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Abstract 15 
 16 

Matrix metalloproteinases (MMPs) are a family of proteases that drive degradation 17 
of extracellular matrix (ECM) across many tissues. MMP activity is antagonized by tissue 18 
inhibitors of metalloproteinases (TIMPs), resulting in a complex multivariate system with 19 
many MMP isoforms and TIMP isoforms interacting across a network of biochemical 20 
reactions – each with their own distinct kinetic rates. This system complexity makes it 21 
very difficult to identify which specific molecules are most responsible for driving ECM 22 
turnover in vivo and therefore the most promising therapeutic targets. To help elucidate 23 
the specific roles of various MMP and TIMP isoforms, we present a computational 24 
systems biology model of collagen turnover capturing all possible interactions between 25 
type I collagen, four different MMP isoforms (MMP-1, -2, -8, and -9), and three different 26 
TIMP isoforms (TIMP-1, -2, and -4). We used dye-quenched fluorescent collagen to 27 
monitor the degradation of collagen in the presence of various MMP+TIMP cocktails, and 28 
we then used these experimental data to fit hypothetical reaction system topologies in 29 
order to investigate their respective accuracies. We determined kinetic rate constants for 30 
this system and used post-myocardial infarct time courses of collagen, MMP, and TIMP 31 
levels to perform a parameter sensitivity analysis across the model reaction rates and 32 
predict which molecules and interactions are the important regulators of ECM in the 33 
infarcted heart. Notably, the model suggested that MMP degradation and inactivation 34 
terms were more important for driving collagen levels than TIMP interaction terms. In sum, 35 
this work highlights the need for systems-level analyses to distinguish the roles of various 36 
biomolecules operating with a complex system, prioritizes therapeutic targets for post-37 
infarct cardiac remodeling, and presents a computational framework that can be applied 38 
to many other collagen-rich tissues. 39 
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Introduction 47 
 48 

Collagen is the most abundant structural protein in the human extracellular matrix 49 
(ECM), comprising one-third of the total protein in the human body1. Matrix 50 
metalloproteinases (MMPs) are zinc-dependent enzymes that participate in ECM 51 
degradation, and they cleave all structural components of the ECM. There are different 52 
subgroups of MMPs based on their substrate preferences, including, the collagenases 53 
(MMP-1, -8, and -13) that cleave fibrillar type collagens at a highly conserved site and the 54 
gelatinases (MMP-2 and -9) that degrade gelatins2–4. Tissue inhibitors of 55 
metalloproteinases (TIMPs) are specific inhibitors of MMPs which bind to active MMPs 56 
with 1:1 stoichiometry and control the activity of MMPs in tissues to help modulate the 57 
balance between collagen deposition and destruction2,3,5. 58 

Collagen turnover is centrally involved in many diseases, including tissue fibrosis, 59 
cancer metastasis, wound healing, and myocardial infarction (MI)6. Collagen turnover 60 
depends on a highly regulated balance between collagens, MMPs, and TIMPs, but the 61 
diversity of matrix-MMP-TIMP interactions makes it very difficult to intuitively predict the 62 
effects of any individual matrix-, MMP-, or TIMP-targeting therapy. A computational model 63 
of collagen-MMP-TIMP could help us to better understand these interactions, enable us 64 
to systematically predict dynamic matrix turnover under diverse matrix, MMP, and TIMP 65 
levels, and eventually help us to use the model as a screening tool across patient-specific 66 
disease conditions. 67 

Very few computational models have been previously published for matrix-MMP-68 
TIMP interactions7–9, and all of them are focused on a small number of MMPs and TIMPs. 69 
For example, Karaggiannis and Popel’s computational model was limited to collagen I, 70 
MMP-2, MMP-14, and TIMP-28. They included all known interactions between collagen I 71 
and two MMPs and one TIMP and represented each reaction as mass-action ordinary 72 
differential equations (ODEs) based on previously reported reaction rates. Vempati, 73 
Karaggiannis, and Popel also used ODEs to capture two MMPs and two TIMPs 74 
interactions7. These studies highlighted the ability of computational modeling to elucidate 75 
the possible interactions between substrate, MMPs and TIMPs and helped us understand 76 
the kinetics of these interactions. These findings also showed that there are possible 77 
unknown MMP-MMP and MMP-TIMP interactions which can make complex molecules 78 
that can be investigated using computational modeling10.  79 

In this present study, we built a novel systems biology model using ODEs to 80 
capture mass-action kinetics of reaction between type I collagen, four different MMP 81 
isoforms, and three different TIMP isoforms.  We used dye-quenched fluorescent collagen 82 
to monitor the degradation of collagen in the presence of various MMP+TIMP cocktails, 83 
fit theoretical reaction network topologies to these experimental data, and then conducted 84 
a parameter sensitivity analysis to rank the relative contributions of each MMP and TIMP 85 
reaction to collagen content in the heart after MI. 86 

