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Abstract

During intervertebral disc degeneration (IVDD), due to endplate calcification, diminished oxygen and nutrient
concentrations and accumulated lactate are present in the microenvironment of the nucleus pulposus (NP).
The disadvantages of 3D layered culture include uneven oxygen and nutrient gradients. In the present
study, to mimic the in vivo microenvironment of the NP, a 5-layered 3D culture was constructed using
clinical haemostatic gelatine sponges and developed as a NP degeneration (NPD) model. Subsequently,
cell distribution as well as expression of NP chondrogenic markers (type II collagen and aggrecan),
glycosaminoglycan (GAG) and degeneration markers [e.g. matrix metalloproteinase (MMP) 3] were measured
from the top to the bottom layer. However, in a single NP-cell-loaded disc model, the chondrogenic potency in
the middle or bottom layer was higher than that in the top layer. To further study the mechanism underlying
the degeneration of NP cells in this NPD model, the contribution of secreted metabolites was examined.
Lactate identified in the supernatant modulated GAG accumulation and MMP3 expression. Inhibition of
lactate influx by the monocarboxylate transporter (MCT)-1 inhibitor, AZD3965, reversed the effect of lactate
on GAG accumulation and MMP3 expression and further improved NP cell degeneration in the NPD model.
Thanks to the homogenous expression of lactate in the model, it was possible to further identified that the
combination of lactate and hypoxia enhanced MMP3 expression. Taken together, multilayered cell-loaded
sponges, with oxygen and nutrient gradients as well as lactate accumulation, can represent a 3D multilayered
NPD model for exploring potential agents for IVDD.
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List of Abbreviations AKT protein kinase B
ATP adenosine triphosphate
2D two dimensional AZD AZD3965
3D three dimensional CEP cartilage endplate
ACAN aggrecan COL2A1 type II collagen
ADAMTSs ADAM metalloprotease with Ct cycle threshold
thrombospondin type 1 motif DF differentiation medium
AF annulus fibrosus DMEM Dulbecco’s modified Eagle medium
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DMSO dimethyl sulphoxide

ECM extracellular matrix

ERK extracellular-signal-regulated kinase

FBS foetal bovine serum

GAG glycosaminoglycan

GAPDH glyceraldehyde-3-phosphate
dehydrogenase

IVD intervertebral disc

IVDD IVD degeneration

MCT monocarboxylate transporter

MMP matrix metalloproteinase

MTT 3-(4, 5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide

NDRG3 N-Myc downstream-regulated gene
family member 3

NP nucleus pulposus

NPD NP degeneration

PI3K phosphoinositide 3-kinase

qRT-PCR quantitative real-time polymerase
chain reaction

Ras rat sarcoma virus

RGD Arg-Gly-Asp

SD standard deviation

SL single layer

TGEF-$33 transforming growth factor beta 3

Introduction

Low-back pain and neck pain positively correlated
with IVDD are experienced by 80 % of the worldwide
population and that poses a heavy financial burden on
the global healthcare systems (Wang et al., 2016; Wu
et al., 2020). The IVD between two adjacent vertebrae
consists of a fibrous ring (AF), a fluid viscoelastic
region (NP) and the CEPs, which contribute to spinal
mobility and shock absorption. The IVD, a specialised
fibrocartilaginous structure, provides flexibility to the
spine, allowing limited movements, and supports
compressive loads due to body weight and muscle
tension (Molladavoodi et al., 2020).

InIVDD, NP degeneration and IVD herniation are
two major causes of low-back pain that occur because
of the structural impairment of the disc (Yang et al.,
2020). Structurally, in ageing IVDs, a fibrous disc with
dehydrated NP, loss of disc height, accumulation of
granular debris, neovascularisation and increased
numbers and sizes of fissures in the peripheral AF
have been claimed. Biochemically, aggrecan (the
most common proteoglycan in the NP) and type II
collagen are the main components of the ECM in the
gel-like NP tissue. Three characteristics, including
loss of GAGs, an increase in MMP-3 expression, as
well as a decrease in COL2A1 and ACAN expression,
have been found in NP cells under disc degeneration
(Vo et al., 2016). At the beginning of IVDD, the CEP
undergoes ossification and thinning, with subsequent
microfracture formation, bone sclerosis and reduced
perfusion. Subsequently, oxygen and nutrient
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supply decrease and cellular wastes and metabolites
accumulate in the NP.

In IVDD, the levels of metabolites, including
glutamate (Rajasekaran et al., 2021), creatine,
glycine, hydroxyproline, alanine, leucine, valine,
acetate, isoleucine, alpha- or beta-glucose, myo-
inositol (Radek et al., 2016) and lactate (Ohshima
and Urban, 1992; Pacholczyk-Sienicka et al., 2015;
Radek et al., 2016), are increased in the disc. A high
lactate concentration inhibits cell proliferation and
decreases collagen II and aggrecan expression in
NP cells, which leads to disc degeneration (Shi et al.,
2019; Wueet al., 2014). MCT-1 is a major transporter for
lactate influx and is expressed ubiquitously in tissues,
including NP cells (Silagi et al., 2020). However, it is
still unclear if MCT-1 inhibition is beneficial to ECM
reconstruction in NP cells.

