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Abstract

Osteoarthritis (OA) is a common musculoskeletal disease that leads to deterioration of artic-
ular cartilage, joint pain, and decreased quality of life. When OA develops after a joint injury,
it is designated as post-traumatic OA (PTOA). The etiology of PTOA remains poorly under-
stood, but it is known that proteoglycan (PG) loss, cell dysfunction, and cell death in cartilage
are among the first signs of the disease. These processes, influenced by biomechanical and
inflammatory stimuli, disturb the normal cell-regulated balance between tissue synthesis
and degeneration. Previous computational mechanobiological models have not explicitly
incorporated the cell-mediated degradation mechanisms triggered by an injury that eventu-
ally can lead to tissue-level compositional changes. Here, we developed a 2-D mechanobio-
logical finite element model to predict necrosis, apoptosis following excessive production of
reactive oxygen species (ROS), and inflammatory cytokine (interleukin-1)-driven apoptosis
in cartilage explant. The resulting PG loss over 30 days was simulated. Biomechanically trig-
gered PG degeneration, associated with cell necrosis, excessive ROS production, and cell
apoptosis, was predicted to be localized near a lesion, while interleukin-1 diffusion-driven
PG degeneration was manifested more globally. Interestingly, the model also showed pro-
teolytic activity and PG biosynthesis closer to the levels of healthy tissue when pro-inflam-
matory cytokines were rapidly inhibited or cleared from the culture medium, leading to
partial recovery of PG content. The numerical predictions of cell death and PG loss were
supported by previous experimental findings. Furthermore, the simulated ROS and inflam-
mation mechanisms had longer-lasting effects (over 3 days) on the PG content than local-
ized necrosis. The mechanobiological model presented here may serve as a numerical tool
for assessing early cartilage degeneration mechanisms and the efficacy of interventions to
mitigate PTOA progression.
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Author summary

Osteoarthritis is one of the most common musculoskeletal diseases. When osteoarthritis
develops after a joint injury, it is designated as post-traumatic osteoarthritis. A defining
feature of osteoarthritis is degeneration of articular cartilage, which is partly driven by car-
tilage cells after joint injury, and further accelerated by inflammation. The degeneration
triggered by these biomechanical and biochemical mechanisms is currently irreversible.
Thus, early prevention/mitigation of disease progression is a key to avoiding PTOA. Prior
computational models have been developed to provide insights into the complex mecha-
nisms of cartilage degradation, but they rarely include cell-level cartilage degeneration
mechanisms. Here, we present a novel approach to simulate how the early post-traumatic
biomechanical and inflammatory effects on cartilage cells eventually influence tissue com-
position. Our model includes the key regulators of early post-traumatic osteoarthritis:
chondral lesions, cell death, reactive oxygen species, and inflammatory cytokines. The
model is supported by several experimental explant culture findings. Interestingly, we
found that when post-injury inflammation is mitigated, cartilage composition can par-
tially recover. We suggest that mechanobiological models including cell-tissue-level
mechanisms can serve as future tools for evaluating high-risk lesions and developing new
intervention strategies.

1. Introduction

Joint injuries trigger biological cell signaling pathways implicated in articular cartilage degen-
eration [1-3]. Cartilage has a limited innate capacity for repair, so when joint injuries cause
loss of chondrocyte (cartilage cell) viability and extracellular matrix (ECM) components, it is
often irreversible. Ultimately, these sequelae of joint injury lead to post-traumatic osteoarthri-
tis (PTOA), a disease marked by pain in the affected joint [1,2]. The mechanisms of the onset
and progression of PTOA are poorly understood, but several intertwined factors have been
identified: chondrocyte death [4,5], mitochondrial dysfunction and the subsequent overpro-
duction of reactive oxygen species (ROS) [6,7], inflammation [2], and increased proteolytic
activity triggered by excessive mechanical loading [8,9].

Mechanical loading is an important factor in chondrocyte-regulated cartilage homeostasis
[10,11]. Injurious loading may initiate ECM degeneration [1,7,12] and cause cell death includ-
ing apoptosis and necrosis [11,13-16]. This degenerative pathway may be further promoted
locally by dynamic loading, even if compressive tissue-level mechanical strains remain within
physiological limits [17]. Necrosis is an acute form of cell death caused by direct mechanical
damage to cells such as injurious single-impact loading or high local strains and/or strain rates
[13,14,18]. Necrosis is also suggested to result in the release of damage-associated molecular
patterns (DAMPs) and pro-inflammatory cytokines [19-21] and lead to ECM degeneration
caused by proteolytic enzymes [22]. In addition, near the injury site, excessive local strains
may alter cell function. For instance, associated changes in mitochondrial activity and physiol-
ogy can culminate in the excessive production of ROS [23,24]. Apoptosis, the controlled sub-
acute form of cell death, has also been associated with excessive production of ROS [15,25].
Excessive ROS production has been suggested to promote ECM degeneration via decreased
matrix biosynthesis [26], increased release of proteolytic enzymes [27,28], and inhibition of tis-
sue inhibitors of metalloproteinases (TIMPs) [26,29].

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010337  January 26, 2023

2/26


https://doi.org/10.1371/journal.pcbi.1010337
https://etsin.fairdata.fi/dataset/131ac4ec-ffe3-48b5-8d40-0c0bc079b7d6
https://etsin.fairdata.fi/dataset/131ac4ec-ffe3-48b5-8d40-0c0bc079b7d6
https://doi.org/10.23729/518aa4b9-bb06-45cb-b768-630099c6732c
https://doi.org/10.23729/518aa4b9-bb06-45cb-b768-630099c6732c

PLOS COMPUTATIONAL BIOLOGY Modeling injury-related cartilage cell death

Inflammation is another important factor in cartilage homeostasis. During the early phases
of PTOA, pro-inflammatory cytokines such as interleukin-1 (IL-1), IL-6, IL-18, and tumor
necrosis factor-a (TNF-o) originating from the synoviocytes of the synovial lining are secreted
to the synovial fluid. These molecules then diffuse and advect into cartilage causing reduced
biosynthesis and predisposing the tissue to degeneration that is counter-balanced by anti-
inflammatory cytokines (e.g., IL-4, IL-10, IL-13) [30], TIMPs [31], and growth factors (e.g.,
insulin-like growth factor-1) [2,30,32]. Prolonged inflammation may shift cartilage homeosta-
sis to the catabolic state, in which the ECM is degraded via aggrecanases (e.g., a disintegrin and
metalloproteinase with thrombospondin motifs-4,5; ADAMTS-4,5) and collagenases (e.g.,
matrix metalloproteinases-1,3,13; MMP-1,3,13) [2,30,31].

The ability to predict cartilage degeneration via both biomechanical and inflammatory
mechanisms is critical to comprehending disease progression, evaluating the efficacy of medi-
cal treatments, and developing new intervention strategies. Previous computational finite ele-
ment models have introduced promising frameworks to simulate the biomechanics- and
inflammation-driven cartilage degeneration at joint, tissue, and cell-levels in both spatial and
temporal manner [17,33-36]. Previous biomechanics-driven computational models have tar-
geted the main cartilage injury mechanisms including necrosis, apoptosis, and pro-inflamma-
tory cytokine and DAMP-signaling but without including the subsequent degeneration of
different ECM components [35,37,38]. More recently, strain/stress threshold-based modeling
approaches have been developed to predict tissue-level proteoglycan (PG) loss without explic-
itly modeling the underlying chondrocyte-regulated mechanisms [33,39]. Yet, there are no
numerical approaches that would model both trauma-related cellular mechanisms and subse-
quent changes in cartilage composition.