 87 
Materials and Methods 88 
 89 
Experimental Data Collection 90 

In order to experimentally test the effect of different MMP-TIMP combinations on 91 
collagen degradation, we prepared a 96-well plate with a range of different mixtures of 92 
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Dye Quenched (DQ) collagen, MMPs, and TIMPs (Table 1). We used DQ collagen to 93 
monitor the proteolytic activity of different MMPs and MMP-TIMP mixtures. We used a 94 
large-scale system of nonlinear ODEs capturing the interactions of collagen I with four 95 
MMPs and three TIMPs to record reaction rates between these species. The DQ collagen 96 
labeled with fluorescein so heavily that the fluorescence signal is quenched in intact 97 
collagen. This substrate can be digested by most collagenases and gelatinases to yield 98 
highly fluorescent peptides. The increase in fluorescence signal is proportional to 99 
proteolytic activity and can be monitored using a fluorescence microplate reader.  100 

DQ collagen was purchased commercially (Thermo Fisher Scientific, Waltham, 101 
Massachusetts) and reconstituted to 1 mg/ml by adding 1 mL of deionized water (ddH2O) 102 
to the DQ substrate. The solution was then heated to 50°C and agitated in ultrasonic 103 
water bath for 5 minutes to facilitate dissolving. Recombinant human proMMP-1, 104 
proMMP-2, proMMP-8, and proMMP-9, solutions were purchased commercially (Enzo 105 
Life Sciences, Farmingdale, New York). ProMMPs were activated using provided 106 
activation protocol. ProMMP-1 was activated by 8µl of 0.5 mg/ml trypsin added to 100 µl 107 
of proMMP-1 and incubated for 30 minutes at 37°C. ProMMP-2 was activated by 2mM 108 
APMA (final concentration) for two hours at 37°C. ProMMP-8 was activated by 2µl of 0.5 109 
mg/ml trypsin added to 100 µl of proMMP-1 and incubated for 30 minutes at 37°C. 110 
ProMMP-9 was activated by 20µl of 0.5 mg/ml TCPK-trypsin added to 100 µl of proMMP-111 
9 and incubated for 30 minutes at 37°C. Recombinant protein TIMP-1, TIMP-2, and TIMP-112 
4 were purchased in lyophilized form (ProSci, Poway, California) and reconstituted in 113 
ddH2O. The starting concentration of DQ collagen was 25 µg/ml for all conditions and the 114 
final volume of collagen-MMP-TIMP in each sample was 200 µl (5 µg of DQ collagen in 115 
every sample). The starting concentration of MMPs was either 0.1 µg or 0.2 µg, resulting 116 
in either 1:50 mass ratio of MMP:collagen or a 1:25 mass ratio. The starting concentration 117 
of TIMPs was held at 0.05 µg, resulting in either 1:2 mass ratio of TIMP:MMP or a 1:4 118 
ratio. These collagen:MMP:TIMP mixtures were tested across a wide range of different 119 
MMP and TIMP isoforms in various combinations (Table 1).The degradation process was 120 
monitored using a fluorescent microplate reader in 37°C letting the proteases, inhibitors 121 
and substrate interact with each other for at least six hours. MMPs degrade DQ collagen 122 
and release fluorescein attached to the collagen. The product (degraded collagen) was 123 
measured using fluorescent microplate reader (BioTek, Synergy 4) with absorption 124 
maxima at 495 nm and fluorescence emission maxima at 515 nm. 125 
 126 
Table 1: Experimental conditions spanning various MMP + TIMP combinations. All wells contained 5 µg of DQ collagen 127 
along with 0.05 µg of the indicated TIMPs and 0.1 µg of the indicated MMPs. All these combinations were then repeated 128 
with 0.2 µg of the indicated MMPs.  129 

