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ABSTRACT
Background: Intervertebral disc (IVD) degeneration is characterized by a disruption of the balance between anabolic and 
catabolic cellular processes. Within the nucleus pulposus (NP), this involves increased levels of the pro-inflammatory cy-
tokines interleukin 1beta (IL1B) and tumor necrosis factor (TNF) and an upregulation of the protease families matrix met-
alloproteinase (MMP) and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS). Primary inhibitors 
of these proteases are the tissue inhibitors of matrix metalloproteinases (TIMP). This work aims at contributing to a better 
understanding of the dynamics among proteases, TIMP, and pro-inflammatory cytokines within the complex, multifactorial 
environment of the NP.
Methods: The Parallel Network (PN)-Methodology was used to estimate relative mRNA expressions of TIMP1–3, MMP3, and 
ADAMTS4 for five simulated human activities: walking, sitting, jogging, hiking with 20 kg extra weight, and exposure to high 
vibration. Simulations were executed for nutrient conditions in non- and early-degenerated IVD approximations. To estimate the 
impact of cytokines, the PN-Methodology inferred relative protein levels for IL1B and TNF, reintegrated as secondary stimuli 
into the network.
Results: TIMP1 and TIMP2 expressions were found to be overall lower than TIMP3 expression. In the absence of pro-
inflammatory cytokines, MMP3 and/or ADAMTS4 expressions were strongly downregulated in all conditions but vibration 
and hiking with extra weight. Pro-inflammatory cytokine exposure resulted in an impaired inhibition of MMP3, rather than of 
ADAMTS4, progressively rising with increasing nutrient deprivation. TNF mRNA was less expressed than IL1B. However, at 
the protein level, TNF was mainly responsible for the catabolic shift in the simulated pro-inflammatory environment. Overall, 
results agreed with previous experimental findings.
Conclusions: The PN-Methodology successfully allowed the exploration of the relative dynamics of TIMP and protease 
regulations in different mechanical, nutritional, and inflammatory environments in the NP. It shall stand as a comprehen-
sive tool to integrate in vitro model results in IVD research and approximate NP cell activities in complex multifactorial 
environments.
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1   |   Introduction

Low back pain is the leading cause of disability worldwide, pre-
senting both an economic and epidemiological burden [1, 2]. It 
affects up to 85% of people [3], predominantly individuals in 
middle to old age, imposing severe restrictions in social and 
physical capacity and importantly affecting mental health [4].

The onset of low back pain is strongly correlated with interverte-
bral disc (IVD) degeneration (IDD) [4]. IDD is characterized by a 
disruption of the balance between catabolic and anabolic protein 
secretion, which increases the presence of proteases that degrade 
the IVD extracellular matrix [5–7]. Thereby, matrix metallopro-
teinase-3 (MMP3) and a disintegrin and metalloproteinase with 
thrombospondin motifs-4 (ADAMTS4) are key proteases in IDD, 
correlating with increasing degeneration grade [5–9].

The main inhibitors of proteases are the tissue inhibitor of ma-
trix metalloproteinases (TIMP). Four TIMP are known, out of 
which TIMP1–3 are most commonly investigated. TIMP3 is the 
only member of the TIMP family bound to the extracellular ma-
trix [10]. The inhibition of proteases by TIMP occurs through 
an interaction with the active cleavage site of the proteases in 
a 1:1 stoichiometric ratio by forming a non-covalent complex 
[11–13]. The N-terminal domain of TIMP is assumed to play a 
critical role in the binding specificities [11]. TIMP1 and TIMP2 
have a high binding affinity to MMP3 [11, 14], while TIMP3 
shows greater specificity for ADAMTS4 [15]. Beyond the afore-
mentioned details of interactions, the effective control and role 
of TIMP to maintain the integrity of the IVD in a multifactorial 
environment, however, remain poorly apprehended and were, 
therefore, tackled in this work.

In addition to an increase in protease activity, pro-inflammatory 
cytokine expression increases during IDD. Especially interleu-
kin 1 beta (IL1B) and tumor necrosis factor (TNF) have been 
shown to be elevated in degenerated discs [16, 17]. IL1B treat-
ment in non-degenerated nucleus pulposus (NP) cells led to up-
regulated gene expression of key catabolic proteins including 
MMP3 and ADAMTS4 [5]. Elevated TNF levels were associated 
with non-recoverable catabolic shifts in the IVD [18]. However, 
the role of pro-inflammatory cytokines in the dual regulation of 
proteases and TIMP has not yet been elucidated.

According to experimental models, nutritional and mechani-
cal extrinsic stimulations are believed to largely influence IVD 
cells [9]. As the IVD is the largest avascular structure within the 
human body [19] cell nutrition depends on the diffusion of nutri-
ents from the capillaries located at the Cartilage Endplates [20]. 
This creates steep gradients of nutrients (oxygen, glucose, pH), 
resulting in low glucose and oxygen concentrations and low pH 
around the mid transverse plane of the NP [20]. Additionally, 
human movement activities cause the IVD to be dynamically 
exposed to a variety of mechanical loads, translated into varying 
intradiscal pressures (magnitude) and frequencies into the NP 
[21]. Despite extensive studies evaluating the effect of key nu-
tritional (pH, glucose) and mechanical (magnitude, frequency) 
stimuli on gene expression of TIMP and proteases [22–26], in-
sight on the combined effect of regulatory stimuli on NP cell 
activity (CA) is limited. Furthermore, it is necessary to appre-
hend the role of pro-inflammatory cytokines in multifactorial 

environments. While experimental research remains time and 
cost intensive, in silico methods to approximate dynamics at a 
(multi-)cellular level provide a promising approach.