In addition to the ex vivo 3D culture model, many
natural and biodegradable biomaterials mixed with
hydrogels have been developed as in vitro 3D culture
models to construct IVDs, such as collagen I, alginate
(Moriguchi et al., 2017), chitosan (Roughley et al., 2006;
Yuan et al., 2019), silk fibroin, hyaluronan, elastin
(Moss et al., 2011) and gelatine (Nagae et al., 2007). In
most studies, constructing an IVD tissue is the goal
and the bioreactor required for maintaining an IVD
tissue needs to provide natural hypoxia and nutrition
gradient conditions. Thus, when using a bioreactor,
it is hard to observe the cell in a way that would
mimic an IVDD. Moreover, immunohistochemistry
needs to be performed in tissue sections to assess
bioactivities. In some studies, cells are seeded in a
SL of materials and the thickness of these materials is
less than 10 mm. Culturing cells in a single, thin layer
cannot accurately reflect cell behaviour in tissues and
the validity of the data obtained are limited when
applied to tissue engineering.

A multilayered 3D cell culture system that
employs stacked materials, such as chromatographic
cellulose papers (Derda ef al., 2009; 2011), has been
developed. This system is popular because each layer
of the 3D stack can easily be isolated and analysed to
reveal further biological information, including cell
distribution, cell proliferation and gene expression.
However, uneven oxygen and nutrient gradients
limit the further application of 3D layered cultures
(Derdaet al., 2011). Interestingly, these disadvantages
may mimic the IVDD pathogenesis, which occurs
along with endplate ossification and gradual loss of
oxygen and nutrients in the IVD microenvironment,
indicating the potential of 3D layered cultures to be
used as an NPD model. Thus, this 3D multilayered
culture model was adapted to establish an IVDD
model. However, because the cell morphology and
cell proliferation rate would be changed on filter
paper relative to cell morphology in the tissue and cell
proliferation on the dish culture, cellulose paper may
not be a suitable cell culture scaffold (Kuo et al., 2016).
Thus, the present study considered the future clinical
application and opted for a material that would
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accelerate translation. A gelatine-based haemostatic
Spongostan™ sponge, a clinically available porous
biomaterial with good biocompatibility, was chosen
as the culture scaffold for NP cells (Yang et al., 2005).
Thestudyhypothesiswasthat themicroenvironment
established by a 3D multilayered culture model could
be used to mimic NP degeneration and investigate
its pathogenic mechanism. The objective of the study
was to establish a multilayered 3D in vitro culture
model to mimic the pathological condition of NPD.
First, GAG accumulation and expression of COL2A1,
ACAN and MMP3 in each layer were defined. Then,
the possible mechanism in the microenvironment
that causes degeneration was measured and assessed.
Furthermore, a potential agent for improving NPD
was evaluated using this 3D in vitro NPD model.

Materials and Methods

Bovine caudal IVD dissection, NP cell isolation,
culture conditions and reagents for cell treatment
Bovine NP cells were harvested under sterile
conditions from the NP tissue in the caudal disc
segments of freshly slaughtered calves (4-5 years old)
that were obtained from an abattoir (Ching-Chen
International Beef store, Taipei, Taiwan) within 24 h
of slaughter. The NP tissue was dissected aseptically
from the spines of 3 calves (N = 3) and the cells
were isolated from the tissue trough enzymatic
digestion using collagenase 2 (2,700 units/10 mL,
Gibco) for 16 h at 37 °C. After digestion, the cells
were strained using a 40 um strainer. Then, they
were cultured in complete medium [high-glucose
DMEM (Gibco) + 10 % FBS (Gibco) + 1 % penicillin/
streptomycin (Gibco)] under standard culture
conditions (5 % CO, and 37 °C) until confluence. 3
NP primary cell cultures were established from each
of the 3 calves and cells were expanded (P2-P5) in
the complete medium before encapsulation in a 3D
gelatine sponge. The 3 bovine NP cell cultures were
considered as 3 individual experiments. Cells were
induced to undergo chondrogenic differentiation
using 2 mL of chondrogenic DF [containing 1 %
ITS™ (Sigma-Aldrich), 100 pm sodium pyruvate
(Life Technologies), 10 ng/mL TGF-f3 (100-36E,
Peprotech), 100 nmol/L dexamethasone (Sigma-
Aldrich), 50 pg/mL magnesium L-ascorbic acid-
phosphate (Sigma-Aldrich)] for 5-10 d. Medium
was replenished every 2-3 d. CoCl, (C8661, Sigma-
Aldrich), L-lactic acid (L1750, Sigma-Aldrich) and
the lactate transporter MCT-1 inhibitor, AZD3965
(AZD, BA164976, Carbosynth, Berkshire, UK), were
dissolved in ddH,O.