Thus, we aimed to develop a new 2-D cell-and-tissue-level mechanobiological model of car-
tilage degeneration [17,34,36] to localize and predict injury- and inflammation-related chon-
drocyte responses and subsequent early-stage cartilage degeneration. We did not model the
injurious loading per se, but we instead concentrated on how cell death and compositional
changes evolve in injured cartilage that is possibly experiencing locally elevated strains post-
injury. We hypothesized that i) injury-related cell necrosis and apoptosis and PG loss occur at
early time points near lesions while ii) inflammation-mediated PG loss occurs later and in
more distant intact areas. To predict tissue-level cell death and PG loss in an injured environ-
ment, we simulated three different injury-related cell mechanisms separately and simulta-
neously. In the numerical model, excessive biomechanical shear strains trigger I) necrosis and
IT) apoptosis following cell damage (e.g., mitochondrial dysfunction) and ROS overproduc-
tion, while IL-1 diffusing into the tissue trigger III) inflammatory responses. We qualitatively
compared the simulated cell death and PG content distributions with stained histological carti-
lage sections from previous in vitro experiments [17,40]. To address the lack of quantitative
experimental data, we conducted a sensitivity analysis for the most relevant parameters in the
model, which were selected based on preliminary simulations (necrosis/cell damage rate, ROS
production rate, rate of spontaneous apoptosis, and decay rate of IL-1 concentration). Our
approach is a novel step towards modeling PTOA progression through chondrocyte-driven
biological mechanisms triggered by both locally excessive biomechanical loading and
inflammation.

2. Materials and methods

A computational mechanobiological model, inspired by previous models [17,34,36,37], was
developed to simulate cartilage degeneration in experimental cartilage geometry after injurious
unconfined compression to explain biological tissue-level damage via cell-driven mechanisms
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Fig 1. Computational modeling framework and comparison against biological data. Delineation of the simulated
mechanisms I-III in the proposed computational model to predict temporal and spatial changes in cell viability and
proteoglycan (PG) loss over 30 days. (A) Unconfined compression (15% axial strain, 1 Hz loading frequency) of
injured cartilage was simulated to obtain maximum shear strain distributions. Two biomechanically-induced
degradation mechanisms were triggered locally in regions experiencing abnormal maximum shear strains;
chondrocyte necrosis (mechanism I) and chondrocyte damage-associated overproduction of reactive oxygen species
(ROS) followed by cell apoptosis (mechanism II). (B) Interleukin-1 (IL-1) diffusion (1 ng/ml of IL-1 in the culture
medium) in cartilage caused spatially more distributed inflammatory stimulus which led to chondrocyte apoptosis
(mechanism IIT). Moreover, all the mechanisms I-III accelerated the PG degradation by decreasing the PG biosynthesis
and increasing the proteolysis of PGs. (C) Finally, the combined model was developed to simulate the synergistic
effects of mechanisms I-IIL. (D) Simulated cell viability and PG content were also qualitatively compared against
experimentally measured cell viability and digital densitometry measurements (an estimate of PG content).

https://doi.org/10.1371/journal.pcbi.1010337.g001

[17,40]. The cartilage PG degeneration was controlled with three different adaptive mecha-
nisms (Fig 1): shear strain-induced I) immediate necrosis of a cell population and II) ROS
overproduction and subsequent cell apoptosis (Fig 1A). These injury-related mechanisms ulti-
mately resulted in an increased aggrecanase release. The last mechanism III) is associated with
the effects of IL-1 (Fig 1B), which can cause chondrocyte apoptosis as well as upregulation of
aggrecanase production in the remaining live cells. All three mechanisms were assumed to
lead to decreased PG biosynthesis after decreased cell viability. These mechanisms were mod-
eled separately and simultaneously in a combined model (Fig 1C). We simulated the evolution
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of the viable cell and matrix PG content distributions for 12 days, while also providing extrapo-
lated insights up to 30 days. Based on the simulated results, we quantitatively analyzed near-
lesion (0.1 mm from lesion edges [17,34]) and bulk (the whole cartilage geometry) cell viability
and PG loss at several time points. The simulated results in an injured cartilage explant model
were also qualitatively compared with previous explant culture experiments (Fig 1D) [17,40].

2.1. Comparative biological data

Predictions of our theoretical computational model were qualitatively compared against histo-
logical changes observed in the previous explant culture experiments (Fig 2) [17,40]. We
emphasize that the exact experimental protocol was not modeled, thus no quantitative com-
parison is provided. We find this qualitative comparison feasible since the goal of this study
was to gain an understanding of the possible underlying mechanisms to explain experimental
findings in PTOA-like conditions.

In the experiments (Fig 2) [17,40], cylindrical articular cartilage explants (diameter 3 mm,
thickness 1 mm) were prepared from patellofemoral grooves of freshly slaughtered 1-2-week-

QA) Proteoglycan content Proteoglycan content R
T
low high
pay 0 Cell viability
(B) Orozco et al. (C) Eskelinen et al. (D) Eskelinen et al.
Injury + dynamic loading Injury + IL-1a 1nitr\{a+ dynamic loading

Day 12

.

Fig 2. Previous experiments. In the previous experiments conducted by Orozco et al. [17] and Eskelinen et al. [40], the injured, dynamically loaded, and IL-
1-challenged cartilage samples were analyzed at several time points during 12-day cultures. Cell viability and optical density (an estimate of proteoglycan (PG) content)
were measured with fluorescence microscopy and digital densitometry, respectively. (A) At day 0, PG loss in cartilage was minor. At day 12, the results showed (B)
substantial cell death and PG loss near lesions after dynamic loading in the injured cartilage. IL-1 challenge induced cell death and PG loss also in the intact areas (C)
without and (D) with dynamic loading post-injury. Red arrows highlight locally low optical density and white arrows locally high cell death.

https://doi.org/10.1371/journal.pcbi.1010337.9002
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old calves. The explants were subjected to injurious compression (50% strain, 100%/s strain
rate) with 1) compressive dynamic loading (15% strain amplitude, 1 Hz haversine waveform, 1
hour loading periods 4 times per day), 2) IL-1-challenge (1 ng/ml), or 3) a combination of
dynamic loading and IL-1 challenge. A free-swelling control group was also included for com-
parison. Cell viability and spatial optical density [41] were assessed at several time points up to
12 days with fluorescence microscopy and digital densitometry.

The experiments [17,40] showed minor PG loss between intact and injured sample regions
on the day of injury (Fig 2A, day 0). Qualitatively, cell death was high and PG content low in
the injured and dynamically loaded group mostly near lesions (Fig 2B, day 12 vs. day 0, white
and red arrows). After injury and IL-1 treatment, PG content was noticeably low near all edges
of the cartilage plug (Fig 2C, red arrows). Dynamically loaded injured and inflamed plugs also
showed markedly low PG content both away and near lesions (Fig 2D).