A methodology was recently proposed to simulate CA regulated 
by multifactorial stimulus environments, which was mathemat-
ically represented as simultaneous ongoing actions in parallel 
networks (PN) [27]. This method combines experimental data 
about cell responses to varying stimulus doses; it allows to es-
timate effective CA directly at the (multi-)cellular level while 
considering intracellular regulations as a “black box.” The PN-
Methodology also allows automatically switching the nature of 
a stimulus (i.e., activating or inhibiting), depending on the dose 
of this stimulus, as informed by experimental models.

Hence, the objective of this work is to investigate the dynamics of 
TIMP1–3, MMP3, and ADAMTS4 in response to complex micro-
environmental stimuli, with and without TNF and IL1B proteins. 
To this end, the PN-Methodology was further leveraged regarding 
mathematical estimations of mRNA–protein dynamics.

2   |   Materials and Methods

2.1   |   Overview of the Simulated Network

mRNA expressions of TIMP1, TIMP2, TIMP3, MMP3, 
ADAMTS4, IL1B, and TNF were estimated based on user-defined 
levels of key nutritional and mechanical stimuli, within ranges 
of stimulus doses defined in the literature (Figure 1). Stimulus 
doses were set to simulate five human activities: sitting, walking, 
hiking with 20 kg extra weight, and exposure to vibration. Each 
activity was simulated for three nutritional conditions, covering 
optimal, critical, and early degenerated cell environments.

mRNA levels of IL1B and TNF were translated into protein lev-
els and refed into the PN-System as secondary stimuli to obtain 
TIMP1, TIMP2, TIMP3, MMP3, and ADAMTS4 of cells exposed 
to a pro-inflammatory environment (Figure 1).

As opposed to nutritional stimuli that define a baseline acti-
vation and are, therefore, always activating (see [27] for more 
information), the nature of mechanical stimuli (magnitude, 
frequency) depends on the stimulus dose. The effect of pro-
inflammatory cytokines was assumed to be either only activat-
ing or only inhibiting (Figure 1).

2.2   |   Overview of the PN-Methodology

The PN-Methodology [27] interprets each CA as an interdepen-
dent parallel ongoing action of a cell. Thereby, each CA (here 
mRNA expression) is determined by combinations of the key 
nutritional stimuli glucose, pH, magnitude and frequency and 
reflect one PN. Accordingly, many CA are reflected as many 
relatively small feedforward PN. The relationship between one 
stimulus with one targeted mRNA expression is called S-CA re-
lationship and is determined by the product of the two variables 
θ and x. Both are sensitive to the specific stimulus (subscript S) 
and cell activity (superscript CA) and therefore specified as xCA

S
 

and �CA
S

, respectively.
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xCA
S

 approximates the sensitivity of a mRNA expression to a given 
stimulus dose through a function. This function is based on dis-
crete values from the literature and assigns a CA to a stimulus 
dose. If a stimulus is only activating or inhibiting, the CA ranges 
between 0 (minimal mRNA expression at a given stimulus dose) 
and 1 (maximal mRNA expression at a given stimulus dose). If 
the nature of a CA is dose-dependent, it ranges between −1 and 
1. Thereby, positive and negative values reflect an activating and 
inhibiting effect, respectively, as previously explained [27] (see 
Figure 3, Section 3). The more the CA tends to 1 the higher is its 
activating effect, and the more the CA tends to −1, the higher is 
its inhibiting effect.

�CA
S

 is a (real) number bigger than 0 and maximum 1. It reflects the 
impact of a stimulus on a given CA and is called “weighting fac-
tor.” It is derived from the maximal change in mRNA expression, 
optimally directly calculated from the experimental measure-
ments used to determine xCA

S
. The in-depth pipeline to obtain �CA

S
 

[28] and xCA
S

 [29] were provided before and visualized in Figure 2.

To describe the network given in Figure 1, 38 links (S-CA rela-
tionships) need to be specified, each in terms of the sensitivity of 
a CA to varying stimulus dose (xCA

S
) and in terms of the overall 

impact this stimulus might have on a CA (�CA
S

).

Whenever possible, CA should be estimated for physiologically 
relevant stimulus doses. For the NP, glucose concentrations 
range between 0 and 5 mM [30], pH ranges between 6.5 and 
7.4 [23] and magnitude varies between 0.1 and 3.5 MPa [21, 31]. 
For frequency, a relevant range for a set of human daily activi-
ties was chosen, starting from 0 Hz (static) to 40 Hz to simulate 
whole body vibrations, such as caused by vehicle engines.

In terms of cell type, human (non-degenerated) cells were prior-
itized over bovine cells. Otherwise, in vitro work with rat cells 
was used (Appendix  S1). 3D cell cultures were preferred over 
2D cell cultures. As NP cells change their biological activity as 
they progress from immature to mature, mature NP cells were 
preferred.

