L and 

11.59±8.49 μmol/L, respectively) between tissue regions (p=0.99; 0.90), glucose 

concentration (p=0.31; 0.42), as well as grade of degeneration (p=0.49) (Figure 3C and 3D). 

The average OCR of the degenerate disc cells was significantly higher, approximately 3 

times higher, than the nondegenerate disc cells (p<0.0001) and previous porcine10 and 

bovine8 IVD cell data at 5 mM glucose (Figure 4). The two-way ANOVA interaction 

between glucose levels and grade of degeneration was significant (p<0.0001).

Discussion

The effect of degeneration on the OCR of human IVD cells at various glucose 

concentrations was investigated. The results showed that degenerate IVD cells had a 

significantly higher OCR and a unique glucose response compared to the nondegenerate 

IVD cells, suggesting a distinct cellular phenotype may exist in the degenerate IVD. The 

OCR further suggested that the nondegenerate IVD cells primarily depend on glycolysis, 

while the energy pathways of degenerate IVD cells may shift towards a more oxidative 

phenotype. The results of this study support the previous notion that a change in the nutrient 

environment as a result of the progression of degeneration may lead to changes in IVD cell 

energy metabolism.1

It is suggested that both IVD cells and articular chondrocytes obtain their energy primarily 

through the Embden-Meyerhof-Parnas (EMP) pathway of glycolysis, even in the presence of 

a high oxygen level.9,17 Present findings support a glycolytic metabolic phenotype for 

nondegenerate human IVD cells. The average Vmax of the nondegenerate human AF, NP, 

and CEP cells was approximately 10-23 nmol/106 cells/hr. Such low baseline value for Vmax 

of the nondegenerate human IVD cells is similar to previous studies of bovine and porcine 

IVD cells (Table 2; Figure 4).5,10 In addition, the low OCR of nondegenerate human IVD 

cells is not sensitive to the presence of oxygen due to small values of Km (9-16 μmol/L). 

These results suggest that the glycolysis is the primary pathway for energy metabolism in 

healthy human IVD. Although its consumption pathway is unclear, oxygen is necessary for 

cellular activity (e.g., matrix protein synthesis), instead of cell survival.7 The OCR of the 

nondegenerate human IVD cells were independent of glucose concentration and tissue 

region. Although the effect of glucose on the OCR of animal IVD cells is inconclusive, the 

OCR of NP cells was higher than the AF cells in the porcine disc (Table 2).8,10 Since the 

porcine NP cells are primarily notochordal, differences in OCR may be due to intrinsic 

tissue differences within that species. Therefore, caution needs to be taken when comparing 

the OCR results between animal and human IVDs.
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The degenerate human IVD cells exhibited a significantly higher Vmax than the 

nondegenerate IVD cells, approximately 5 times higher at 1 mM glucose level and 3 times 

higher at 5 mM or 25mM glucose level, as shown in Table 2 and Figure 4. However, no 

significant difference in Km between nondegenerate and degenerate human IVD cells 

indicates a similar sensitivity to oxygen, especially at low oxygen levels. Differences in 

OCR may be resulted from a change in cell behavior due to degeneration. Typically, a higher 

rate of glycolysis occurs in cells that are cultured in high glucose. A high rate of glycolysis 

which hinders cellular respiration, described as the Crabtree effect, has been shown in 

articular chondrocytes11,18,19 and porcine AF cells.10 This study showed a similar effect on 

degenerate human IVD cells, which demonstrated a significantly lower OCR in the highest 

glucose mediums (5 mM and 25 mM). While present findings support a glycolytic metabolic 

phenotype for nondegenerate human IVD cells, the degenerate cells are significantly more 

metabolically active and may experience a shift in energy pathways to utilize oxidative 

phosphorylation at low glucose.

Previous studies have established differences between the behaviors and gene expression 

profiles of nondegenerate versus degenerate human IVD cells in regards to ECM genes and 

proteolysis, cell proliferation, apoptosis, growth factors, and inflammatory mediators.20-30 

Mitochondrial gene expression patterns have also indicated possible changes of 

mitochondrial function in degenerate human AF cells.31 A change in mitochondrial function 

related to IVD degeneration could influence the disc cell metabolic phenotype considering 

the important role the mitochondria plays in regulating cellular respiration through oxidative 

phosphorylation. Since the degenerate IVD cells exhibited a higher OCR under a 

physiological glucose concentration (1 mM), it could increase oxygen demand in the disc, 

and combined with a Crabtree effect could push already low oxygen levels even lower8 

which may contribute to the progression of degeneration. Alternatively, the higher OCR of 

the degenerate IVD cells could be a result of the adaptation to the changed nutrient 

environment due to vasculature ingrowth in degenerated discs. In future studies, it is of 

interest to study the coupling of glucose consumption, as well as lactate and ATP production 

to fully understand the cellular metabolic behavior and the role of oxygen in energy 

metabolism in human IVD cells.