Manipulation of the sponge disc and construction
of the 3D multilayered model

8 mm diameter and 1 mm thick gelatine sponge
(Spongostan™, Johnson & Johnson) discs were
prepared using a puncher (provide details). For
sterilisation, the discs were immersed in 70 %
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ethanol for 15 min and, then, rinsed in 1x PBS 3
times (1 min/time) before being soaked in complete
medium overnight. After soaking, the dimensions
of the sponge disc reached approximately 8 mm
diameter and 2.5 mm thickness. Soft gelatine sponges
were prepared for seeding cells. To create a 3D
multilayered structure for IVD tissue engineering,
5 x 10° NP cells were seeded directly onto a gelatine
sponge in each well of a 24-well plate to mimic
the in vivo cell density (4,000 cells/mm?) in the NP
(Maroudas et al., 1975). Following, cell-seeded
sponge discs were placed into an incubator for 2 h at
37°C,5 % COZ. After incubation, 500 pL of complete
medium was added to the well overnight. Then, 5
discs (L1-L5) were layered in a stack, placed in a well
of a 24-well culture plate and incubated with 2 mL
culture medium or chondrogenic DF for 10 d. The SL
disc with 5 x 10° NP cells in a well of a 24-well culture
plate was also incubated with 2 mL culture medium.
The medium was changed every 2-3 d.

Cell viability assay

After single or layered discs had been incubated
for 10 d, each NP-cell-seeded gelatine sponge was
separated, placed in a well of a 24-well plate and
incubated for 1 h at 37 °C in 500 pL of culture medium
containing 50 uL of 5 mg/mL MTT reagent (Sigma-
Aldrich). Then, MTT solution was discarded and
gelatine sponges were washed twice with 1x PBS.
The purple products (formazan) of the MTT were
dissolved using DMSO (Sigma) and quantified by
reading the absorbance at 570 nm using a microplate
reader (SpectraMax, M5Molecular Devices). A sponge
without cells was used as a blank for the MTT assay.

Alcian blue staining

Proteoglycan, such as GAGs, secreted by NP
cells was stained using alcian blue as described
previously (Chen et al., 2018; Woods et al., 2005).
Cells were fixed in 4 % paraformaldehyde in 1x PBS
for 30 min and washed twice with 1x PBS. Then,
cells were rinsed using 3 % acetic acid wash buffer,
stained with 1 % alcian blue 8GX (Sigma-Aldrich)
for 30 min, de-stained for 10 min in 3 % acetic acid
washing solution and washed twice with ddH,O,
until the blank was clear. Alcian-blue-stained GAGs
were dissolved in 6 mol/L guanidine hydrochloride
(Sigma-Aldrich) overnight at 4 °C. The absorbance of
the dissolved and stained GAGs was quantified using
a spectrophotometer (SpectraMax M5, Molecular
Devices) at optical density 620 nm. A sponge without
cells was used as a blank for the alcian blue staining.

Gene expression analysis

qRT-PCR was used to evaluate the RNA level of NP-
related gene expressions. NP cells were harvested
at the indicated time points and total RNA was
extracted using TRIzol™ reagent (Invitrogen).
RNA quality and quantity were measured using
a Nanodrop™ spectrophotometer (Nanodrop
Technologies). Reverse transcription was performed
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Table 1. Primer sequences for QRT-PCR. F: forward. R: reverse.

Species Gene | ForR Sequence
Bos taurus | COL2A1 F GGTGGAGCAGCAAGAGCAAG
Bos taurus | COL2A1 R TTGGGAGCCAGGTTGTCATC
Bos taurus | ACAN F TCGGGGGTAGAAGTGTCATCAGTC
Bos taurus | ACAN R ATGGAAGGTGGAGGTGGTTTCAC
Bos taurus | MMP3 F TCCCCCAGTTTCCCCTAATG
Bos taurus | MMP3 R GGATTTCTCCCCTCAGTGTGC
Bos taurus | GAPDH F GGTGAAGGTCGGAGTGAACGG
Bos taurus | GAPDH R TGCCGTGGGTGGAATCATACTG
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Fig. 1. Schematic representation of the steps for studying a 5-multilayered NPD system. First, after NP

cells were seeded in each gelatine disc, the discs were
culture was established in a 24-well plate. The cells lo

incubated overnight. Then, a 5-multilayered NP cell
aded on the discs were incubated for 5-10 d after the

culture medium was changed to a chondrogenic DF. At the indicated time points, the discs were separated,
and NP cell properties were evaluated. Then, the mechanism underlying NPD of the cells in the middle

to bottom layers was investigated.

using PrimeScript RT Master Mix (RR036; Takara,
Kusatsu, Japan). Then, the cDNA was subjected
to qRT-PCR reactions for the quantification of the
mRNA levels of GAPDH, SOX-9, COL2A1 and
ACAN using the Power SYBR green PCR Master Mix
(4367659; Applied Biosystems). Primer sequences
were designed using the Primer 3 system and are
listed in Table 1. qRT-PCR analysis was performed
using the 96-well QuantStudio5 System (Applied
Biosystems). A typical qRT-PCR protocol was
performed under the following conditions: 95 °C
for 5 min, followed by 40 cycles of denaturation at
95 °C for 15 s and annealing at 60 °C for 60 s. RNA
expression of the target gene was normalised first
to that of the housekeeping GAPDH and then to the
indicated control. The AACt was used to calculate
the relative fold changes. Relative quantification was
performed using the comparative CT (2-42°T) method
(Liet al., 2017).