The activity of each PN was calculated with the PN-Equation 
(Equation 1) [27, 28] that determines the individual activation 
and strength of each PN within the PN-System. Briefly: the 
PN-Equation consists of an activating (α) and an inhibiting (β) 
portion. The activating portion consists of two terms; in its first 
term, it considers all the activating weighting factors of the PN-
System 

(

��
)

. This includes the potentially activating contribu-
tion of dose-dependent stimuli. The first activating term is then 
multiplied with the activating S-CA relationships of the actual 
PN 

(

�CA
S,�
xCA
S,�

)

. This gives the weight of the tackled PN in the light 
of the whole PN-System. The inhibiting portion consists of three 
terms and is calculated independently from the activating term. 
The first inhibiting term determines the relative strength of the 
inhibitors for this mRNA. The second term includes all the in-
hibiting weighting factors for a given mRNA, independently of 
the CS. The third inhibiting term, eventually, calculates the ac-
tual inhibiting S-CA relationship of this PN.

(1)
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�

�
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FIGURE 1    |    Overview of the simulated environment. The PN-Methodology was used to estimate the relative mRNA expressions of the targeted 
proteins MMP3, ADAMTS4, TIMP1, TIMP2, and TIMP3 exposed and not exposed to pro-inflammatory cytokines. For cells not exposed to pro-
inflammatory cytokines (green colored cells), mRNA expressions were based on glucose concentration, pH, load magnitude, and load frequency, 
while cells exposed to pro-inflammatory cytokines (red colored cells) additionally obtained input from IL1B and TNF proteins (prot). The nature of 
the links may be generally activating (blue), generally inhibiting (red), or depending on the stimulus dose (purple). Links reported to be statistically 
significant in the experimental literature are marked with a continuous line; those reported to be nonsignificant are reflected by a dashed line. Gray 
S-CA relationships have the same value than their counterpart in the cytokine-free environment. Extracellular: The PN-methodological concept was 
used to estimate protein levels of IL1B and TNF, required to estimate a pro-inflammatory environment.
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To explicitly assign S-CA relationships to either the activating 
or inhibiting term of the PN-Equation and to cope with the dose 
dependency of magnitude and frequency being either anabolic 
or catabolic, four sets of PN-Equations were required, where (i) 
both magnitude and frequency were anabolic, (ii) magnitude 
was anabolic and frequency catabolic, (iii) frequency anabolic 
and magnitude catabolic, and (iv) both magnitude and fre-
quency were catabolic.

The solution to the PN-Equation provides a dimensionless value 
called “PN-Activity” that indicates the activation of a specific 
CA. Calculating the solution for each CA results in an overall 
cell (mRNA) profile, that is, interrelated CA in terms of the 
simulated mRNA expressions. The higher the value of a PN-
Activity, the higher the activity of a NP cell to express the re-
spective mRNA. A PN-Activity of 0 means minimal (and not 
“zero”) expression of the respective mRNA.

FIGURE 2    |    Top: One parallel network of TIMP1 for cells exposed to pro-inflammatory cytokines (see also Figure  1). Stimulus-cell activity 
(S-CA) relationships are exemplarily mentioned for glucose (glc)-TIMP1, TNF-TIMP1, and pH-TIMP1 (green). Below: Data extraction for pH-TIMP1. 
Determination of �: Experimental data about TIMP1 mRNA expression at different pH (modified from [23]). � reflects the highest change in relative 
gene expression. Determination of x: Relative gene expression at pH 7.4, 7.1, 6.8, and 6.5 were normalized to fit continuous sigmoidal functions to 
approximate a continuous cell activity for TIMP1 mRNA expression throughout a physiological range of pH. mag: magnitude; freq: frequency.
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2.3   |   Application of the PN-Methodology on 
the Current System (Figure 1)

Functions that relate proteases and pro-inflammatory cy-
tokines of NP cells to global stimuli (glucose, pH, magni-
tude, frequency) were used as previously discussed [27, 28] 
(Appendix S1). In contrast, all the data related to TIMP mRNA 
expressions were newly approximated and are subsequently 
introduced.

A data-driven approach was used to estimate the sensitivity of 
TIMP to glucose, pH, magnitude, and frequency, as exempli-
fied in Figure 2. Experimental data from Gilbert and colleagues 
were used to estimate the relationship between pH and TIMP 
[23] and data from Saggese et al. [26] was used to estimate the 
relationship between glucose and TIMP1. The response of TIMP 
to magnitude and frequency was obtained from Li et  al. [22]. 
Unfortunately, experimental data was only partially available. 
Hence, similarities among TIMP were examined to approxi-
mate missing data. Specifically, knowledge about selective pro-
tease inhibition, that is, TIMP1,2 rather than inhibiting MMP3 
[11, 14] and TIMP3 rather than inhibiting ADAMTS4 [15], drove 
the decision to approximate missing TIMP2 information with 
TIMP1 data whenever TIMP1 data were available. An overview 
of all the experimental data used is provided in Appendix S1.

Functions that describe xTIMP
S

 were fitted using the free online 
graphing calculator DESMOS (https://​www.​desmos.​com/​calcu​
lator​). The parameters of a sigmoidal function were optimized to 
make the curve match the discrete data points from the experi-
mental measurements. The curve-fitting approach was used as 
previously explained [28, 29].

To relate TIMP1 and TIMP2 mRNA expression to a physiolog-
ical spectrum of magnitude, a generic function was used, as 
literature data report the largest apparent mRNA fold-change 
between 0.8 and 1.3 MPa in accordance with the profile of 
the generic function. Generic functions are knowledge-based 
functions that were built on a variety of experimental data 
and reflected an overall range within which a loading might 
be beneficial and in which range loading might be detrimen-
tal. For magnitude, a shift from beneficial to detrimental (for 
persisting/chronic pressure values) is roughly estimated to be 
around 1 MPa (see Section 3, Figure 3; for more information [27], 
Appendix S1).