2.2. Simulation of abnormal biomechanical shear strains promoting
necrosis and cell damage

A finite element model of injured cartilage was subjected to physiologically relevant dynamic
loading as in a previous study [17]. The cartilage injury (lesion) and simplified dynamic load-
ing protocol (two loading-unloading cycles in unconfined compression instead of continuous
hour-long loading) in the simulations were implemented based on the experiments [17].
Importantly, we did not model the injurious loading itself, but rather the subsequent physio-
logically relevant dynamic loading of injured cartilage. The mechanical behavior of cartilage
was modeled using a fibril-reinforced porohyperelastic material with Donnan osmotic swelling
[42]. The material model input incorporated depth-dependent material properties including
water content, PG content, and collagen orientation and density [17] (see S1 Text and S1
Table). This material model has been shown to reliably capture cartilage mechanical behavior
[42,43]. The model output was maximum shear strain distribution, showing locally elevated
shear strains near the lesion, even though tissue-level loading remained within physiological
limits [17,39] (Fig 1A). The mechanical model was constructed in ABAQUS (v. 2021, Dassault
Systémes, Providence, RI, USA), and solutions were obtained using ‘soil consolidation’ analy-
sis (transient analysis of fully saturated fluid-filled porous media) with the same model geome-
try and finite element mesh that was assured to converge in our previous work (918 linear
axisymmetric elements with pore pressure, element type: CPE4P) [17]. Boundary conditions
were assigned as in the previous model (see S2 Text). Since excessive shear strains have been
suggested to trigger necrosis and apoptosis in cartilage [18], we used the maximum shear strain
distribution as a driving parameter for the locally triggered cell death and PG loss (see section
2.3 for details). As a preliminary test, we conducted simulations with higher compressive strain
amplitude to estimate areas experiencing cell necrosis/damage triggered after dynamic high-
strain tissue level compression (40% unconfined axial compressions, 1 Hz loading frequency).
For more details related to mechanical modeling, please see Fig A in S3 Text.

2.3. Modeling cell death and PG loss

Diffusion of aggrecanases and decrease in PG biosynthesis. Injury-related cell death
and damage, as well as diffusing inflammatory cytokines, may lead to a release of aggrecanases
[8,22]. In our model, mechanisms I-III (Fig 1) regulated the amount of released aggrecanases
diffusing in cartilage and suppressed PG biosynthesis after decreased cell viability, both leading
to PG loss. Also, PGs may be transported out of the tissue through the cartilage-fluid-interface
via diffusion. These mechanisms were modeled with time-dependent reaction-diffusion

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010337  January 26, 2023 6/26


https://doi.org/10.1371/journal.pcbi.1010337

PLOS COMPUTATIONAL BIOLOGY Modeling injury-related cartilage cell death

partial differential equations [36]

% = DeAiVZCi + Ri.syn - Ri.degv (1)
where ¢ is time, C; is the concentration of the biochemical species i (aggrecanases, PGs, IL-1,
viable/necrotic/damaged cells), D, ; is the effective diftusivity (zero for cell populations, as we
assumed no cell migration), R;yy, is the source (synthesis) term, and R; g, is the sink (degener-
ation) term of the species i. The source/sink terms utilized Michaelis—Menten kinetics to
model the production and degradation processes (see S4 Text) and binding of IL-1 to its recep-
tor as in the model by Kar et al. [36]. For example, an increase in the aggrecanase concentra-
tion increases the PG sink term, whereas cell death decreases the PG source term. The initial
PG content was obtained from the previous experiments [36,44]. In the current study, we did
not consider fluid flow-induced advective transport of IL-1, aggrecanases, or PG in Eq (1). For
more detailed information on the reaction-diffusion model, readers are referred to S4 Text.
Diffusion and reaction of species i were modeled in COMSOL Multiphysics (version 5.6, Bur-
lington, MA, USA) using a 2405-element triangular mesh (Fig A in S5 Text).

Mechanism I. Necrosis. First, regions presumed to experience early necrosis due to high
mechanical strain [14,18,45] were obtained from ABAQUS simulations using a custom-writ-
ten (see S6 Text) MATLAB script (R2018b, The MathWorks, Inc., Natick, MA, USA). Based
on earlier studies, we assumed that when the maximum shear strain in an element exceeded a
threshold of 50% [17], 40% of cells were assumed to become necrotic [46]. These live and
necrotic cell distributions were then imported into COMSOL.

The presence of necrotic cells was assumed to result in a rapid increase of local aggrecanase
concentration. The imported necrotic cell distribution then served as an initial condition for
the enzymatic (aggrecanase-induced) PG degradation. Acute necrosis-driven PG degeneration
via aggrecanases is supported by experimental findings showing rapid cell death within hours
after single impact loading [46], rapid release of aggrecanases near injured cartilage surfaces
[47], and necrosis-driven release or stimulation of proteolytic enzyme activity [22]. According
to our preliminary tests, this choice also resulted in early cell death and PG loss near cartilage
lesions as observed experimentally [17,40]. In addition, it has been suggested that high local
strains during repetitive dynamic loading in injured cartilage could lead to accumulated cell
death and possibly secondary necrosis in the superficial zone [48,49], promoting the localized
release of inflammatory factors [20-22] which could increase the proteolytic activity associated
with the surviving cells [30]. Thus, we assumed an acute aggrecanase release (concentration
Caga,init) from necrotic cells C,, . at the beginning of the simulation:

Caga,init = Caga‘npcn‘c = Caga‘n@pn,cch‘c,O’ (2)

where Cygq 0. is a calibration constant for the released aggrecanase (1.2x10™" mol) based on a
visual comparison of simulated PG concentration and histologically observed PG content find-
ings [40], pn.c = 0.4 = 40% is the fraction of necrotic cells [46],and C, ., = 1.5 x 10" Lris the
initial concentration of healthy cells [50].

Mechanism II. Damaged cells, ROS release, and apoptosis. Similarly, as with necrosis,
we assumed that 40% of the cells experiencing the maximum shear strains > 50% will become
‘damaged cells’ C4 . (e.g., experiencing mitochondrial dysfunction) [17]:

Cch = pd.cch.c,07 (3)

where pq . = 0.4 = 40% is the fraction of damaged cells [51]. Based on observations of increased
ROS production in response to excessive mechanical loading [15,24,51], we assumed that the
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localized ROS concentration Crpg increases as a function of damaged cell concentration Cy
[371:

oC
a};os = SposCac — Oros Cros> (4)

where d,os = 6.9 x 10" L is the ROS decay rate [37] and sgos is the ROS synthesis rate
described as

10 nmol , mol

Spos = 0.05 x5 =0.05 x ST 1.4 x 107" —~ (5)
where s, is the estimated maximum oxygen consumption rate (5-21% oxygen tension)
[37,52]. Moreover, since the ROS production in healthy cartilage has been estimated to be
1-3% of the maximum oxygen consumption [25,37,53], we assumed 5% ROS production in
injured cartilage (overproduction). We assumed no diffusion of ROS since the approximate
half-life of the mitochondrial ROS is relatively short (< 1 ms) [54].

Excessive ROS production has been suggested to result in apoptosis and PG loss [15,55].
The former phenomenon was incorporated as damaged cells Cy4 . turning apoptotic in an
exponential manner [56,57]:

aC,,

= PROS = _kd.ceIROSCROS Cd.c’ (6)

where Pgog describes the rate of damaged cells turning apoptotic due to ROS, k; . =
1.3x10°° % is cell death rate for damaged cells [58], and Tros a calibration coefficient for
ROS-dependent cell death (0.7 x 10° ;‘1‘—;).

Furthermore, PG loss was increased due to increased stimulus of aggrecanase production.
The stimulus was modeled with a stimulus equation originally introduced by Kar et al. [36]
(see S4 Text). Finally, PG degeneration was modeled based on Eq (1).

Mechanism III. Inflammation-induced apoptosis. Pro-inflammatory cytokine-mediated
apoptosis was implemented with IL-1 in the following exponential equation [59]

% =Py, = —kem G, (7)
where C; . is the concentration of live cells (C; . = G, .0, if only inflammation is considered or
Cic = Chco(1—pnc—pa,c) if also necrosis and cell damage are considered in the cells experienc-
ing over 50% maximum shear strain), k, = 7.5 x 10~ Lis the rate of spontaneous apoptosis
(11% of cells are apoptotic after 17 days under free-swelling conditions without exogenous
cytokines) [32], 7, , = 5.7 x 10" ﬁ is a calibration coefficient for experimentally observed
IL-1-induced depth-dependent apoptosis [32], and Cy;_; is IL-1 concentration. The chosen IL-
1 concentration was 1 ng/ml, implemented as a Dirichlet boundary condition on all the edges
except the bottom of the cartilage geometry [32,36]. Cytokine diffusion led to PG loss after loss
of cell viability and upregulation of aggrecanases via IL-1-mediated stimulus which were simu-
lated separately and simultaneously (for more details, see S4 Text).