 MMP  
1 

MMP  
2 

MMP  
8 

MMP  
9 

MMPs 
1+2+8 

MMPs 
1+2+9 

MMPs 
1+8+9 

MMPs 
2+8+9 

MMPs 
1+2+8+9 

TIMP 1 + + + + + + + + + 
TIMP 2 + + + + + + + + + 
TIMP 4 + + + + + + + + + 

TIMPS 1+2     + + + + + 
TIMPS 1+4     + + + + + 
TIMPS 2+4     + + + + + 

TIMPS 1+2+4     + + + + + 
 130 
Computational Model Framework 131 

A system of ordinary differential equations was used to mechanistically describe 132 
the MMP-substrate, MMP-TIMP, and MMP-MMP interactions. These models were 133 
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constructed using mass action kinetics describing MMP binding and breakdown of 134 
substrates, along with TIMP binding and inhibition of MMPs. Our baseline model assumed 135 
one MMP binds and catalyzes collagen with associated 𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑 (degradation) rates and one 136 
TIMP binds to one MMP with associated 𝑘𝑘𝑖𝑖𝑖𝑖ℎ (inhibition) rates (Figure 1). Along with this 137 
baseline model, we tested the predictive accuracies of four additional model reaction 138 
topologies based on various complexities (Figure 1). The second model assumed one 139 
MMP binds to a substrate molecule with associated 𝑘𝑘𝑜𝑜𝑜𝑜 and 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 rates and then cleaves 140 
the collagen to form degraded collagen and free enzyme with 𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑 rate. TIMPs binding to 141 
MMPs also have 𝑘𝑘𝑜𝑜𝑜𝑜 and 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 reaction rates instead of only degradation term. In the third 142 
model, MMP and TIMP inactivation terms were included (𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖). In the fourth model, MMP 143 
cannibalism terms were added which means that MMPs can interact with the same MMP 144 
in active and inactive form. In the final model, inactive MMPs and inactive TIMPs can be 145 
distracted by reacting with other TIMPs and MMPs as previously demonstrated in 146 
protease network interactions10. 147 

 148 

 149 
 150 
Figure 1: Schematic of different model reaction topologies. Blue solid lines show degradation of collagen by MMPs. 151 
Red dash lines show inhibition of MMPs by TIMPs. Blue, long dash dot lines show cannibalism of MMPs. Green dot 152 
lines show inactivation of MMPs and TIMPs. Black dash double dot lines show distraction of TIMP with inactive MMPs 153 
or distraction of MMPs by inactive TIMPs. A) The full model, containing MMP degradation, inhibition, and cannibalism, 154 
MMP and TIMP inactivation and MMP and TIMP distraction terms. B) Baseline model with one degradation and one 155 
inhibition term. C) Second model with “on” and “off” terms for MMP degradation and TIMP inhibition terms D) MMP and 156 
TIMP inactivation terms were added to the second model. E) MMP cannibalism terms were added. MMPs interact with 157 
the same MMP in active and inactive form. 158 
 159 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 27, 2025. ; https://doi.org/10.1101/2025.02.21.639501doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.21.639501
http://creativecommons.org/licenses/by-nc/4.0/


The simplest model included 16 reaction rates (Figure 2B), and the most 160 
complicated model includes 163 reaction rates (Figure 2A). A simplified ODE system 161 
based on the most complicated model network is shown in equations 1-8 below. These 162 
equations capture the interactions of collagen I with one MMP and one TIMP. The 163 
complete interaction system follows these same forms for all possible MMP and TIMP 164 
isoforms. 165 

 166 
𝑑𝑑(𝐶𝐶1)
𝑑𝑑𝑑𝑑

=  (𝑘𝑘𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐶𝐶1 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) − �𝑘𝑘𝑜𝑜𝑜𝑜𝑀𝑀1.𝐶𝐶1 × 𝑀𝑀𝑀𝑀𝑀𝑀1 × 𝐶𝐶1� + (𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜𝑀𝑀1.𝐶𝐶1 × 𝑀𝑀1.𝐶𝐶1)              (Eq. 1) 167 
 168 
𝑑𝑑(𝑑𝑑𝑑𝑑1)
𝑑𝑑𝑑𝑑

=  (2 × 𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑀𝑀1.𝐶𝐶1 × 𝑀𝑀1.𝐶𝐶1) − �𝑘𝑘𝑜𝑜𝑜𝑜𝑀𝑀1.𝑑𝑑𝑑𝑑1 × 𝑀𝑀𝑀𝑀𝑀𝑀1 × 𝑑𝑑𝑑𝑑1� + (𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜𝑀𝑀1.𝑑𝑑𝑑𝑑1 × 𝑀𝑀1.𝑑𝑑𝑑𝑑1)      (Eq. 2)                                                                  169 
 170 
𝑑𝑑(𝑑𝑑𝑑𝑑𝑑𝑑1)

𝑑𝑑𝑑𝑑
=  (2 × 𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑀𝑀1.𝑑𝑑𝑑𝑑1 × 𝑀𝑀1.𝑑𝑑𝑑𝑑1)                                                                       (Eq. 3) 171 

 172 
𝑑𝑑(𝑀𝑀𝑀𝑀𝑀𝑀1)