Instructions on how to obtain weighting factors were previously 
provided [28]. In short, a maximum change in mRNA expres-
sion of cells exposed to different concentrations of stimuli (�) 
was obtained from experimental research. To cope with the dis-
crepancy between mRNA suppression (ranging from 0 to 1) and 
mRNA increase (ranging from 1 < ∞), a function of � ( f(�)) was 
applied to turn mRNA suppression to semi bounded ranges by 
using reciprocal proportional relationships f(�) = � and f(�) = 1

�
 

for ϵ > 1 and for 0 < ϵ < 1, respectively. Thereby, f(�) was under-
stood as an estimation of the “cellular effort” to increase or de-
crease mRNA expressions compared to a control. To calculate 
the weighting factors (�CA

S
), f(�) for all significant relationships 

were normalized to the highest f(�) within the network, whereas 
nonsignificant S-CA relationships were set to a �CA

S
 of 0.0010 to 

be less than 5% of the lowest experimentally determined weight-
ing factor (here, the relationship between pH and TIMP1 with 
0.0339, see Section 3, Table 2). The respective �CA

S
 to estimate the 

effect of pro-inflammatory cytokines on TIMP were obtained 
from personal communication (Appendix S1).

FIGURE 3    |    Simulated response of TIMP to magnitude and frequency. Due to a lack of data, it was initially assumed that TIMP2 follows a similar 
behavior to TIMP1. The relationship of TIMP 1 and TIMP2 to magnitude is based on generic, knowledge-based assumptions [27]. Activating effect of 
loading on TIMP is reflected with values between 0 and 1 (green). Inhibiting effects of loading on TIMP is reflected by values between 0 and −1 (red).

https://www.desmos.com/calculator
https://www.desmos.com/calculator


6 of 13 JOR Spine, 2025

TABLE 1    |    Overview of stimulus values used to simulate five human habits within three nutrient environments.

Stimulus Optimal Critical Early degenerated

Glucose (mM) 5 1.03 0.89

pH 7.1 6.95 6.93

Stimulus Sitting Walking Hiking (+20 kg) Jogging Vibration

Magnitude (MPa) 0.55 0.60 1.1 0.65 0.55

Frequency (Hz) 0.0001 1.80 1.00 2.75 15.00

TABLE 2    |    Functions that relate the cell activity (CA) in terms of TIMP1, TIMP2, and TIMP3 mRNA expressions with varying physiological 
nutrient concentrations.

CA xCA
S

TIMP1 xTIMP1
glc

=
e14.87∗(glc)

e14.87∗(glc) + 2.979∗1019
6.5 < pH ≤ 7.0738

xTIMP1
pH1

=
e−44.213∗(pH−6.5)

e−44.213∗(pH−6.5) + 3.28∗10−6

7.0738 < pH ≤ 7.4

xTIMP1
pH2

=
e35.65∗(pH−6.5)

e35.65∗(pH−6.5) + 2.62∗1014

xTIMP1mag =
e14mag∗1.99999

e14mag + 1.2∗106
−

1.99999

2
0 ≤ freq ≤ 0.5005

xTIMP1
freq1

=
e43.2∗(freq)

e43.2∗(freq) + 2.128∗104

0.5005 < freq ≤ 1.0874

xTIMP1
freq2

= 1.99995∗ − e21∗(freq)

e21∗(freq) + 8.27∗109
+ 1

1.0870 < freq ≤ 1.62514

xTIMP1
freq3

= 1.99995∗ − e21∗(freq)

e21∗(freq) + 8.27∗109
+ 1

1.62514 < freq < 3.3625

xTIMP1
freq4

= 0.5∗ e9∗(freq)

e9∗(freq) + 1.50∗1010
− 1

3.3625 < freq ≤ 40

xTIMP1
freq5

= 0.5∗ − e12∗(freq)

e12∗(freq) + 3.10∗1020
− 0.5

TIMP2 glc, mag, freq: see TIMP1 6.5 < pH ≤ 6.8381

xTIMP2
pH1

= 0.46∗ e40∗(pH−6.5)

e40∗(pH−6.5) + 1.4∗103

6.8381 < pH ≤ 7.0604

xTIMP2
pH2

= 0.182∗ e33.4∗(pH−6.5)

e33.4∗(pH−6.5) + 1.0∗106
+ 0.438

7.0604 < pH ≤ 7.4

xTIMP2
pH3

= 0.40∗ e35.3∗(pH−6.5)

e35.3∗(pH−6.5) + 8.0∗109
+ 0.6

TIMP3 glc: see TIMP1
0 ≤mag ≤ 0.4096

xTIMP3mag1
=

e51∗(mag)

e51∗(mag) + 4.0∗104

0.4096 <mag ≤ 0.8871

xTIMP3mag2
= 2∗ − e23∗(mag)

e23∗(mag) + 7.278∗108
+ 1

0.8871 <mag ≤ 3.5

xTIMP3mag3
= 2∗ − e23∗(mag)

e23∗(mag) + 7.278∗108
+ 1

6.5 < pH ≤ 6.8262

xTIMP3
pH1

= 0.99996∗ e119.43∗(pH−6.5)