Lactate quantification

Quantification of lactate was performed using a
lactate colorimetric assay kit (MAKO064, Sigma)
according to the manufacturer’s protocol. For
the quantification of secreted lactate, after the
supernatant was centrifuged through a 10 kDa spin
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filter, the eluent was diluted 500-fold using the assay
buffer and then an assay kit was used to determine
the concentration of lactate. For the quantification
of the intracellular lactate levels, after sponges were
washed twice with 1x PBS, the cells within sponges
were lysed and sonicated using the assay buffer.
After sonication, the cell lysates were centrifuged
using an Eppendorf centrifuge (5814R) at 13,000 xg
for 20 min. The clear supernatant was applied to a
10 kDa spin filter. Then, the eluent was diluted 40-
fold using the assay buffer and then the assay kit was
used to determine the concentration of lactate. The
total protein concentrations of the cell lysates were
determined using the Bradford Protein Assay kit (Bio-
Rad) according to the manufacturer’s protocol. Data
are presented as lactate/protein (Lmol/mg).

Statistics

Statistical analysis was performed using the SPSS 20.0
software (SPSS, Inc.). All the experimental data are
presented as mean + SD of 3 individual experiments.
The statistical significance was evaluated using one-
way ANOVA followed by appropriate Bonferroni
post-hoc tests. The level of statistical significance was
set at p < 0.05.
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Results

Establishing an in vitro IVDD model using a
multilayered NP cell culture system

Stacking multiple cell-loaded discs to form a 3D
layered stack creates a model with gradients of soluble
molecules. Further, de-stacking each disc from the 3D
layered stack facilitates the analysis of molecules. In
this way, it becomes possible to dissect cells in these
complex gradients. To create a 3D layered structure
for IVD tissue engineering, five 1 mm-thick layers of
gelatine sponge (L1-L5) were stacked, each containing
the same density of NP cells (Fig. 1). To evaluate the
effect of a 3D multilayered culture on cell viability
and chondrogenic differentiation, mitochondrial
metabolic activity and chondrogenic differentiation
marker expression were assessed after the cells were
cultured in the chondrogenic DF for 10 d (Fig. 2).
Compared with the SL, the number of viable cells
distributed in each layer of the 5-layered stack was
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decreased (p < 0.001) but the difference was no more
than 2-fold (Fig. 2a). The expression of chondrogenic-
differentiated markers, COL2A1 (p <0.001) and ACAN
(p<0.001), and the accumulation of GAGs (p <0.001),
were found to be significantly gradually diminished
from L1 to L4. Moreover, the markers’ expressions
and GAG accumulation in L5 were slightly higher
than those in L4 (Fig. 2b-d). However, the expression
of the degeneration marker MMP3 was significantly
induced in L2-L5, compared with L1 (p < 0.001) (Fig.
2e). A SL disc with NP cells in DF medium was taken
as a positive control to induce the expression of the
chondrogenic markers COL2A1 and ACAN and
the accumulation of GAGs. Moreover, a SL disc in
complete medium (only DMEM with 10 % FBS and
1 % penicillin/streptomycin) was used as a negative
control. For MMP3 expression, a SL disc in the DF
medium was the negative control, while a SL disc in
the complete medium was the positive control.

c . )
. EX 3 —
95 6 =
Q5 1
3o
=2 4
i3
g€ 2
o A1l L
d \
4 f % 1
= 1
— - [ a—|
T 3 —
g2 )
62
=5’
oﬂ’
<& 1]
04
e
1.05,
*
Efmo:l:h ——
T2 0.15] ——
S 2
ggo.m
S o0s]| | o
0

SL'SL L1 L2" L3 L4 L5
+DF

Fig. 2. Properties of the cells in a multilayered sponge 3D culture model. After 10 d incubation of NP cells
in a SL or multilayered 3D culture model, (a) the MTT assay was performed to monitor live cell distribution
in a SL or from layer 1 to layer 5 (L1-L5). Representative images of discs are presented and the quantitative
data are shown. (b) Alcian blue staining was used to determine GAG levels. A representative image of each
disc is shown. Scale bar: 1 cm. The relative amount of GAG was quantified by a colorimetric assay. Next,
qRT-PCR was performed to determine the expression of chondrogenic-related genes, such as (c) COL2A1
and (d) ACAN, and (e) a degeneration-related gene, such as MMP3. The expression of target genes was
normalised to that of GAPDH. The relative fold change was normalised to the SL without DF medium
group. The results are shown as mean + SD. n =3, *, p < 0.001, compared with L1. BL: blank.
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Only the effect of location did not contribute to
NP cell degeneration

Derda et al. (2011) showed uneven oxygen and
nutrient gradients in a 3D layered culture model.
To verify the effect of the location in the stack on
NP cell degeneration, the disc loaded with NP cells
was located on the top layer (L1), middle layer (L3")
or bottom layer (L5’) and the other 4 discs did not
contain cells. One of the indicators of chondrogenic-
like differentiation is GAG accumulation, which is
determined by alcian blue staining. Compared with
that in L1’, the accumulation of GAGs in L3’ or L5’
was higher (p <0.001) (Fig. 3a,b). The expression of the
chondrogenic genes COL2A1 and ACAN in L3’ and
L5 was upregulated more than thatin L1” (p <0.001)
(Fig. 3¢c,d). The expression of MMP3 was lower in L3’
and L5 compared to L1” (p < 0.001) (Fig. 3e).