𝑑𝑑𝑑𝑑
=  −�𝑘𝑘𝑜𝑜𝑜𝑜𝑀𝑀1.𝐶𝐶1 × 𝑀𝑀𝑀𝑀𝑀𝑀1 × 𝐶𝐶1� + �𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜𝑀𝑀1.𝐶𝐶1 × 𝑀𝑀1.𝐶𝐶1� + �𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑀𝑀1.𝐶𝐶1 × 𝑀𝑀1.𝐶𝐶1� −173 

�𝑘𝑘𝑜𝑜𝑜𝑜𝑀𝑀1.𝑑𝑑𝑑𝑑1 × 𝑀𝑀𝑀𝑀𝑀𝑀1 × 𝑑𝑑𝑑𝑑1� + �𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜𝑀𝑀1.𝑑𝑑𝑑𝑑1 × 𝑀𝑀1.𝑑𝑑𝑑𝑑1� + �𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑀𝑀1.𝑑𝑑𝑑𝑑1 × 𝑀𝑀1.𝑑𝑑𝑑𝑑1� −174 
�2 × 𝑘𝑘𝑜𝑜𝑜𝑜𝑀𝑀1.𝑀𝑀1 × 𝑀𝑀𝑀𝑀𝑀𝑀1 × 𝑀𝑀𝑀𝑀𝑀𝑀1� + �2 × 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜𝑀𝑀1.𝑀𝑀1 × 𝑀𝑀1.𝑀𝑀1� + �𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑀𝑀1.𝑀𝑀1 × 𝑀𝑀1.𝑀𝑀1� −175 
�𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑜𝑜𝑜𝑜𝑀𝑀1

× 𝑀𝑀𝑀𝑀𝑀𝑀1 × 𝑖𝑖𝑖𝑖1� + (𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑀𝑀1
× 𝑀𝑀1. 𝑖𝑖𝑖𝑖1) + (𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑀𝑀1

× 𝑀𝑀1. 𝑖𝑖𝑖𝑖1) −176 
�𝑘𝑘𝑖𝑖𝑖𝑖ℎ𝑜𝑜𝑜𝑜𝑀𝑀1.𝑇𝑇1

× 𝑀𝑀𝑀𝑀𝑀𝑀1 × 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇1� + (𝑘𝑘𝑖𝑖𝑖𝑖ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑀𝑀1.𝑇𝑇1
× 𝑀𝑀1.𝑇𝑇1) + (𝑘𝑘𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2𝑇𝑇1 × 𝑀𝑀1.𝑇𝑇1) −177 

�𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑀𝑀1 × 𝑀𝑀𝑀𝑀𝑀𝑀1�                                                                                                 (Eq. 4) 178 
 179 
𝑑𝑑(𝑑𝑑𝑑𝑑1)
𝑑𝑑𝑑𝑑

=  (𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑀𝑀1.𝑀𝑀1 × 𝑀𝑀1.𝑀𝑀1) + �𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑_𝑑𝑑𝑑𝑑𝑑𝑑𝑀𝑀1 × 𝑀𝑀1. 𝑖𝑖𝑖𝑖1� + (𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜𝑀𝑀1.𝐶𝐶1 × 𝑀𝑀1.𝐶𝐶1)        (Eq. 5) 180 
 181 
𝑑𝑑(𝑖𝑖𝑖𝑖1)
𝑑𝑑𝑑𝑑

=  �𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑀𝑀1 × 𝑀𝑀𝑀𝑀𝑀𝑀1� −  �𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑜𝑜𝑜𝑜𝑀𝑀1
× 𝑀𝑀𝑀𝑀𝑀𝑀1 × 𝑖𝑖𝑖𝑖1� + (𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑀𝑀1

× 𝑀𝑀1. 𝑖𝑖𝑖𝑖1) +182 
(𝑘𝑘𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇1𝑇𝑇1 × 𝑀𝑀1.𝑇𝑇1) −  �𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑜𝑜𝑜𝑜𝑇𝑇1 × 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇1 × 𝑖𝑖𝑖𝑖1� + (𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑇𝑇1 × 𝑇𝑇1. 𝑖𝑖𝑖𝑖1                  (Eq. 6)                                                                              183 
 184 
𝑑𝑑(𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇1)

𝑑𝑑𝑑𝑑
=  −�𝑘𝑘𝑖𝑖𝑖𝑖ℎ𝑜𝑜𝑜𝑜𝑀𝑀1.𝑇𝑇1

× 𝑀𝑀𝑀𝑀𝑀𝑀1 × 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇1� + (𝑘𝑘𝑖𝑖𝑖𝑖ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑀𝑀1.𝑇𝑇1
× 𝑀𝑀1.𝑇𝑇1) + (𝑘𝑘𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇1𝑇𝑇1 × 𝑀𝑀1.𝑇𝑇1) −185 

  �𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑜𝑜𝑜𝑜𝑇𝑇1 × 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇1 × 𝑖𝑖𝑖𝑖1� + (𝑘𝑘𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑇𝑇1 × 𝑇𝑇1. 𝑖𝑖𝑖𝑖1) − �𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑇𝑇1 × 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇1�                      (Eq. 7)  186 
                                                         187 
𝑑𝑑(𝑖𝑖𝑖𝑖1)
𝑑𝑑𝑑𝑑

=  +�𝑘𝑘𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇2𝑇𝑇1 × 𝑀𝑀1.𝑇𝑇1� + �𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑇𝑇1 × 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇1�                                              (Eq. 8) 188 
 189 

The model kinetic rates were fit to experimental data by minimizing the difference 190 
between simulation predictions of degraded collagen levels and the experimentally 191 
measured levels in the conditions listed in Table 1. Experimental data were collected 192 
every 10 minutes for 6 hours, and thus, the simulations were also performed for 6 hours 193 
with time steps of 10 minutes generating same number of data point as the experimental 194 
data. The ODE system of collagen-MMP-TIMP interactions were approximated using the 195 
ode45 function in MATLAB (MathWorks), and a built-in genetic fitting algorithm was used 196 
to find an optimal (best-fit) combination of rate parameters. The objective function for the 197 
genetic algorithm was defined by adding sum of squared errors of experiment and 198 
simulation for all conditions described in Table 1. The genetic algorithm consisted of 50 199 
generations, each with a population size of 100 sets of parameters. The initial constraints 200 
for the lower and upper bounds of kinetic parameters were set to 0 and 20 (𝑀𝑀 × ℎ𝑟𝑟−1 for 201 
bimolecular reaction coefficients;ℎ𝑟𝑟−1for unimolecular reaction coefficients) in an effort to 202 
avoid constraining the algorithm too tightly. After every generation, the top 20% of best-203 
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fitting parameter sets were used as “parents” for the next round of simulations; these sets 204 
were re-used in the next series of simulations; remaining parameter sets were generated 205 
by crossing the values contained in each set13. In order to reduce the likelihood of our 206 
model being trapped in local minimum, we repeated the same genetic algorithm 10 times 207 
using different initial values for parameters guesses, which created 10 different best-fit 208 
parameter combinations. All subsequent model simulations calculated ODE solutions 209 
using this ensemble of parameter combinations – in other words, final simulation results 210 
are the average of 10 different simulations, each of which relied on a different set of best-211 
fit parameters. 212 

 213 
Parameter Sensitivity Analysis 214 

Once our model was built and kinetic parameters were fit to our experimental data, 215 
we sought to test how strongly each parameter contributed to collagen turnover in an in 216 
vivo disease context, specifically, post-infarct scar tissue in the heart. We mined the 217 
literature to map post-MI time-courses of collagen, MMP, and TIMP levels in the heart in 218 
animal experiments14,15 (Figure 2). The concentration of collagen, MMPs and TIMPs 219 
varies at different time points after MI. We fed these concentrations at different time points 220 
as initial conditions into our model, and we then performed a parameter sensitivity 221 
analysis across the model reaction rates wherein we modulated each parameter in the 222 
network from 0.5x - 2x times their baseline values, one-at-a-time, and calculated the 223 
resulting changes in the remaining collagen concentration. 224 

  225 

 226 
 227 

Figure 2: Levels of collagen, MMP, and TIMP in the heart measured following MI in mice shows that different MMPs 228 
are dominant in different time points. 229 

 230 
For each of the five models shown in Figure 1, we changed each reaction rate in 231 

the network from 0.5x - 2x times their baseline values and fit a linear function to 9 different 232 
collagen remaining values (0.5x 0.8x 0.9x 0.95x 1x 1.05x 1.1x 1.2x 2x). The mean of the 233 
slope of the 10 resulting lines for each kinetic rate parameter calculated from the 234 
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ensemble of 10 different simulations was reported as the sensitivity of the model to that 235 
specific parameter. The same method was also performed for calculating the sensitivity 236 
of the model to the initial conditions16. The sensitivity analysis was repeated using inputs 237 
that match stimulation levels at 1-week, 2-weeks, 5-weeks, and 8-weeks post-MI in order 238 
to identify which species are the important regulators of ECM post-MI for early and late 239 
time points. 240 