Combining injury-related and inflammatory mechanisms. In the combined model, cell
death including injury-related I) necrosis, II) apoptosis via ROS overproduction in the dam-
aged cells, and III) IL-1-induced apoptosis were all considered simultaneously. Here, the live
cell concentration was affected as described in Eq (7). The damaged cells could turn apoptotic
due to ROS overproduction (Pros, Eq (6)) and inflammation (P _;, Eq (7)).
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Table 1. Parameters for the sensitivity analysis.

Parameters Range Description References
Pnc [-] 0.20, 0.40, 0.60 Necrosis fraction (Eq (2)) [46]
Pac [-] 0.20, 0.40, 0.60 Damaged cell fraction (Eq (3)) [51]
Sros [mol/s] 0.01XSmax0 0.05XS105 0.09%5..° Reactive oxygen species production rate (Eq (4)) [25,37,53]
ky [1/s] 0,7.5x107%, 15x1078 Rate of spontaneous apoptosis (Eq (7)) [32]
u[1/s] 1.2x107%, 0, 5.8x107° Decay rate of the interleukin-1 concentration (Eq (8)) [60]

Parameters and ranges chosen for the sensitivity analysis. Bolded values indicate reference values.

 Spax ¥ 2.8 X 10710 2 [37]

https://doi.org/10.1371/journal.pchi.1010337.t001

2.4. Sensitivity analysis for the computational model parameters

To address the lack of quantitative experimental data needed to calibrate some model parame-
ters, we conducted a computational sensitivity analysis for the essential parameters affecting
cell death and PG loss. Based on our preliminary tests during model development, the chosen
parameters were necrosis fraction (p, ), damaged cell fraction (p4.), ROS production rate
(sros, healthy and excessive levels), and rate of spontaneous apoptosis (k;; the IL-1-induced
aggrecanase stimulus was turned off to perceive the effect of altered PG biosynthesis due to cell
death on PG loss; Table 1).

Decreased IL-1 concentration. Previous clinical and pre-clinical studies have suggested
that inflammation may play a major role in PTOA progression. There is also evidence suggest-
ing that after acute inflammation, the concentration of the pro-inflammatory cytokines can
decrease exponentially in vivo [60,61]. Hence, to gain insights into the possible resolution of
acute inflammation and tissue recovery, we simulated time-dependent slow and fast exponen-
tial decreases of IL-1 concentration in the culture medium as

Ci1p = Ciipoe ™ (8)

where Cyp_; 1,0 is the initial boundary concentration of IL-1 (1 ng/ml) and p is the decay rate of
the IL-1 concentration.

3. Results
3.1. Necrosis

Simulated necrosis was localized near the cartilage lesion (Fig 1A) after dynamic loading (ini-
tial impact-loading was not modeled). At day 5, the computational reference model (p,, . = 0.4)
predicted that 10.8% of the viable cells would be necrotic and 21.6% of PGs would be cumula-
tively lost within 0.1 mm from the cartilage lesion compared to day 0 (Figs 3A and 4, red line).
The simulated PG content decreased rapidly and locally during the first day, followed by par-
tial recovery for the rest of the simulation. Sensitivity analysis revealed that, at day 5, a smaller
number of necrotic cells (p, . = 0.2; Fig 4B, blue line) resulted in an average PG loss of 16.4%
while a greater number (Fig 4C, blue line) of necrotic cells (p,, . = 0.6; Fig 4B, purple line)
resulted in an average PG loss of 26.1% (Fig 4D, purple line).

3.2. Damaged cells, ROS release, and apoptosis

Cell damage was also observed near the lesion (Fig 1A). The computational reference model
(moderate ROS overproduction) showed cumulative cell apoptosis of 6.5% and PG loss of 21.2%
near the lesion at day 5 compared to day 0 (Figs 3B and 5, red line). An 80% decrease in ROS
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Fig 3. Simulated proteoglycan degeneration. Comparison of the simulated spatial changes in proteoglycan (PG)
content after A) acute necrosis, B) cell damage, subsequent overproduction of reactive oxygen species and apoptosis,
C) inflammatory stimulus, and D) combined mechanisms I, II, and III at days 1, 5, and 12 showed different temporal
changes in PG distribution. Percentual changes in the proximity of the simulated lesion (0.1 mm from the lesion edge)
were computed relative to the PG content at day 0.

https://doi.org/10.1371/journal.pcbi.1010337.g003

production rate (low, healthy levels; Fig 5, blue line) showed simulated apoptosis of 5.0% and PG
loss of 13.0%, whereas increasing ROS production (high ROS overproduction; Fig 5, purple line)
to excessive levels led to apoptosis of 7.5% and PG loss of 26.4%. Higher fraction of damaged cells
led to higher apoptosis and lower PG content as did the increase of ROS production rate (Fig 6).

3.3. Inflammation-induced apoptosis

Diffusion of IL-1 resulted in extensive cell apoptosis and subsequent PG loss near the free sur-
faces (Figs 3C and 7). The model where PG degeneration via aggrecanases and loss of biosyn-
thesis (induced by apoptosis) was considered, showed PG loss of 50.4% near the cartilage
lesion at day 5 (Fig 3C). This rapid degradation masks the effect of IL-1 on PG loss through
changes in PG biosynthesis. Thus, in Fig 7, we present sensitivity analysis results with the effect
of aggrecanases turned off in the model. At day 5, the reference model (k; = 7.5 x 107°%) had
PG loss of 11.2% (apoptosis of 33.5%) compared to day 0 (Fig 7, red line). Corresponding
models without apoptosis (k; = 0) exhibited PG loss of 10.2% (Fig 7, blue line; passive PG dif-
fusion) and models with a higher apoptosis rate (k, = 15 x 10°° L, Fig 7, purple line; apoptosis
of 54.2%) showed a PG loss of 11.9% in the cartilage.

3.4. Synergistic effect of necrosis, ROS, and inflammation

Cartilage subjected simultaneously to the simulated effect of injury-related and inflammatory
mechanisms revealed vast cell death and PG loss near the free surfaces and the lesion (Figs 3D
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and 8A-8D). In the computational reference model (Fig 8A, red line), at day 5, cumulative
near-lesion cell death was 46.8% (Fig 8C and 8D, total (bulk) cell death of 11.0% in the whole
geometry) and PG loss was 64.2% (total PG loss of 18.9%) compared to day 0 (Fig 8E and 8F,

red line). When the IL-1

concentration was decreased slowly in the combined model

(u=12x10"° %, Fig 8A, blue line), the simulated near-lesion cell death was 36.3% (Fig 8C
and 8D, blue line, total cell death of 8.1%) and PG loss was 62.0% at day 5 (Fig 8E and 8F, blue
line, total PG loss of 16.7%). Rapid decrease (u = 5.8 x 10°° L, Fig 8A, purple line) of IL-1 con-
centration in the culture medium led to near-lesion cell death of 25.6% (Fig 8C and 8D, total
cell death of 5.1% in the whole geometry) and PG loss of 50.8% at day 5 (Fig 8E and 8F, total
PG loss of 10.9%). Interestingly, notably less PG loss was observed in 12-day simulations com-
pared to the reference model (Fig 8B).
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Partial recovery of the PG content in cartilage. When the simulation was continued
until day 30, we observed that the greatest cumulative near-lesion PG loss of 98.5% and 58.2%
occurred at days 17 and 9 in the models with slow and fast decrease of IL-1 concentration,
respectively. Moreover, we observed that at day 30, the PG content had recovered by 9.4%-
points and 20.4%-points around the lesion (corresponding 4.0%-points and 3.9%-points bulk
tissue recovery) for the slow and fast decrease of IL-1 concentration when compared to the PG
content at days 17 and 9, respectively (Fig 8G).