e119.43∗(pH−6.5) + 0.52532

6.8262 < pH ≤ 7.0267

xTIMP3
pH2

e−137.38∗(pH−6.5)

e−137.38∗(pH−6.5) + 1.3611∗10−24

7.0267 < pH ≤ 7.4

xTIMP3
pH3

=
e46.41∗(pH−6.5)

e46.41∗(pH−6.5) + 1.1181∗1018

0 < freq ≤ 0.99975

xTIMP3
freq1

=
e19.5∗(freq)

e19.5∗(freq) + 8∗103

0.99975 < freq ≤ 2.7200

xTIMP3
freq2

= 2∗ e−6.51∗(freq)

e−6.51∗(freq) + 2.04∗10−8
− 1

2.7200 < freq ≤ 5.0

xTIMP3
freq3

= 2∗ e−6.51∗(freq)

e−6.51∗(freq) + 2.04∗10−8
− 1

Note: Glucose (glc): 0 < glc (mM) ≤ 5.0; pH: 6.5 < pH ≤ 7.4; magnitude (mag) 0 < mag (MPa) ≤ 3.5; frequency (freq); 0 < freq (Hz) ≤ 40. If several (n) functions were 
required to describe a physiological range, functions were indicated with a subscript, from 1 to n.
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2.4   |   Predicting a Pro-Inflammatory 
Environment

The protein levels of the pro-inflammatory cytokines, 
YIL1B,YTNF, were estimated based on their respective mRNA ex-
pressions (Equations 2 and 3): PN-Activities of IL1B and TNF 
(�IL1B,�TNF) were normalized by their respective maximum pos-
sible mRNA expression (�IL1B,max,�TNF,max). Maximum mRNA 
expressions were obtained by setting xCA

S
 to a value of one under 

conditions that only activate the considered pro-inflammatory 
cytokine, that is, when the inhibition term of the PN-Equation 
is zero (see [27]).

YIL1B and YTNF were then fed back into the intracellular network 
(Figure  1) as xCA

IL1B
 and xCA

TNF
, respectively (see Figure  2, exam-

ple for xTIMP1
TNF

) to calculate the mRNA expressions of TIMP1, 
TIMP2, TIMP3, MMP3, and ADAMTS4 of cells exposed to a 
pro-inflammatory environment.

2.5   |   Simulated Conditions

PN-Activities for five daily human habits were simulated: “sit-
ting,” “walking,” “hiking with 20kg extra weight,” “jogging,” 
and “exposure to high vibration.” Human habits were chosen 
according to prolonged activities of humans where cells might 
adapt to input stimuli, including possibly critical activities such 
as “exposure to high vibration” and “hiking with 20 kg extra 
weight.” Intradiscal pressures were obtained from in vivo mea-
surements by Wilke et al. [21]. Frequencies for walking and jog-
ging were obtained from the literature [32, 33]. A hiking pace 
of one step per second was assumed and a vibration frequency 
approximating an exposure to the vibration of an engine was 
reflected by a value of 15.00 Hz.

All the human habits were simulated for three nutritional condi-
tions that were obtained from mechano-transport finite element 
(FE) models [34] (previously used as input for network model-
ing [28]). Two conditions simulated a non-degenerated IVD: one 
close to the Cartilage Endplates (“optimal” condition [30, 35]); 
one around the mid-transverse plane of the IVD, in the ante-
rior region of the NP, where the most adverse nutrient condi-
tions were found within the mechanically loaded disc (“critical” 
condition). A third nutritional condition reflected an IVD also 
around the anterior mid-transverse plane of the NP, with a sim-
ulated early degenerated Cartilage Endplate [28] (“early degen-
erated” condition) (Table 1).

3   |   Results

3.1   |   System Parameters

All the functions obtained to describe the response of TIMP to 
global stimuli are listed in Table 2.

A visualization of the responses of TIMP to magnitude and fre-
quency is provided in Figure 3.

The most pronounced lack of data was found with respect to 
TIMP2, where protein-specific information was only found for 
its mRNA expression related to varying pH (Appendix S1).

The weighting factors for this system are given in Table 3. The 
strongest S-CA relationship within the PN-System was found to 
be the relationship between pH and IL1B.

3.2   |   System Predictions

Cells not exposed to pro-inflammatory cytokines showed a high 
anabolic CA with elevated TIMP2 and TIMP3 mRNA expres-
sions in all human habits throughout all nutrient conditions. 
TIMP1 only showed notable upregulation in “hiking with 20 
kg extra weight.” Elevated protease mRNA expression was only 
predicted for hiking with additional weight and vibration, while 
remaining minimal for any other condition. Exposure to pro-
inflammatory cytokines had a marginal effect on TIMP but 
caused an upregulation of proteases in all the simulated condi-
tions. Upregulation of MMP3 was more pronounced than the 
one of ADAMTS4 (Figure 4) and notably upregulated towards 
more adverse nutrient conditions.

In terms of pro-inflammatory cytokines, the mRNA expres-
sion of IL1B was predicted to be higher than the mRNA ex-
pression of TNF. PN-Activities of both IL1B and TNF slightly 
rose under more adverse nutrient concentrations (Figure  5, 
left). IL1B protein synthesis was overall constantly low 
throughout different nutrient and loading conditions, while 
TNF largely increased with adverse nutrient and loading con-
ditions (Figure 5, right).