Lactate upregulated MMP3 expression and
downregulated GAG accumulation

Lactate, as a secreted metabolite, accumulates in
the degenerated NP tissue (Bartels et al., 1998) and
mediates downregulation of GAG, COL2A1 and
ACAN expression in a 2D culture model (Wu et al.,
2014). To determine the level of lactate released into
the supernatant, SL discs or 5-layered sponge discs
were cultured in the DF medium for 2 d and, then, the
supernatant was harvested and deproteinised using
10 kDa filters. Data showed that the accumulated

a + DF

concentrations of lactate in SL disc and 5-layered disc
cultures were 15 mmol/L and 30 mmol/L, respectively
(Fig. 4a).

To understand whether lactate mediated the
degeneration of NP cells, NP cellsloaded on the sponge
discs were treated with lactate at concentrations of
0.5 to 20 mmol/L. The results showed that after
treatment for 10 d, the accumulation of GAGs was
significantly downregulated in NP cells treated with
20 mmol/L lactate compared with untreated cells
cultured in DF medium alone (p <0.001) (Fig. 4b). To
investigate whether lactate regulated the expression
of chondrogenic-related genes, MMP3 expression
was analysed in NP cells treated with lactate for
1 (Fig. 4c) or 5 d (Fig. 4d). 10-20 mmol/L lactate
significantly induced a 1.6-4.5 fold increase in MMP3
expression after 5 d but not following 1 d of treatment
(p<0.001) (Fig. 4c,d). However, lactate treatment did
not significantly affect ACAN and COL2A1 expression
(Fig.4e f). These data suggested that lactate regulated
MMP3 expression and GAG accumulation but not
ACAN and COL2A1 expression.

Inhibition of MCT1-mediated lactate import
reversed MMP3 expression and GAG accumulation
Lactate can be imported into cells through the
lactate transporter, MCT-1 (Ritzhaupt et al., 1998).
To dissect the mechanism of lactate-mediated
GAG accumulation and MMP3 expression, under
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Fig. 3. Effect of sponge location on chondrogenic-like differentiation in the stack. After seeding NP
cells in the disc, in addition to the SL culture and a 5-layered culture model, a cell-loaded disc was placed
in the top, middle or bottom layer of the stack. After incubation for 10 d, GAG expression was evaluated
using alcian blue staining. (a) Representative images of discs are presented. Scale bar: 1 cm. (b) The
amount of alcian-blue-stained GAG was eluted using 6 mol/L guanidine hydrochloride and quantified by
spectrophotometry. (c-e) qRT-PCR was performed to determine the mRNA levels of MMP3, COL2A1 and
ACAN. The expression level was normalised to the SL without the DF medium; the results are representative
of 3 individual experiments and presented as mean + SD. * p <(0.001, compared with the L1" group. BL:blank.
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SL culture, NP cells were treated with the MCT1
inhibitor AZD (Curtis et al., 2017). As shown in Fig.
4a, lactate was secreted into the supernatant. Thus,
half fresh medium mixed with half of the supernatant
(from a 5-layered model cultured for 2 d) was
used as the source of lactate. This was designated
as ¥ supernatant. The lactate concentration of 2
supernatant was 10-20 mmol/L. Compared with the
Y2 supernatant-treated group, the AZD-treated group
showed a decrease in intracellular lactate level (Fig.
5a). Without causing cytotoxicity (Fig. 5b), AZD
treatment reversed the effect of Y2 supernatant on
GAG accumulation (Fig. 5¢) and MMP3 expression
(Fig. 5d) (p < 0.001). Further, cells loaded in a SL
sponge disc were pre-treated with AZD overnight.
After AZD pre-treatment, the sponges were layered
into a 5-layer stack. Following 10 d differentiation,
compared with the untreated counterpart, the AZD-
treated group of the L3-L5 layers showed significantly
lower expression of MMP3 (Fig. 5e) (p <0.001). These
results indicated that in this 3D multilayered model,
from the middle to the bottom layer, lactate-regulated

a b

GAG accumulation and MMP3 expression were
MCT1-dependent.

Hypoxia potentiated lactate-induced NP cell
degeneration

Given that lactate could induce NP cell degeneration,
the next question was whether the distribution of
lactate in the 5-layered stack was correlated with
the distribution of degenerated NP cells. The lactate
concentration in the remaining medium of each
destacked disc was determined using a lactate assay.
Results revealed that lactate was distributed evenly
in the stack (Fig. 6a). To further investigate why the
expression of MMP3 was present as a gradient in the
stack, based on the report that an oxygen gradient
exists in the stacks (Derda et al., 2009), the hypothesis
was that hypoxia potentiated lactate-induced MMP3
expression. CoCl,, a chemical inducer of hypoxia-
inducible factor-1, was used to mimic a hypoxic
condition. The results showed that lactate or CoCl,
treatment alone triggered 3-4-fold increases in the
expression of MMP3 compared with the untreated
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Fig. 4. Lactate was the factor that induced MMP3 expression and decreased GAG expression. (a) After
NP-cells-seeded in a SL or 5-layered (5L) stack were cultured in the DF medium for 2 d, the lactate level in
the DF medium was analysed. The results are presented as mean + SD. n =3, * p <0.001, compared to day
0 DF medium. (b) NP-cell-loaded sponge discs were cultured in the culture medium or DF medium with
the indicated lactate concentration. GAG expression was determined by alcian blue staining after treatment
for 10 d. Representative images of discs are presented. Scale bar: 1 cm. The relative level of GAG in the
indicated group was normalised to that in the untreated group cultured with the medium alone. After (c)
1 or (d-f) 5 d of the indicated treatment, the mRNA levels of MMP3, ACAN and COL2A1 were determined
by qRT-PCR and normalised to the levels of GAPDH. The relative fold change in target gene expression
was normalised to the untreated group cultured with the DF medium. The results are presented as mean
£SD. n=3,*p<0.001, compared to the untreated group with DF medium.
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group. Significantly, combined treatment with lactate
and CoCl, induced an 8-fold increase in MMP3
expression (Fig. 6b, p < 0.001). These data implied
that combined treatment with lactate and hypoxia
enhanced NP cell degeneration.