4. Discussion

Previous computational models of early PTOA have not explicitly modeled physical lesions,
mechanical loading, and the underlying cell-regulated degradative mechanisms of cartilage. In
this study, we bridged this knowledge gap and presented a novel mechanobiological model
considering physical cartilage lesion, injury- and loading-related cell death, overproduction of
ROS, and diftusion of pro-inflammatory cytokines and their effect on cartilage PG content.
We compared the model results against previously measured optical density maps from
injured calf cartilage explants and noticed matching predictions of the PG content: extensive
and localized near the lesions, but more widely spread when IL-1 was added to the medium.
Predicted cell death followed the same pattern of damage localization, observed also in vitro.
The interesting computational findings are that 1) necrosis alone affects PG content rapidly
(0-3 days) in the vicinity of the lesion but its effect almost completely fades away over 5 days,
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leading to partial recovery of PG content (Figs 3A and 4C), 2) ROS overproduction and espe-
cially inflammation have longer-term (over 5 days) effects on PG content (Figs 3, 5C, 6C and
7C), and 3) rapid decrease of IL-1 concentration (leading to lower aggrecanase release and less
suppression of PG biosynthesis) facilitates the recovery of PG content even in injured cartilage
(Fig 8E). Comparison of the model simulations and biological data implies that our model can
pinpoint relevant underlying degradation mechanisms leading to the cartilage degeneration.

4.1. Necrosis

Injurious loading may cause rapid (within hours to days) necrotic and apoptotic cell death
[13,14,18,55]. The injury can also stimulate catabolic pathways in live cells and predispose
them to further harmful mechanical and inflammatory stimuli [62,63]. As a result of high
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susceptibility to harmful stimuli, cells may die or express catabolic enzymes easier than
undamaged cells. Locally elevated shear strains near lesions due to mechanical loading could
be one such catabolic stimulus, assumed here to lead to localized necrosis and PG loss [17,39].

The cell viability assay with propidium iodide and fluorescein acetate as used by Orozco et al.

[17] and Eskelinen et al. [40] does not discern between necrosis and apoptosis, but other stud-

ies have shown that similar injurious loading may cause necrotic cell death [46]. Furthermore,

the assumption that necrotic cells would release DAMPs inducing inflammatory response
(such as IL-1 production, which later causes aggrecanase release [20]) is supported by several
studies [21,64]. In addition to necrosis, necroptosis (regulated necrosis) can be involved in the
release of DAMPs after injury stimulating the inflammatory response in chondrocytes [65]
and, thus, participate in accelerated degradation of cartilage post-injury [66].

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010337  January 26, 2023

14/26


https://doi.org/10.1371/journal.pcbi.1010337.g007
https://doi.org/10.1371/journal.pcbi.1010337

PLOS COMPUTATIONAL BIOLOGY

Modeling injury-related cartilage cell death

A ! o 10 24
(A) 10 (B) Proteoglycan content -:ZZ-I 3
3 2R S5 PUNNS Y $oomune 6 ) SRR X mmol/m
—_ 13 H=0 1/s %% =58x10°1/s %%
rmESizx‘.: %% M=01/s —_—— r H w o 4 1
v= [|* x-% p=12x10°1/s <~
5840 X %% p=58x10°1/s
Q< x| x Day 3 Day 3
L I T A O B
L O3 : [P g—
£5 : —H
X ©
3 'E ol :“: | x - —
=0 PEVAS
] x X V4 Day 5
c olf 7
= Q '».x % ’ & ‘
SRR P Y
Time [day] Day 12 Day 12
(©) 01 (D)
w 100 ol Z =1.2x 10 1/s Amount of viable cells (%) 100
T °-9:L : %% M=58x10°1/s 80
0 ! 5 days _ Reference
o os * || H = o 1/5 RISV
Q. X0 60 o
B0 T
2 cosl | TiXi | | A SR % 48
es Y %
+ 0.5 | B D ! [
co IR SIS 20
3 ‘_.50.4 = ol Total -11.0 %
£ 903 X, p=12x10°1/s x-x  p=58x10°1/s x x
9 o2 B i ; .
= e,
T 0.1 S | |
T’ | S P4
o 0
01 3 5 10 15 20 25 30 Total -8.1 % Total -5.1 %
Time [day]
E F o
(E) 10y wx H=01/5 ) (F) Proteoglycan content (%) 100
0.9 *x-% g=12x10"° 1/s _
— i _ -6 H=0 1/s R&fiﬁence 80
c 1 08} %% H=58x10°1/s
g - 3 60
O co7[# %
> 3
—m.g el 5 days 40
8 3™ -64.2%
B = 05 20
E o Total -18.9%
8 g oa [
S ¥ osl H=12x10°1/s %% pP=58x10°1/s X%
52
- = 0.2
g5
O 0.1 X
o H % % -62.0%
01 3 5 10 15 20 25 30 Total -16.7% Total -10.9%
Time [day]
(G) Proteoglycan content recovery o 10 24
H=58x10°1/s p - mmol/m3
Day 9 Day 30
Fig 8. Simulated decrease of cytokine concentration in the combined model. (A) Simulated time-dependent exponential decrease of the interleukin-1
concentration in the culture medium and B) comparison of changes in proteoglycan (PG) content with constant (4 = 0 1) and fast-decreasing cytokine
PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010337  January 26, 2023 15/26


https://doi.org/10.1371/journal.pcbi.1010337

PLOS COMPUTATIONAL BIOLOGY Modeling injury-related cartilage cell death

concentration ( = 5.8x10~°1). C) Temporal changes in cell viability in 30-day simulation near the cartilage lesion (within 0.1 mm from the lesion) and D) spatial
changes at day 5. D) Temporal changes in the PG content near the cartilage lesion and (F) spatial changes in the whole cartilage geometry (total) at day 5.
Decreased exogenous cytokine concentration decreased cell death and PG loss substantially and (G) showed partial recovery of the PG content (here, simulation
continued until day 30). Red line in the figure refers to the reference model (decay rate of interleukin-1 concentration y = 0 %).

https://doi.org/10.1371/journal.pcbi.1010337.9008

On average, our model predicted necrotic cell death of 10.8% (40% local necrosis of the via-
ble cells in areas exceeding 50% maximum shear strain threshold, Fig 4A) within 0.10 mm
from the lesion at day 5 (compared to day 0) when collagen architecture was based on young
bovine cartilage [17,46]. For comparison, Philips et al. [46] reported a high loss of cell viability
around the superficial zone of mature bovine cartilage (0.15 mm from the surface), especially
in the vicinity of the surface fissures, 1 hour after impact-injury (unconfined compression with
~25 MPa peak stress, 100%/s loading rate). Similarly, human in vitro impact-models have also
shown necrotic cell death occurring near lesions and increased catabolic expression in carti-
lage after injury [67,68]. Albeit we did not consider necrosis caused by the initial impact injury,
our model could capture the early necrotic cell death near the lesion due to high strains result-
ing from dynamic loading of injured geometry as well as the following rapid PG degeneration
due to high catabolic activity in these areas.