 241 
Results 242 
 243 

We incubated four different MMP isoforms and three different TIMP types with DQ 244 
collagen in different combinations to record time-courses of collagen degradation under 245 
various MMP-TIMP cocktails. Figure 3 shows the results of the final model comparison to 246 
experimental data for a subset of experimental conditions where collagen was treated 247 
with a single MMP in combination with each TIMP individually. Not surprisingly, different 248 
MMPs showed different degradation rates with MMP demonstrating the strongest 249 
proteolytic activity over MMP1, MMP8, and MMP9. Results also highlight that different 250 
TIMPs are more or less dominant for each MMP solution. As an example, TIMP-4 inhibits 251 
MMP-1 more effectively than the other TIMPs, while TIMP-1 inhibits MMP-2 more 252 
effectively. 253 

 254 

 255 
 256 

Figure 3: The final model results (solid lines) fitted to the experimental data (dots). Panels A-G show just a subset of 257 
conditions where collagen was treated with a single MMP in combination with different TIMPs. A) Low concentration 258 
MMP-1 and all TIMPs. B) Low concentration MMP-2 and all TIMPs. C) Low concentration MMP-8 and all TIMPs. D) 259 
Low concentration MMP-9 and all TIMPs. E) High concentration MMP-1 and all TIMPs. F) High concentration MMP-2 260 
and all TIMPs. G) High concentration MMP-8 and all TIMPs. H) High concentration MMP-9 and all TIMPs. 261 
 262 

In order to find the best model reaction topology to capture collagen turnover, we 263 
constructed five different models (Figure 1) and compared their abilities to match the 264 
experimental data via sum of squared errors (Figure 4). Using a genetic algorithm, each 265 
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topology from simplest (topology 1) to most complex (topology 5) was fit to the 266 
experimental data 10 different times, resulting in 50 different best-fit parameter sets 267 
(ensemble of 10 sets for 5 different topologies). This comparison revealed substantial 268 
improvement from first model to the second model by replacing one step degradation with 269 
two step degradation (adding "on" and "off" terms to the collagen degradation kinetic). An 270 
additional improvement jump was seen between the second and third topology after 271 
adding inactivation terms to the model. Further adding complexity to the model from 272 
topology 3 to topologies 4 and 5 showed only modest reductions in model errors. Although 273 
the most complex model showed the best results (especially in low concentration cases) 274 
by capturing all possible interactions between species including cannibalism and 275 
distraction, the third model containing only degradation, inhibition, and inactivation terms 276 
was able to minimize the sum of squared errors to a comparable level to topology 4 and 277 
topology 5.  278 
 279 

 280 
Figure 4: Simulation results (sum of squared error of all conditions) across five different topologies. Panels A-B show 281 
each dot as the error for a different best-fit parameter set compared to low MMP concentration data (A) or high MMP 282 
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concentration data (B). Panels C-G show the relative error for each experimental condition fit by topology 1 (C) through 283 
topology 5 (G).  284 
 285 

Once we finalized parameter fitting for the full model topology, we performed a 286 
parameter sensitivity analysis across the model variables at 1-week, 2-weeks, 5-weeks, 287 
and 8-weeks post-MI in order to identify which species are the most important regulators 288 
of ECM post-MI for both early and late time points. We modulated each reaction rate in 289 
the network from 0.5x - 2x times their baseline values, one at a time, ran the simulation 290 
for 6 hours, and calculated the resulting changes in collagen remaining concentration. 291 
The sensitivity to a parameter was then reported as the slope of the line fitted to collagen 292 
concentration changes relative to parameter value changes. This sensitivity analysis was 293 
repeated to identify the most important species of ECM post-MI that change the primary 294 
simulation output more drastically for both early and late time points. As expected, the 295 
MMP-collagen binding rates, MMP-collagen degradation rates, and MMP concentrations 296 
are all negatively correlated with collagen content across all time points, whereas the 297 
MMP-collagen unbinding rate, MMP inactivation rates, and initial collagen content values 298 
are all positively correlated with long-term collagen content across all time points (Figure 299 
6). Unexpectedly, results show that protease inhibition by TIMPs seems to play only a 300 
minor role in collagen turnover post-MI as modulating concentration of TIMPs and the 301 
TIMP-MMP reaction rates had little effect on changes in collagen content. In contrast, 302 
modifying MMP concentrations or MMP-collagen reaction rates produced substantial 303 
changes in collagen content. These sensitivity values were largest for MMP2 and smallest 304 
for MMP8 and progressively increased from week 1 to week 8.  305 

 306 
Figure 6: Sensitivity analysis for the rate parameters and initial conditions at 1-week, 2-weeks, 5-weeks and 8 weeks 307 
post-MI showing that the concentration of collagen is more sensitive to MMP-collagen interactions than it is to MMP-308 
TIMP interactions. This analysis also shows that sensitivities progressively increase from week 1 to week 8, which 309 
coincides to progressive accumulation of collagen in the infarct scar. 310 