Discussion

Previous studies have shown that gradients of
oxygen and nutrient concentrations exist
within a 3D multilayered culture, similar to the
microenvironmental changes observed during
NP degeneration (Bettahalli et al., 2014; Derda et
al., 2009; Wang et al., 2019). It has not been shown
whether the 3D multilayered culture model can
mimic the progress of NPD. The present study
hypothesised that NP cells undergo degeneration,
which is associated with a gradient of oxygen
and nutrient concentrations in a 3D multilayered
culture. An in vitro NP degeneration model was
successfully established, with a gradient of decreased
NP-associated ECM gene expression and increased

MMP3 expression from the top to the bottom layer. In
this model, MCT-1-mediated lactate influx regulated
GAG accumulation and MMP3 expression. Treatment
with MCT-1 inhibitor AZD3965 reversed the lactate-
mediated GAG accumulation and MMP3 expression
and alleviated the NP cell degeneration in the 3D
layered culture. Furthermore, a combination of lactate
and hypoxia enhanced the expression of MMP3,
suggesting that upregulation of MMP3 expression
in the bottom layer resulted from the effect of low
oxygen and lactate concentrations. Consequently, a
multilayered 3D culture with oxygen and nutrient
gradients could be used as a 3D in vitro NPD model
to test agents that can improve the IVDD.

To construct a 3D in vitro IVDD model, gelatine
was chosen as the cell scaffold for the following
reasons.

1. The gelatine sponge has the best capacity to
keep IVD integrity, compared to tissue glue,
polymethyl methacrylate bone cement and
platinum oil (Wang et al., 2007).

2. Gelatine is a hydrolysed collagen or
denatured collagen, which is composed of
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Fig. 5. Inhibition of lactate transport into the cell reversed lactate-induced NP degeneration. NP cells on
the SL sponge discs were treated with %2 supernatant (sup) with or without AZD (0.1 pumol/L) in the DF
medium for 10 d. (a) The intracellular lactate level was measured by lactate colorimetric assay. The level of
lactate was normalised to the protein concentration (umol/mg protein). (b) The cytotoxicity of AZD on the
NP cells was detected by MTT assay. The percentage change in cytotoxicity was normalised to that in the
untreated group without the DF medium. Scale bar: 1 cm. (¢) Alcian blue staining was performed to analyse
the GAG content. The relative level of GAG was normalised to that in the untreated group without the DF
medium. BL: blank. .Scale bar: 1 cm. (d) The mRNA expression of MMP3 was determined by qRT-PCR. The
relative fold change in MMP3 expression was normalised to that in the untreated group cultured with the DF
medium. (e) NP-cell-loaded sponge discs cultured under the 5-layered (L1-L5) conditions were treated with
or without AZD for 10 d. The discs in the SL condition treated with DF medium or not were used as positive
or negative controls for the MMP3 expression, respectively. The relative fold change in MMP3 expression
was normalised to that in the untreated group cultured with the DF medium. Results are presented as mean
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proline, hydroxyproline and glycine. Proline
and glycine are the basic materials for type
II collagen synthesis in NP cells.

3. The gelatine sponge used in the present
study degrades slowly; thus, it becomes a
stage-release agent for releasing proline and
glycine (Kuo et al., 2016).

4. Gelatine, with the exposed RGD binding
domains, interacts with a specific integrin
family transmembrane protein on the cell
membrane more strongly and easily than
the native form of collagen (Van Agthoven
et al., 2014).

5. The pore size of the gelatine sponge used is
148 £ 62 um (Kuo et al., 2016), which provides
a sufficiently large porous structure for cell
penetration and attachment.

6. The pore size and the 95 % water content
potentially make the gelatine sponge a good
biomaterial that allows for the penetration
of culture medium containing oxygen and
nutrients (Tabata et al., 1999).

7. Considering future clinical applications
and for accelerating translation, the present
study chose a gelatine-based haemostatic
Spongostan™, a clinically available porous
biomaterial with good biocompatibility,
sponge as the culture scaffold for NP cells
(Yang et al., 2005).

In the present study, NP cells were seeded in a
gelatine sponge and then a 3D stack was made with
multiple cell-loaded sponges. A gel-like cylinder
was formed after this 3D stack was cultured for 10 d.
The discs were filled with ECM secreted by the NP
cells and slightly adhered together. Thus, each layer
needed to be separated using a slight force. Once
the disc was filled with the ECM, the porosity was
reduced as well as the diffusion rates of nutrients,
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waste and oxygen. However, in the stack containing
only one cell-loaded disc, the ECM just filled in the
cell-loaded disc but not the other discs without cells.
Compared to those in the 3D stack with only one
cell-loaded layer, the low diffusion of nutrients, the
gradient of oxygen and even the accumulation of
cellular waste, such as lactate, were only observed
in the stack with multiple cell-loaded layers. In this
multilayered 3D stack, lactate downregulated the
expression of COL2A1 and ACAN and accumulation
of GAGs but upregulated the expression of MMP3
along with the nutrient and oxygen concentration
gradient. Thus, this 3D multilayered culture could
mimic the progress of NPD, in which cells gradually
lose nutrient and oxygen support but accumulate
lactate in their microenvironment.