In our simulated necrosis model, aggrecanases were released only at day 0 in response to
cell necrosis near the lesion (Fig 4A). We observed the substantial PG loss during day 1 near
the lesion (Fig 4C) and, as expected, simulating increased necrosis fraction led to higher PG
loss, a scenario that is feasible with high impact loads [12,13,55]. The predicted early burst of
enzymatic activity is supported by experiments showing increased aggrecanase expression in
injured bovine cartilage 1 day after experimental injury [8]. In addition, Merrild et al. [47]
reported localized aggrecanase activity near the lesion 1 day after cartilage injury which could
represent newly synthesized aggrecanase or that originating from the tissue reservoirs [9].
Since aggrecanases may be activated intracellularly [69], they may be capable of degrading the
ECM PGs when released after cell membrane rupture in necrosis. Moreover, studies about
other arthropathies similar to osteoarthritis [22,70] have suggested that the release of aggreca-
nases occurs in regions experiencing chondrocyte necrosis. Predicted PG degeneration within
day 1 and the PG recovery within the following 2 days is explained by rapid outflux of aggreca-
nases from highly necrotic regions (change of aggrecanase concentration over time is relative
to the aggrecanase concentration gradient) and relatively small effect of highly localized necro-
sis on total PG biosynthesis.

Interestingly, our results from necrosis-only model suggest that cartilage can recover its PG
content partially and reach a steady-state in 12 days. This implies that after acute PG degrada-
tion and loss, decrease in aggrecanase concentration and diffusion of PGs from deeper layers
of the cartilage can promote PG recovery. It has been suggested that early and localized PG
degeneration may be part of the repair process of minor cartilage injuries [47], but the contin-
ued expression of catabolic enzymes may lead to pathological degradation. However, in previ-
ous experiments (Fig 2B) [17,40], PG degeneration was still observed near the lesion at day 12.
This suggests that, in addition to the immediate necrosis, further subacute mechanisms associ-
ated with cell damage (e.g., oxidative stress and ROS overproduction) should be included in
the simulations to better catch the temporal changes in injured cartilage.

4.2. Cell damage, ROS, and apoptosis

Since maximum shear strains were excessive near the lesion, the damaged cells producing
large amounts of ROS leading to apoptosis were located in the same areas as necrosis. This
modeling approach is supported by biological experiments where the amount of ROS was
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proportional to the deformation of the chondrocytes [51]. While the simulated necrosis indi-
cated rapid early PG loss followed by partial PG content recovery, damaged cells contributing
to the overproduction of ROS led to decreasing PG content over time. This suggests that
necrosis might play an early short-term role in PG loss, but cell damage and its downstream
catabolic effects may last longer despite the short lifetime of ROS [24,55]. Thus, cell damage
and large amounts of ROS could undermine the partial recovery seen with the necrosis-only
model and continue cartilage degradation near the lesion even when tissue-level global loading
is physiologically normal (15% strain in our model).

Low ROS production in cartilage did not result in major cell death (5.0%), nor did the mod-
erate (6.5%) or severe (7.5%) ROS overproduction (Fig 5B) near the lesion at day 5. Further-
more, low ROS production did not result in a substantial PG loss (13.0%, 2.8% higher than
passive PG diffusion) whereas moderate and severe ROS overproduction resulted in higher
PG loss, 21.2% and 26.4%, respectively. A similar interplay between damaged cells and
increased ROS production leading to cell death and PG loss has been observed experimentally
in animal models [24,51,55] and also in human cartilage explants [71].

4.3. Inflammation

Simulated inflammation resulted in rapid and substantial cell death and PG loss near the free
surfaces, in good agreement with experimental findings (Fig 2C) [32,40]. With 1 ng/ml of IL-1,
inflammation-driven degradation mechanisms dwarfed those driven by biomechanics. The
inflammation-related PG loss was mostly driven by the aggrecanases; when the proteolytic
effect of aggrecanases was turned off, the IL-1-induced apoptosis (resulting in decreased PG
biosynthesis) had only a minor effect on the PG loss (Fig 7C and 7D).

Analysis of inflammation-related PG loss has been extensively included in computational
and experimental studies [32,34,36]. However, IL-1-induced cell death has rarely been
included in computational models. In experimental work conducted by Lopez-Armada et al.
[72], ~50% bulk tissue cell death was observed after 7-day culture with 5 ng/ml of IL-1 [72],
and Li et al. [32] reported ~50% bulk cell death after 17 days culture with 1 ng/ml of IL-1. Our
model exhibited 15.1% and 34.8% bulk cell death on days 7 and 17 with 1 ng/ml, respectively.
Lower cell death in our simulated results may be explained by the absence of additional inflam-
matory mechanisms, such as chondrocyte production of IL-1 after signaling via DAMPs [2,19]
or autocrine stimulation via TNF-o [30].

4.4. Combined model

Simultaneously acting biomechanical and biochemical mechanisms resulted in marked cell
death and PG loss especially near the lesion during the first 5 days (Figs 3D and 8). Later, the
IL-1-driven degradation dominated over the other mechanisms around the defect, in agree-
ment with digital densitometry results [40]. Our model was able to capture the well-docu-
mented synergistic effect of biomechanics and inflammation on PTOA progression (Fig 2D)
[63,73].

Our reference model predicted locally extensive PG loss of 43.6% near the lesion at day 3
(Fig 8B and 8E, red line; total PG loss of 9.0% in the whole cartilage geometry at day 3) and
spread of PG loss also to the intact areas at day 5 (Fig 8B and 8F; total PG loss of 18.9%). Previ-
ous experiments have shown that injuries can potentiate inflammation causing highly
increased expression/activity of matrix-destructing enzymes and PG loss in bovine and human
explants [73]. Eskelinen et al. [40] reported increased PG degeneration in the intact regions of
injured-and-inflamed bovine cartilage at day 7 compared to day 3. These experiments are in
general consistent with our modeling results showing substantial near-lesion PG loss caused
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by synergistic effect of inflammation and high shear strains after 3 days and inflammation-
induced PG loss also in the intact areas in the subsequent time-points.

Interestingly, a simulated fast decrease of the IL-1 concentration in the culture medium
resulted in partial recovery of the near-lesion (20.4%-point increase at day 30 compared to day
9) and bulk PG contents (3.9%-point increase). This finding highlights the major role of inflam-
mation in the computational model; decreasing the cytokine concentration temporally leads to
partial recovery of the tissue, while the biomechanical mechanisms contribute to tissue degrada-
tion around the lesion. The result of possible partial recovery suggests that inhibition of cyto-
kine activity or rapid cytokine clearance from the culture medium/joint space could suppress
production of proteolytic enzymes and rescue PG synthesis via reduced cell death (see Eq (1)
and Eq (S14) in S4 Text). Similar PG recovery has been reported in experimental studies
[74,75]. Specifically, our numerical model predicted PG recovery between days 10 and 30 (Fig
8E, purple line) after removal of most IL-1 from the culture medium (day 10 in Fig 8A, purple
line). During a similar time-window as shown by our model, previous in vitro experiments
showed partial recovery of uninjured bovine cartilage GAG content over 3 weeks after changing
the medium to that without IL-1 [75]. Interestingly, less recovery was observed in the most
severely degraded regions compared to the more intact regions of the cartilage after IL-1 treat-
ment. Similarly, our model predicted less recovery in highly degenerated areas near the lesion
compared to the more intact areas away from the lesion (Fig 8G). These findings indicate that
our model provided reasonable predictions of the cartilage recovery and adaptation.

4.5. Limitations

Although our approach represents a step toward elucidating the cell-driven cartilage degrada-
tion after injury, our model has limitations that may partly explain the disagreement between
the model and experiments.