4   |   Discussion

4.1   |   TIMP and Protease Cell Profiles (Figure 4)

Unique TIMP and protease CA for a variety of human habits 
for three different nutrient concentrations were obtained for 
NP cells exposed and not exposed to pro-inflammatory cy-
tokines. Such cell profiles provided by the PN-Methodology 
might be read as relative CA of one (average) cell, or they can 
be interpreted as the average response of various cells. This 
becomes particularly important when comparing simulation 
results with experimental data on the percentage of immu-
nopositive cells for TIMP and proteases for different stages of 
degeneration [5], and with evaluations of the effect of a com-
bined IL1B and TNF-enriched culture medium on bovine NP 
biopsies [36].

With more adverse nutrient concentrations, a catabolic shift 
was predicted, which is particularly pronounced in cells ex-
posed to pro-inflammatory cytokines. The low effect of vary-
ing physiological and early degenerated nutrient concentrations 
within short timeframes agrees with general expectations 
that degenerative processes take months to years to evolve. 
However, the literature shows that with increasing degeneration 

(2)YIL1B =
�IL1B

�IL1B,max

(3)YTNF =
�TNF

�TNF,max
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grades, the relative percentage of cells immunopositive for pro-
inflammatory cytokines also increases [16, 27]. Therefore, in ad-
dition to the individual catabolic shift of one cell, the number of 
cells showing catabolic activity also rises.

Regarding specific human movement habits, a strong catabolic 
shift due to exposure to vibration (15 Hz, Table 1) is in agree-
ment with findings reporting that a low level of frequency is 
required to maintain the functionality of the IVD [22, 37, 38]. 
However, high vibration might often be damped, so that detri-
mental loading might not reach the NP cell microenvironment. 
Interestingly, an elevated TIMP1 expression was only predicted 
by the model for hiking with extra weight, the only condition 
that exceeds intradiscal loading pressure of 1 MPa (Table  1). 
This was supported by experimental findings that TIMP1 ex-
pressions in bovine NP tend to be upregulated under loading 
conditions exceeding 1 MPa [39].

As per pro-inflammatory cytokine exposure, the model predicts 
an overall catabolic shift (Figure 4), which is supported by var-
ious experiments [16, 28, 40, 41]. Thereby, the catabolic shift is 
characterized by a stagnant TIMP mRNA expression and a rise 
in proteases. Similar findings were provided for TIMP3, with 
a stagnant percentage of immunopositive cells, while the per-
centage of immunopositive cells of any other mRNA expressions 

tackled in this study significantly rose throughout degenerative 
stages [5]. A stagnant prediction of TIMP1 and TIMP2 is at-
tributed to the lack of data about the relationship between IL1B 
and TNF on TIMP1 and TIMP2, which required the use of data 
of TIMP3 also for TIMP1 and TIMP2 (see also Appendices S1 
and S2). As soon as experimental data about the individual ef-
fect of IL1B and TNF on TIMP1 and TIMP2 is available, the PN 
modeling design allows for a smooth implementation of this 
information.

Regarding proteases, a rise of MMP3 for all the human activ-
ities due to the presence of pro-inflammatory cytokines was 
predicted, which is in concordance with a positive correlation 
between increasing percentages of cells immunopositive for 
MMP3, degeneration grades [5] and correspondingly to com-
bined IL1B and TNF exposure [36].

ADAMTS4 mRNA expression was predicted to be minimal and 
low, without and with pro-inflammatory cytokine exposure, 
respectively. This was confirmed by a nonsignificant change in 
ADAMTS4 expression due to combined IL1B and TNF exposure 
[36]. ADAMTS4 levels were, however, always increased under 
hiking with extra weight and with exposure to high vibration 
(Figure  4). This confirms that such loading conditions might 
contribute to IDD by reflecting detrimental effects as found in 

TABLE 3    |    Weighting factos for each cell activity (CA) and stimulus (S) (�CA
S

).

Stimulus mRNA �
CA
S

Stimulus mRNA �
CA
S

glc MMP3 0.0010 mag MMP3 0.0010

ADAMTS4 0.0010 ADAMTS4 0.0494

IL1B 0.0010 IL1B 0.0010*

TNF 0.0010 TNF 0.0010*

TIMP1 0.0010 TIMP1 0.0010

TIMP2 0.0010* TIMP2 0.0010*

TIMP3 0.0010* TIMP3 0.0694

pH MMP3 0.3500 freq MMP3 0.1852

ADAMTS4 0.0704 ADAMTS4 0.0988

IL1B 1.0000 IL1B 0.0010*

TNF 0.0010 TNF 0.0010*

TIMP1 0.0623 TIMP1 0.0353

TIMP2 0.0417 TIMP2 0.0353*

TIMP3 0.0010 TIMP3 0.0803

IL1B MMP3 0.1333 TNF MMP3 0.3310

ADAMTS4 0.0010 ADAMTS4 0.0710

TIMP1 0.0010* TIMP1 0.0010*

TIMP2 0.0010* TIMP2 0.0010*

TIMP3 0.0010 TIMP3 0.0010

Note: The highest weighting factor is shown in bold, weighting factors of nonsignificant S-CA relationships are set to 0.0010. S-CA relationships marked with asterisk 
symbol were not found in (or could not be directly translated from) the literature and an approximate weighting factor was assumed.
Abbreviations: Freq, frequency; Glc, glucose; Mag, magnitude.
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weight lifting, heavy work (carpenters) [42, 43] and whole body 
vibration (machine drivers) [43], respectively. Hence, results 
support the benefit of hip belts while hiking with extra load.