 311 
Discussion 312 
 313 

The network of collagen-MMP-TIMP interactions is complicated by multifaceted 314 
crosstalk and nonlinear relationships that make it unclear which molecule or reaction is 315 
the most important in the cocktail mixtures within biological systems. We built a 316 
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computational model that can integrate all multivariate interactions and capture the 317 
reaction parameters to investigate the kinetics of collagen-MMP-TIMP interactions. We fit 318 
the model to experimental data to better understand possible interactions and identify the 319 
key regulators of the system behavior, and we were able to successfully predict collagen 320 
degradation to for various MMP-TIMP cocktails in vitro. Simulating post-MI concentrations 321 
at different time points during heart attack healing suggested that MMPs (especially 322 
MMP2 and MMP9) play a larger role than TIMPs for determining collagen turnover.   323 
Future applications of this model could be helpful when used for predicting individual 324 
patients’ in-vivo contexts. Following MI, the concentration of ECM components, MMPs, 325 
and TIMPs change drastically, and the model can be helpful to predict collagen deposition 326 
to collagen degradation ratio as a means to monitor LV remodeling. Predicting collagen 327 
concentration after MI can help physicians develop potential treatments specifically 328 
modulated for each patient or for optimizing drug time-course strategies.  329 

Of course, there are many limitations to this work. First, we must note the model 330 
parameters were trained using in vitro degradation data of DQ collagen molecules in a 331 
liquid suspension. In actual tissues in vivo, collagen molecules are assembled into a 332 
complex hierarchical organized structure that could modify MMP-collagen interaction 333 
parameters. In fact, the fluorescein tags that give DQ-collagen its fluorescent reporting 334 
capability could also affect collagen binding to MMPs in the mixture. Still, we believe this 335 
approach should be a reasonable approximation for the other MMP and TIMP interaction 336 
terms tested in our model topologies (e.g. MMP-TIMP binding, inactivation, cannibalism, 337 
and distraction rates). Another substantial limitation in our in vivo predictions is our 338 
neglection of mechanical tension effects on collagen-MMP interactions. Many past 339 
studies have established that mechanical stretching of collagen fibers can modulate their 340 
susceptibility to protease degradation and this strain-sensitivity can depend on the 341 
particular protease isoform17-18. Given that infarct scar tissue is subjected to dynamic 342 
mechanical stresses and strains in the heart, our sensitivity analysis could produce 343 
different rankings for various MMP and TIMP contributions if we were to incorporate 344 
mechanical-dependent reaction rates. This is an interesting question for future studies as 345 
there is growing motivation for mechano-dependent therapies in the infarcted heart19-20. 346 
Lastly, we must also acknowledge that scar tissue in the body is not made solely of type 347 
I collagen, but is itself a complex mileau of different extracellular matrix proteins including 348 
type III collagen, type IV collagen, elastin, fibronectin, periostin, and many others. Each 349 
of these matrix molecules is likely to have their own biochemical interaction rates with 350 
various MMPs, so a future comprehensive model of matrix turnover in the heart must 351 
incorporate many, many more reaction parameters. We hope the work presented in this 352 
study offers possible approaches for continuing to expand such a modeling framework. 353 
Ultimately, a large-scale model of matrix+protease+inhibitor interactions will enable an 354 
improved understanding of the molecular regulation of scar tissue as well as a therapeutic 355 
discovery tool to design patient-specific, temporal-specific, and location-specific 356 
interventions to control cardiac remodeling. 357 
 358 
Acknowledgments 359 
 360 
We gratefully acknowledge funding support from the National Institutes of Health 361 
(HL144927 and GM121342). 362 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 27, 2025. ; https://doi.org/10.1101/2025.02.21.639501doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.21.639501
http://creativecommons.org/licenses/by-nc/4.0/


 363 
References 364 
 365 
1. Shoulders, M. D. & Raines, R. T. Collagen structure and stability. Annu. Rev. 366 

Biochem. 78, 929–958 (2009). 367 
2. Flynn, B. P. et al. Mechanical strain stabilizes reconstituted collagen fibrils against 368 

enzymatic degradation by mammalian collagenase matrix metalloproteinase 8 369 
(MMP-8). PLoS One 5, e12337 (2010). 370 

3. Visse, R. & Nagase, H. Matrix metalloproteinases and tissue inhibitors of 371 
metalloproteinases: structure, function, and biochemistry. Circ. Res. 92, 827–839 372 
(2003). 373 

4. Yabluchanskiy, A., Ma, Y., Iyer, R. P., Hall, M. E. & Lindsey, M. L. Matrix 374 
metalloproteinase-9: Many shades of function in cardiovascular disease. 375 
Physiology 28, 391–403 (2013). 376 