Biomechanical loading and inflammation of cartilage include many complex cell-level
mechanisms. All mechanisms inducing cartilage degradation are nearly impossible to include
in a computational model, but we believe cartilage degeneration can be predicted by estimat-
ing the net effect of the most significant mechanisms. Here, we have included a few of these
mechanisms but, in reality, additional mechanisms may also alter the cartilage degeneration.
These mechanisms may include: IL-1 production by chondrocytes [2,30,32], IL-1-induced
ROS production [54], ROS-induced necrotic cell death [16,76], introduction of MMP-3-driven
matrix degradation after injury [12,77], possible fluid flow-dependent PG loss or cytokine
transport through cartilage-fluid-interfaces via advection [17,78,79], and injury-related PG
loss due to microdamage and structural changes instead of enzymatic degradation [62]. More-
over, our model does not consider the beneficial effects of moderate dynamic loading, such as
alleviation of the catabolic effects of IL-1 and increased synthesis of the ECM matrix compo-
nents by live cells [40,80,81].

After acute inflammation, physiological IL-1 concentration in the inflamed human knee
joint is typically much lower than 1 ng/ml. We simulated diffusion of IL-1 into cartilage (from
a bath having 1 ng/ml concentration), the same as used in previous experimental in vitro stud-
ies [32,34,36]. Since the biochemical model was calibrated previously based on in vitro experi-
ments [36], we did not use physiological concentrations which would just result in slower
progress of the degeneration. In the human joint, also other pro-inflammatory cytokines such
as TNF-q, regulate apoptosis [61,82]. Their effects would be possible to include into the model
with Eq (1). However, for now, we did not incorporate TNF-a, since we had no information
available about its diffusion/reaction coefficients, and it was not used in the experiments uti-
lized for model comparison.
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We did not account for the degeneration of the collagen network that would affect the bio-
mechanical properties and cell responses in the cartilage [83]. This was justified as structural
and constitutional changes in the collagen network have been observed to occur later than in
the PG content [32,84]. Also, we did not explicitly model the pericellular matrix or changes in
its properties during the degeneration. There is evidence that alterations in the pericellular
matrix properties and cell-matrix interactions may have substantial role in the OA initiation
and progression of tissue degeneration [85-87], thus, the pericellular matrix and possibly
altered mechanotransduction during loading of damaged cartilage should be accounted for in
future studies. In addition, the biomechanical loading used in the computational model is a
simplification of the experiments. For instance, we did not simulate the initial impact-loading
leading to cartilage defects in the superficial zone or the full dynamic loading protocol used
in previous experiments after the injury [17,40]. After impact-loading and during the continu-
ous dynamic loading, changes in PG (and collagen) content can also influence the shear strain
distributions [88]. Moreover, considering fluid exchange with the culture medium [89], carti-
lage injuries [90], and decreased boundary resistance post-injury [91] may induce decreased
pressure. This may also broaden the high-strain area from the vicinity of lesions to the deeper
layers of the cartilage. Hence, due to simplifications in the biomechanical simulations, our
model may underestimate the depth-dependent necrosis, apoptosis, and cartilage
degeneration.

Although some inflammation and material parameters have been calibrated well [17,36],
full model validation is hampered by the small amount of time-dependent biomechanical and
biochemical experimental data from different studies. Data for extensive validation should also
include the fraction of cell death (necrosis and apoptosis), ROS activity, and PG content to fur-
ther improve the calibration of the related parameters and validate the localized degradation
processes induced by mechanisms I-III. However, the presented predictions are already gener-
ally in line with the current literature and despite the lack of extensive calibration, the current
modeling framework can offer insights into the local mechanisms driving cell death and PG
loss in PTOA-like conditions.

4.6. Future directions

In the future, multiscale mechanobiological models may be feasible to produce patient-specific
predictions of early cartilage degeneration. Future developments of the model could include
the implementation of the pericellular matrix to investigate the mechano-inflammatory cross-
talk between the pericellular matrix and the chondrocyte at the early phases of cartilage injury
[87,92]. In addition, extensive experimental research is still needed to elucidate the injury-
related mechanotransduction pathways, cell death, and ROS kinetics, which could provide
time-dependent quantitative data to calibrate and enhance the current modeling framework.
Thus, we are planning to conduct additional experiments to validate our tissue-level model
predictions which could then provide validated improvements in the current joint-level mod-
els [33,93]. One potential example could be merging this framework with musculoskeletal-
finite element modeling workflow [33,94,95] which considers patient-specific joint geometry
and loading. When adding inflammatory biomarkers from the synovial fluid, and possibly the
defect size, to the workflow with our new cell-level mechanobiological model, virtual evalua-
tion of the effects of biomechanical (such as rehabilitation) and biochemical (for example
pharmaceutical treatment) interventions on cartilage health would become possible. This
would enable optimizing the treatment and help in clinical decision making. Our current
model already considers ROS (Eqs (3)-(6)) and could provide means to simulate, for example,
the effect of N-acetylcysteine treatment on oxidative stress, ROS production, cell death, and
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cartilage health [7]. Eventually, the model predictions could produce cost-efficient optimized
intervention strategies, to mitigate early cartilage degeneration.

5. Conclusions

Cell death and enzymatic cartilage degeneration in response to injurious loading are important
factors to consider in computational models for predicting PTOA progression. We incorpo-
rated biological cell-tissue-level responses including necrotic and apoptotic cell death, ROS
overproduction, and inflammation of injured cartilage into a finite element model of early-
stage PTOA. Our novel mechanobiological model was able to predict localized cell death and
PG loss similar to previous biological experiments; biomechanically induced necrosis and apo-
ptosis and the following enzymatic degeneration of PGs were observed near the cartilage
lesion, while diffusing pro-inflammatory cytokines resulted in more widely spread damage.
Based on the computational model predictions, rapid inhibition or clearance of pro-inflamma-
tory cytokines would result in partial recovery of the PG content and could be a potential way
to decelerate PTOA progression even in injured tissue. In the future, the current computa-
tional framework could enhance previous models by introducing new mechanisms, thus pro-
viding a better understanding of PTOA progression. Furthermore, in the future, thoroughly
calibrated multi-level mechanobiological models could be a valuable tool in assessing patient-
specific pharmacological treatments time-dependently and help in the planning of new inter-
vention strategies.

Supporting information

S1 Text. More detailed explanation of the biomechanical material model.
(DOCX)

S2 Text. More detailed explanation of the simulations, boundary conditions and finite ele-
ment mesh of the biomechanical model.
(DOCX)

$3 Text. Biomechanical simulations with higher axial strain amplitude to investigate the initial
injury.

(DOCX)

S$4 Text. More detailed explanation of the modeling of the proteoglycan loss with the reac-

tion-diffusion equations.
(DOCX)

S5 Text. Mesh sensitivity analysis for the reaction-diffusion model.
(DOCX)

S$6 Text. More detailed explanation of the data interpolation from Abaqus to Comsol.
(DOCX)

S1 Table. Variables describing cartilage composition used in the biomechanical material
model.
(DOCX)

Acknowledgments

We acknowledge the support of University of Eastern Finland, Lund University, Massachusetts
Institute of Technology, and University of Iowa to conduct this research.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010337  January 26, 2023 20/26


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010337.s001
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010337.s002
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010337.s003
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010337.s004
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010337.s005
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010337.s006
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010337.s007
https://doi.org/10.1371/journal.pcbi.1010337

PLOS COMPUTATIONAL BIOLOGY Modeling injury-related cartilage cell death

Author Contributions

Conceptualization: Joonas P. Kosonen, Atte S. A. Eskelinen, Gustavo A. Orozco, Petteri
Nieminen, Donald D. Anderson, Alan J. Grodzinsky, Rami K. Korhonen, Petri Tanska.

Data curation: Joonas P. Kosonen, Atte S. A. Eskelinen, Gustavo A. Orozco.
Formal analysis: Joonas P. Kosonen.
Funding acquisition: Rami K. Korhonen, Petri Tanska.