Comparing the lactate concentration required
to trigger NP cell degeneration in the 2D model
to that required in the 3D in vitro model, Cs-Szabo
et al. (2002) showed that in a 2D culture model, a
lactate concentration of 2-6 mmol/L is enough to
induce NP cell apoptosis and autophagy as well as
matrix downregulation. Although findings from the
present 3D multilayered model suggested that lactate
treatment could directly induce NP cell degeneration,
the concentration of lactate that upregulated MMP3
expression and downregulated GAG accumulation
upon 3D culture was 10-20 mmol/L, which was
a higher dose of lactate than that required in 2D
culture and was more similar to that observed in
IVDD patients with relatively low oxygen (Bartels et
al., 1998). Accordingly, 3D culture can imitate the in
vivo environment more accurately than 2D culture.

Facilitating the diffusion of essential nutrients and
oxygen to promote cell survival in 3D tissue culturing
is possible in scaffolds with pores larger than 100 pm
(Rouwkema et al., 2008). In the present study, the
pore size of the scaffold, a clinically available gelatine
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Fig. 6. Lactate and hypoxia had a synergistic effect on MMP3 expression. (a) After NP cells were cultured
on the gelatine sponge with a chondrogenic DF for 10 d, the NP-cell-cultured medium within the gelatine
sponge was eluted from each layer. The lactate level in the eluted medium was determined using a lactate
assay kit. Results are presented as mean + SD. n = 3, n.s. = not significant, p > 0.05. (b) NP cells were seeded
on a gelatine sponge and incubated overnight. Then, CoCl, (25 mmol/L) or lactate (20 mmol/L) was applied
to the NP cells in a DF medium for 5 d. On day 5, the cells were harvested and the expression of MMP3
and GAPDH was analysed using qRT-PCR. The relative fold change in MMP3 expression was normalised
to the untreated group. Results are presented as mean + SD. n =3, * p <0.001.
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sponge, was 148 + 62 um (Kuo et al., 2016), which
is large enough for nutrient and oxygen diffusion.
Regarding thickness, the diffusion distance of oxygen
and nutrients from vessels to tissues is within 200 pm
(Jain et al., 2005). Since a single scaffold (1 mm) is
not thin enough for nutrient and oxygen diffusion,
after multilayered construction, an oxygen gradient
within a 5-layered gelatine sponge was obviously
formed and cell behaviours (including cell viability
and gene expression profile) were changed inside the
construct. In a previous study, aerobic pre-osteoblast
cells cultured on the bottom layer migrated to the
top layer (Wang et al., 2019). However, low-oxygen-
requiring NP cells would migrate to the bottom layer
(data not shown). The expression of chondrogenic
genes, COL2A1 and ACAN, and GAG accumulation in
the middle or bottom SL were much greater than that
in the top layer. Accordingly, the microenvironment
of the bottom layer might represent a better condition
for NP cell chondrogenic differentiation than the
top layer. This information may be applied to IVD
tissue engineering to save the expense of a hypoxia
chamber-related equipment.

Lactate, whose concentration gradually increases
along with the reduction in oxygen concentration
(Ishihara and Urban, 1999), seems to be a potential
soluble factor that induces IVDD. The accumulation
of lactate and the loss of oxygen diffusion have
been observed in IVDD (Ohshima and Urban,
1992). Lactate production and glucose uptake are
also augmented under treatment with the hypoxia-
inducing agent CoCl, (Hwang and Ismail-Beigi, 2002).
In the centre of the disc of patients with back pain,
the level of lactate produced by anaerobic glycolysis
is 10 times higher than that in the plasma (Bartels
et al., 1998; Bibby et al., 2005; Ohshima and Urban,
1992). Data in the 3D multilayered NPD model also
suggested that NPD occurred in the middle to bottom
layers with low oxygen levels. Thus, it was evidenced
that low oxygen levels could potently increase the
production of lactate in the cells.

In addition to the level of lactate, hypoxia
strengthens the effect of lactate on NP cell
degeneration. Data showed that in a CoCl,-
mimic hypoxic environment, lactate enhanced the
expression of IVDD markers, such as MMP3. This
evidence indicated that the effect of lactate on NP
cell degeneration was strengthened under hypoxic
conditions, which was not previously investigated.
The possible mechanism for lactate-induced NP
cell degeneration under hypoxic conditions was
proposed as follows. It has been shown that cancer
cells may escape lactate-mediated autophagy or
apoptosis under hypoxic conditions through an
NDRG3-dependent pathway, such as Ras/Erk (Lee
et al., 2015) or PI3K/Akt pathways (Liu ef al., 2018).
However, NDRG3 is an oncogene (Jing et al., 2018),
suggesting that NDRG3 may be expressed at a low
level or not at all in normal cells, such as NP cells. NP
cells may have low NDRG3 expression even under
hypoxic conditions, making them more sensitive
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to lactate-induced degeneration. Thus, NDRG3
downregulation might be the possible mechanism for
lactate-enhanced NP cell degeneration under hypoxic
conditions.