In terms of relative mRNA predictions within the cell profiles, 
TIMP3 mRNA expression was predicted by the model to be the 
most upregulated TIMP mRNA expression, independently of 
the presence of pro-inflammatory cytokines. This goes along 
with findings by Le Maitre et al. [5], who observed that through-
out degeneration, TIMP3 immunopositivity was always highest 
compared to TIMP1 and TIMP2 immunopositivity. Thereby, a 
rise of TIMP2 was only found for importantly degenerated IVD, 
which goes along with our findings that only encompass early 
degenerative states (see Section 4.2 for relativization). However, 
a rise of TIMP1 immunopositivity was already observed at lower 
degenerative states [5], which might suggest an underprediction 
of TIMP1 by the model at early-degenerative nutrient concen-
tration. Conversely, other experimental studies regarding the 
effect of TIMP1 on TNF and IL1B on bovine whole organ cul-
tures confirmed nonsignificant alterations of TIMP1 within 
combined TNF and IL1B exposure for up to 7 days of exposure, 
before becoming significant [36]. Such findings emphasize the 
importance of time sensitivity to duly categorize and understand 
CA in both experimental and in silico research. While the ef-
fect of long-term exposure is yet to be fully investigated for the 
current TIMP and protease regulations, the PN-Methodology 
was designed for the continuous integration of time-sensitive 

approximations [27] and can, thus, eventually provide more in-
sight into temporal considerations.

In terms of proteases, MMP3 immunopositivity was predicted by 
the model to be minimal in the absence of pro-inflammatory cy-
tokines for all non-catabolic loading conditions. This is aligned 
with negligible MMP3 immunopositivity in non-degenerated NP 
cells [5]. However, the overall low ADAMTS4 mRNA expression 
stood in contrast to the findings of Le Maitre and colleagues [5], 
who found that around 20% of NP cells expressed ADAMTS4 
already at a non-degenerative state, which then rises throughout 
degeneration. This indicates that changes in ADAMTS4 might be 
correctly predicted by the model, whilst the overall PN-Activity 
compared to other mRNA expressions might be underpredicted. 
Reasons for this might be important discrepancies between the 
used experimental data (Appendix S1) and actual human in vivo 
expressions or the neglect of an additional (global) stimulus that 
strongly regulates ADAMTS4 mRNA expression, in addition to 
the four tackled global stimuli. This outcome shows the poten-
tial of the PN approach to identify whether key relevant stimuli 
were considered for a certain mRNA expression.

Indeed, the direct use of experimental data enabled by the PN 
modeling approach allows to maintain the model close to bio-
logical finding and is, thus, beneficial. However, this goes along 
with three main types of assumptions because of limited data 
availability and non-standardized experimental protocols: (i) a 

FIGURE 4    |    Predicted mRNA profiles for cells not exposed and exposed to pro-inflammatory cytokines for five human habits: sitting, walk-
ing, hiking with 20 kg extra weight, jogging, and exposure to high vibration, and within three different nutrient (nut.) environments being optimal 
(pH 7.1, 5 mM glucose), critical (pH 6.95, 1.03 mM glucose), and early degenerated (pH 6.93, 0.89 mM glucose).
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lack of information for the mathematical functions, (ii) the need 
for pooling together primary cell cultures from different species 
and different culture conditions, and (iii) a lack of evidence-
based mathematical models to pass from mRNA expression to 
protein secretion (Section  4.2). In the present model, unfortu-
nately, experimental data for TIMP2 was only available regard-
ing pH. Missing information on TIMP2 mRNA expression upon 
glc, mag, and freq variations was approximated with the corre-
sponding responses reported for TIMP1. This decision was based 
on the similarity of the selective binding of TIMP1 and TIMP2 
to MMP3 [11, 14] (see Section 2). For an optimal prediction of 
TIMP2 mRNA expression, experiments should expose NP cell 
cultures to varying levels of glc, mag, or freq. Stimuli should op-
timally cover physiologically relevant ranges of stimulations (see 
Secstion 2.2 and Figures 1 and 2). Particularly for mechanical 
loading, full ranges are not always given (e.g., [37]), which may 
lead to an underestimation of the impact of that stimulus on a 
CA. Additionally, information about TIMP mRNA expression 
upon exposure of NP cells to pro-inflammatory cytokines was 
generally limited, and TIMP3-like impact was assumed for both 
TIMP1 and TIMP2.

As a lack of data is a common problem in biological network 
modeling, the PN-Methodology was specifically designed to offer 
the following advantages in its quality as a high-level approach: 
(i) it requires a reduced amount of experimental data compared 
to intracellular network models; (ii) it permits straightforward 
substitution and aggregation of experimental data. Hence, by the 
way it is built, the model can improve as further data is produced. 
It is, thus, a great tool to progressively integrate new data and to 
suggest the need for new specific experiments, even if early ver-
sions unavoidably suffer limitations because of the data-driven 
nature of the functions and the theta values. Extensive informa-
tion about the source of the data and corresponding limitations, 
such as an overview of the strength of the experimental basis for 
the current results, is given in Appendices S1 and S2.

Despite its limitations, this model was able to provide valu-
able semi-quantitative predictions as per pro-anabolic or 
pro-catabolic cell states, which was demonstrated through 
qualitative comparisons with literature data and knowledge. 