Human IVD cells may experience possible loss of phenotype when extracted from their 

ECM as well as during P1 and P2 monolayer culture. This culture method was used due to a 

low human IVD cell yield obtained after tissue digestion. Studies have examined the effect 

of high oxygen monolayer expanded in vitro culture of articular chondrocytes and found a 

cellular induction to an oxidative phenotype and metabolism.32 Due to the maintenance of 

low OCR of the nondegenerate human IVD cells and identical culture conditions between 

nondegenerate and degenerate cells in the present study, it appears the culture conditions did 

not induce an oxidative phenotype in the human IVD cells. Osmolarity ranging from 316 to 

600 mOsm was shown to exhibit minimal effects on the OCR of bovine articular 

chondrocytes.11 In our study, the isotonic osmolarity range of the medium with varying 

glucose concentrations was within 290 to 310 mOsm. In future studies, it would be 

beneficial to examine a more physiological hypertonic effect. Due to the scarcity of human 

disc samples, a future study needs to be conducted to fully understand the role of other 
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factors (e.g., age and sex) on the metabolic phenotype of nondegenerate and degenerate IVD 

cells.

In summary, the effect of degeneration on the OCR of human IVD cells at various glucose 

concentrations was investigated. This study showed a significantly higher OCR and unique 

response to glucose of the degenerate cells compared to the nondegenerate cells under 

identical culture conditions. The impact of oxygen level on OCR was examined and a 

quantitative dependent relationship was determined. OCR reported in this study are valuable 

for understanding the effect of degeneration on human IVD cellular behavior and the 

differences between human and animal IVD cells. In addition, this data will be valuable for 

understanding IVD oxygen transport and theoretically predicting the local oxygen 

concentration in the human IVD. Considering the avascular nature of the IVD and the 

significantly higher oxygen consumption of the degenerate IVD cells, the nutrient 

environment in the degenerated disc may be vulnerable to any pathological event which may 

further disrupt the nutrient supply and promote the progression of IVD degeneration while 

driving a behavioral change in IVD cell phenotype. These unique nutritional demands of 

human IVD cells should also be considered in prospective tissue engineering and 

regeneration approaches for treatment of the degenerated IVD.
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Figure 1. 
Nondegenerate human IVD from lumbar spine with sagittal plug of disc tissue, CEP, and 

vertebral body (top left). The thin hyaline layer of CEP (∼0.7mm) was carefully separated 

from the NP and AF (relatively more transparent than the CEP tissue). Light microscopic 

images of cultured degenerate human IVD cells from AF (top right), NP (bottom left), and 

CEP (bottom right) regions. There were no visual morphological differences in cultured 

degenerate and nondegenerate (not shown) human IVD cells.
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Figure 2. 
(A) Schematic of the experimental setup for oxygen consumption rate experiments. AF, NP, 

and CEP cells were sealed in a water-jacketed metabolism chamber. (B) Characteristic curve 

of dissolved oxygen concentration (μmol/L) in the metabolism chamber over time (hr). (C) 

The oxygen consumption rate (nmol/106 cells/hr) was plotted against dissolved oxygen 

concentration (μmol/L) based on the Michaelis-Menten (M-M) equation with calculated 

coefficients of Vmax and Km.
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Figure 3. 
Comparison of (A) Vmax and (C) Km among human nondegenerate AF, NP, and CEP cells 

cultured in DMEM with varying glucose concentrations (n = 5 separate oxygen consumption 

rate experimental runs for each cell type from three separate cell isolations). Comparison of 

(B) Vmax and (D) Km among human degenerate AF, NP, and CEP cells cultured in DMEM 

with varying glucose concentrations (n= 5 separate oxygen consumption rate experimental 

runs for each cell type from three separate cell isolations). Significant effects due to the 

glucose level were found for Vmax in all three regions (p<0.0001). Tukey's post hoc: * 

p<0.05.
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Figure 4. 
Comparison of the oxygen consumption rate (nmol/106 cells/hr) against dissolved oxygen 

concentration (μmol/L) based on the Michaelis-Menten equation with calculated coefficients 

(mean value) of Vmax and Km. Vmax is the maximum oxygen consumption rate (nmol/106 

cells/hr) achieved at high oxygen and Km is the dissolved oxygen concentration (μmol/L) at 

. At 5 mM glucose, the oxygen consumption rate of degenerate human IVD cells from 

the present study are about 3 times higher than nondegenerate human, porcine10, and 

bovine8 IVD cells.
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Table 1

Demographic data of human tissue donors for experimental cell studies.

Subject No. Gender Age (Years) Thompson Grade

1 (Human cadaver) M 65 II

2 (Human cadaver) M 38 I

3 (Human cadaver) M 43 I

4 (Human cadaver) F 51 II

5 (Human cadaver) M 42 I

6 (Human cadaver) M 33 I

7 (Human cadaver) M 21 I

8 (Human cadaver) M 35 I

9 (Surgical sample) F 43 III-IV

10 (Surgical sample) F 54 IV

11 (Surgical sample) F 62 III-IV

12 (Surgical sample) F 62 IV

13 (Surgical sample) F 62 III-IV

Spine (Phila Pa 1976). Author manuscript; available in PMC 2019 January 15.
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