5. Apte, S. S., Olsen, B. R. & Murphy, G. The Gene Structure of Tissue Inhibitor of 377 
Metalloproteinases (TIMP)-3 and Its Inhibitory Activities Define the Distinct TIMP 378 
Gene Family∗. J. Biol. Chem. 270, 14313–14318 (1995). 379 

6. Jugdutt, B. I. Ventricular remodeling after infarction and the extracellular collagen 380 
matrix: When is enough enough? Circulation 108, 1395–1403 (2003). 381 

7. Vempati, P., Karagiannis, E. D. & Popel, A. S. A biochemical model of matrix 382 
metalloproteinase 9 activation and inhibition. J. Biol. Chem. 282, 37585–37596 383 
(2007). 384 

8. Karagiannis, E. D. & Popel, A. S. A Theoretical Model of Type I Collagen Proteolysis 385 
by Matrix Metalloproteinase (MMP) 2 and Membrane Type 1 MMP in the Presence 386 
of Tissue Inhibitor of Metalloproteinase 2*[boxs]. J. Biol. Chem. 279, 39105–39114 387 
(2004). 388 

9. Karagiannis, E. D. & Popel, A. S. Distinct modes of collagen type I proteolysis by 389 
matrix metalloproteinase (MMP) 2 and membrane type I MMP during the migration 390 
of a tip endothelial cell: insights from a computational model. J. Theor. Biol. 238, 391 
124–145 (2006). 392 

10. Ferrall-Fairbanks, M. C., Kieslich, C. A. & Platt, M. O. Reassessing enzyme 393 
kinetics: Considering protease-as-substrate interactions in proteolytic networks. 394 
Proc. Natl. Acad. Sci. 117, 3307–3318 (2020). 395 

11. Kiew, P. L., Ahmad, Z. & Don, M. M. A hybrid of back propagation neural network 396 
and genetic algorithm for optimization of collagen extraction from Malaysian 397 
cultured catfish (Hybrid Clarias sp.). Biotechnol. bioprocess Eng. 18, 257–265 398 
(2013). 399 

12. Chawla, A., Mukherjee, S. & Karthikeyan, B. Characterization of human passive 400 
muscles for impact loads using genetic algorithm and inverse finite element 401 
methods. Biomech. Model. Mechanobiol. 8, 67–76 (2009). 402 

13. Mathworks. How the genetic algorithm works. mathworks.com Web site. 403 
https://www.mathworks.com/help/gads/how-the-genetic-algorithm-works.html. 404 
Updated 2020. 405 

14. Peterson, J. T., Li, H., Dillon, L. & Bryant, J. W. Evolution of matrix metalloprotease 406 
and tissue inhibitor expression during heart failure progression in the infarcted rat. 407 
Cardiovasc. Res. 46, 307–315 (2000). 408 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 27, 2025. ; https://doi.org/10.1101/2025.02.21.639501doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.21.639501
http://creativecommons.org/licenses/by-nc/4.0/


15. Cleutjens, J. P. M., Kandala, J. C., Guarda, E., Guntaka, R. V & Weber, K. T. 409 
Regulation of collagen degradation in the rat myocardium after infarction. J. Mol. 410 
Cell. Cardiol. 27, 1281–1292 (1995). 411 

16. Hamby, D. M. A review of techniques for parameter sensitivity analysis of 412 
environmental models. Environ. Monit. Assess. 32, 135–154 (1994). 413 

17. Rogers, J. D., Yeganegi, A. & Richardson, W. J.  Mechano-regulation of fibrillar 414 
collagen turnover by fibroblasts. Mechanobiology Handbook, 2nd Edition. CRC 415 
Press, Ed. J Nagatomi and E Ebong (2018). 416 

18. Yeganegi, A., Whitehead, K., de Castro Bras, K. E. & Richardson, W. J. Mechanical 417 
strain modulates extracellular matrix degradation and byproducts in an isoform-418 
specific manner. Biochemica et Biophysica Acta 1867(3), 130286 (2023). 419 

19. Richardson, W. J., Roger, J. D. & Spinale, F. Does the heart want what it wants? A 420 
case for self-adapting, mechano-sensitive therapies after infarction. Frontiers in 421 
Cardiovascular Medicine 8, 705100 (2021). 422 

20.  Rogers, J. D. & Richardson, W. J. Fibroblast mechanotransduction network predicts 423 
targets for mechano-adaptive infarct therapies. eLife 11, e62856 (2022). 424 

 425 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 27, 2025. ; https://doi.org/10.1101/2025.02.21.639501doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.21.639501
http://creativecommons.org/licenses/by-nc/4.0/