Excess lactate in the microenvironment is
associated with ECM depletion (Shi et al., 2019).
Generally, IVDD is a consequence of the destruction
of the ECM. Increased expression of major catabolic
enzymes in the ECM, such as MMP3 and ADAMTSs,
has been observed in IVDD (Vo et al., 2013).
However, it is unclear if excess lactate levels in
the microenvironment can regulate the expression
of MMPs. In the present study, lactate treatment
led to the downregulation of sulphated GAG
accumulation and the upregulation of MMP3
expression; however, lactate did not affect the mRNA
expression of the ECM-related genes COL2A1 and
ACAN. Thus, it is reasonable to conclude that lactate
downregulated sulphated GAG accumulation
through the upregulation of MMP3 expression.

MCT is a major lactate transporter. Generally,
MCT-11is a bidirectional lactate transporter and MCT-
4 is responsible for lactate export. Silagi et al. (2020)
demonstrated that MCT-1 and MCT-4 are expressed
in NP tissue by using immunohistochemistry
staining. In mid to severe grade IVD degeneration
(grade 4 to over 7), the percentage of cells expressing
MCT-4 was significantly decreased compared to
that in the healthy IVD; however, MCT-1 expression
was persistent. Thus, the role of MCT-1 cannot be
neglected. It is still unclear if MCT-1 inhibition is
beneficial for the reconstruction of the ECM by NP
cells. The present results demonstrated that AZD3965,
an MCT1-specific inhibitor, significantly reduced
lactate influx and decreased MMP3 expression even
under low oxygen conditions. Although AZD3965 is
a preclinical drug for adult solid cancer treatment, it
may have potential for improving IVDD. Thus, in the
future, AZD3965 may be applied to the affected spinal
region and used as an early-stage IVDD treatment.

Conclusion

The present study successfully established a 3D
multi-layered in vitro NPD model. In this model, the
expression of the degeneration marker MMP3 and
the chondrogenic markers COL2A1 and ACAN as
well as the accumulation of GAGs were observed as
a gradient in the stack. The inhibition of oxygen and
nutrient diffusion as well as the accumulation of the
metabolite lactate were identified as degeneration
factors. Furthermore, lactate influx induced MMP3
expression as a potential mechanism underlying NPD;
however, using AZD3965 to inhibit MCT1 limited the
lactate influx and improved NPD. Moreover, under
a hypoxic condition, lactate dramatically enhanced
MMP3 expression. Overall, the oxygen gradient in
the 3D multilayered NPD model modulated the disc
degeneration in response to lactate. This construct
has the potential to be used for studying therapeutic
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agents of NPD and the knowledge from the present
study may be applied to NPD treatment and NP
tissue engineering.
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Discussion with Reviewers

Tang Shirley: Can you comment on the differences
you might expect to observe if the study was
performed on human NP cells instead of bovine cells?
Authors: We think the results from bovine and human
NP cells would be similar. However, human fresh
NP tissue is very difficult to obtain while bovine NP
tissue it is easily available from slaughterhouses. We
have recently purchased human NP cells. Despite that
human NP cells are larger than bovine NP cells, their
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growth rate is slower than that of bovine NP cells.
Thus, it would take longer to get sufficient numbers
of cells to perform the experiments.

Reviewer: The authors provided an extensive
justification for using gelatine sponges in this
multilayered construct. Can they comment on the
differences they may expect to observe with other
types of commonly used biomaterials for NP repair,
e.g. collagen or hyaluronic acid hydrogels?
Authors: If collagen or hyaluronic acid hydrogels
is used, stiffness/softness and degradation velocity
ofthe hydrogel need to be a concern. The hydrogel
might be too soft to be layered. Moreover, its stiffness
may affect cell proliferation rate as well as lactate
production levels.

Gay Max: In your AZD rescue model, you pre-treated
in SL and then stacked the next day. Have you
thought about first performing your degeneration
model and then adding the AZD to rescue the
degeneration? What would you expect the outcome
of such a scenario be?

Authors: The ECM secreted by the NP cells makes
the sponge become a gel and decreases the water
and mass permeability; therefore, if the degeneration
model was set up first and then the AZD drug added,
the drug will probably not be very well absorbed into
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the discs. This may influence its effect. Thus, the discs
were treated before layering. Based on this question,
the treatment of AZD was performed following
layering. Surprisingly, the effect of AZD after layering
was the same as that before layering.

Gay Max: Lactate will accumulate in the medium
even if the receptor is blocked. Which effect do you
think the change in osmolarity will have on the cells
and the model?

Authors: According to Krouwels et al. (2018,
additional reference), the higher osmolarity of
the medium will make NP cells have more ECM.
However, in the present model, the medium was
changed every 2 d, so as not to affect osmolarity.

Additional Reference

Krouwels A, Melchels FPW, van Rijen MHP, Oner
FC, Dhert WJA, Tryfonidou MA, Creemers LB (2018)
Comparing hydrogels for human nucleus pulposus
regeneration: role of osmolarity during expansion.
Tissue Eng Part C Methods 24: 222-232.

Editor’s note: The Guest Editor responsible for this
paper was Andrea Vernengo.
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