Given that a wide variation of cell culture models exists, and ex-
perimentalists generally have a limited control over the control 
groups and the conditioning of cell perturbations, quantitative 
validations could only be done with consistent sets of primary 
cells cultured under all the conditions explored in the model. 
Unfortunately, such data do not exist at the present time to the 
best of our knowledge. Hence, qualitative validation of the type 
of CA and robustness against falsification tests remained the 
best options. However, as a future development, we shall con-
sider replacing the fitted functions with Bayesian interpolations 
to include the stochastic aspects of the data we are using.

Eventually, to evaluate the inhibitory potential of TIMP on pro-
teases arising from the presented cell profiles, further analysis 
was conducted (Appendix  S3), predicting TIMP to efficiently 
downregulate proteases in all conditions but exposure to vibra-
tion in cells not exposed to pro-inflammatory cytokines. Due to 
pro-inflammatory cytokine exposure, particularly the inhibi-
tion of MMP3 was predicted to be impeded.

4.2   |   The Pro-Inflammatory Environment 
(Figure 5)

At the mRNA level, both IL1B and TNF were predicted to have 
a relatively low expression with a PN-Activity of less than 0.05; 
thereby, IL1B was expressed more highly than TNF. This ten-
dency was also found in experimental research, where both the 
percentage of cells that express IL1B and its receptor tended to 
be higher than the percentage of cells that express TNF and its 
receptor [16]. Interestingly, the translation to proteins through 
the PN-Methodology indicated that, particularly under critical 
and early degenerated nutritional conditions, the catabolic shift 
of pro-inflammatory cell profiles (Figure 4, right) was provoked 
by an increase of TNF, rather than of IL1B proteins. This finding 
is biologically interesting, related to the generally assumed detri-
mental effect of TNF [18], in contrast to a possible physiological 
role of IL1B at low concentrations [44].

Given that the PN-Methodology only describes relative changes 
of a CA, a baseline of pro-inflammatory cytokine levels under 

FIGURE 5    |    mRNA expressions (left) and protein estimations (right) of TNF and IL1B under different nutritional (nut.) and loading conditions.
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physiological concentrations would be required to further eval-
uate model predictions. In other words, measurements would 
be required to contrast quantitative IL1B and TNF protein lev-
els under non-degenerated and early degenerated conditions. In 
terms of quantity, however, only a few studies actually investigated 
physiological cytokine expression within IVD tissue [45–47]. 
Importantly, those studies suggest that pro-inflammatory cy-
tokine levels range within pg/mL, whereas most experimental 
studies focusing on the effect of pro-inflammatory cytokines, 
including the ones used for this study (Appendix S1), stimulate 
cell cultures with around 10 ng/mL, which seems to be largely 
hyper-physiological. In contrast, experimental studies simulat-
ing mechanical or nutritional environments are often stimu-
lated under physiological conditions (see, e.g., studies listed in 
Appendix S1). This bias is translated into in silico research and, 
consequently, the hereby presented model predictions of the pro-
inflammatory status might be biased or possibly reflect higher 
degenerative states in terms of pro-inflammatory environments 
than early degeneration. Moreover, this current work considers a 
linear relationship between mRNA expression and protein syn-
thesis, neglecting possible posttranscriptional regulations be-
cause of a lack of experimental knowledge. Posttranscriptional 
mechanisms can be highly complex. Yet, should matching sets 
of mRNA expression and secretoma proteomics data become 
available for NP cell cultures, the most relevant correlations and 
corresponding mathematical functions might be explored for 
further integration in the current PN-Methodology. Further dis-
cussion focused on mathematical aspects of the PN-Methodology 
are provided in Appendix S2.

Overall, the PN-Methodology provides a phenomenological 
novel systems biology network modeling approach that aims 
to simulate effective CA in response to multifactorial envi-
ronments. It was shown hereby that the PN-Methodology pro-
vides estimations of TIMP, proteases, and pro-inflammatory 
cytokines in accordance with a broad spectrum of literature 
evidence. Simulated CA could be used to create biological risk 
indexes for IVD degeneration, thanks to couplings with FE mod-
els that integrate patient-specific IVD morphologies [48, 49]. In 
particular, mechano-transport FE models control local internal 
mechanical loads, glucose concentration, and pH [34, 48]. Once 
personalized with medical images, such models would provide 
PN models with sufficient input to achieve simulation-based 
biological risk factors in terms of pro-anabolic or pro-catabolic 
CAs, which could benefit advanced patient stratification.

5   |   Conclusions

This work aimed to provide insight into the dynamics of 
TIMP, proteases, and pro-inflammatory cytokines in response 
to the multifactorial NP environment. Approximations were 
obtained through the PN-Methodology, which was used (i) to 
estimate relative mRNA expressions of TIMP and proteases 
and (ii) to approximate a pro-inflammatory environment. 
Predicted cell responses largely agree with independent ex-
perimental studies, indicating that the PN-Methodology 
proves utility in estimating CA in response to complex stim-
ulus environments. The strength of the PN-Methodology is 
its efficiency in comprehensively estimating CA in complex 
multifactorial environments, without the need to simulate 

intracellular regulatory networks. Coupled with patient-
specific mechano-transport FE models, it paves the way to-
wards advanced patient stratification in terms of biological 
risk factors for IVD degeneration.

Further work should investigate the generalization of this meth-
odology toward other tissues, its validity to link mRNA expres-
sions with corresponding protein synthesis, and possibly a more 
stochastic approach for data integration.
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