Investigation: Joonas P. Kosonen, Atte S. A. Eskelinen, Gustavo A. Orozco,
Rami K. Korhonen, Petri Tanska.

Methodology: Joonas P. Kosonen, Atte S. A. Eskelinen, Gustavo A. Orozco, Petteri Nieminen,
Donald D. Anderson, Alan J. Grodzinsky, Rami K. Korhonen, Petri Tanska.

Project administration: Rami K. Korhonen, Petri Tanska.
Resources: Rami K. Korhonen, Petri Tanska.
Software: Joonas P. Kosonen, Atte S. A. Eskelinen, Gustavo A. Orozco.

Supervision: Petteri Nieminen, Donald D. Anderson, Alan J. Grodzinsky, Rami K. Korhonen,
Petri Tanska.

Validation: Joonas P. Kosonen, Atte S. A. Eskelinen.
Visualization: Joonas P. Kosonen.
Writing - original draft: Joonas P. Kosonen.

Writing - review & editing: Atte S. A. Eskelinen, Gustavo A. Orozco, Petteri Nieminen,
Donald D. Anderson, Alan J. Grodzinsky, Rami K. Korhonen, Petri Tanska.

References

1. Anderson DD, Chubinskaya S, Guilak F, Martin JA, Oegema TR, Olson SA, et al. Post-traumatic osteo-
arthritis: Improved understanding and opportunities for early intervention. J Orthop Res. 2011; 29: 802—
809. https://doi.org/10.1002/jor.21359 PMID: 21520254

2. Lieberthal J, Sambamurthy N, Scanzello CR. Inflammation in joint injury and post-traumatic osteoarthri-
tis. Osteoarthr Cartil. 2015; 23: 1825—1834. https://doi.org/10.1016/j.joca.2015.08.015 PMID:
26521728

3. Lee W, Guilak F, Liedtke W. Role of Piezo Channels in Joint Health and Injury. Curr Top Membr. 2017;
79: 263—-273. https://doi.org/10.1016/bs.ctm.2016.10.003 PMID: 28728820

4. KuhnK, D’Lima DD, Hashimoto S, Lotz M. Cell death in cartilage. Osteoarthr Cartil. 2004; 12: 1-16.
https://doi.org/10.1016/j.joca.2003.09.015 PMID: 14697678

5. HwangHS, Kim HA. Chondrocyte apoptosis in the pathogenesis of osteoarthritis. Int J Mol Sci. 2015;
16: 26035—-26054. https://doi.org/10.3390/ijms161125943 PMID: 26528972

6. Tudorachi NB, Totu EE, Fifere A, Ardeleanu V, Mocanu V, Mircea C, et al. The implication of reactive
oxygen species and antioxidants in knee osteoarthritis. Antioxidants. 2021; 10: 1-29. https://doi.org/10.
3390/antiox10060985 PMID: 34205576

7. Coleman MC, Goetz JE, Brouillette MJ, Seol D, Willey MC, Petersen EB, et al. Targeting mitochondrial
responses to intra-articular fracture to prevent posttraumatic osteoarthritis. Sci Trans| Med. 2018; 10:
1-32. https://doi.org/10.1126/scitransimed.aan5372 PMID: 29437147

8. Lee JH, Fitzgerald JB, DiMicco MA, Grodzinsky AJ. Mechanical injury of cartilage explants causes spe-
cific time-dependent changes in chondrocyte gene expression. Arthritis Rheum. 2005; 52: 2386-2395.
https://doi.org/10.1002/art.21215 PMID: 16052587

9. DiMicco MA, Patwari P, Siparsky PN, Kumar S, Pratta MA, Lark MW, et al. Mechanisms and Kinetics of
Glycosaminoglycan Release Following In Vitro Cartilage Injury. Arthritis Rheum. 2004; 50: 840—-848.
https://doi.org/10.1002/art.20101 PMID: 15022326

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010337  January 26, 2023 21/26


https://doi.org/10.1002/jor.21359
http://www.ncbi.nlm.nih.gov/pubmed/21520254
https://doi.org/10.1016/j.joca.2015.08.015
http://www.ncbi.nlm.nih.gov/pubmed/26521728
https://doi.org/10.1016/bs.ctm.2016.10.003
http://www.ncbi.nlm.nih.gov/pubmed/28728820
https://doi.org/10.1016/j.joca.2003.09.015
http://www.ncbi.nlm.nih.gov/pubmed/14697678
https://doi.org/10.3390/ijms161125943
http://www.ncbi.nlm.nih.gov/pubmed/26528972
https://doi.org/10.3390/antiox10060985
https://doi.org/10.3390/antiox10060985
http://www.ncbi.nlm.nih.gov/pubmed/34205576
https://doi.org/10.1126/scitranslmed.aan5372
http://www.ncbi.nlm.nih.gov/pubmed/29437147
https://doi.org/10.1002/art.21215
http://www.ncbi.nlm.nih.gov/pubmed/16052587
https://doi.org/10.1002/art.20101
http://www.ncbi.nlm.nih.gov/pubmed/15022326
https://doi.org/10.1371/journal.pcbi.1010337

PLOS COMPUTATIONAL BIOLOGY Modeling injury-related cartilage cell death

10. ZhaoZ,LiY,WangM, Zhao S, Zhao Z, Fang J. Mechanotransduction pathways in the regulation of car-
tilage chondrocyte homoeostasis. J Cell Mol Med. 2020; 24: 5408-5419. https://doi.org/10.1111/jcmm.
15204 PMID: 32237113

11.  Natoli RM, Athanasiou KA. Traumatic loading of articular cartilage: Mechanical and biological
responses and post-injury treatment. Biorheology. 2009; 46: 451-485. https://doi.org/10.3233/BIR-
2009-0554 PMID: 20164631

12. Patwari P, Cook MN, DiMicco MA, Blake SM, James IE, Kumar S, et al. Proteoglycan degradation after
injurious compression of bovine and human articular cartilage in vitro: Interaction with exogenous cyto-
kines. Arthritis Rheum. 2003; 48: 1292—1301. https://doi.org/10.1002/art.10892 PMID: 12746902

13. Stolberg-Stolberg JA, Furman BD, William Garrigues N, Lee J, Pisetsky DS, Stearns NA, et al. Effects
of cartilage impact with and without fracture on chondrocyte viability and the release of inflammatory
markers. J Orthop Res. 2013; 31: 1283-1292. https://doi.org/10.1002/jor.22348 PMID: 23620164

14. Chen CT, Burton-Wurster N, Borden C, Hueffer K, Bloom SE, Lust G. Chondrocyte necrosis and apo-
ptosis in impact damaged articular cartilage. J Orthop Res. 2001; 19: 703-711. https://doi.org/10.1016/
S0736-0266(00)00066-8 PMID: 11518282

15. Beecher BR, Martin JA, Pedersen DR, Heiner AD, Buckwalter JA. Antioxidants block cyclic loading
induced chondrocyte death. lowa Orthop J. 2007; 27: 1-8. PMID: 17907423

16. Charlier E, Relic B, Deroyer C, Malaise O, Neuville S, Collée J, et al. Insights on molecular mechanisms
of chondrocytes death in osteoarthritis. Int J Mol Sci. 2016;17. https://doi.org/10.3390/ijms17122146
PMID: 27999417

17. Orozco GA, Tanska P, Florea C, Grodzinsky AJ, Korhonen RK. A novel mechanobiological model can
predict how physiologically relevant dynamic loading causes proteoglycan loss in mechanically injured
articular cartilage. Sci Rep. 2018; 8: 1-16. https://doi.org/10.1038/s41598-018-33759-3 PMID:
30348953

18. Bonnevie ED, Delco ML, Bartell LR, Jasty N, Cohen |, Fortier LA, et al. Microscale frictional strains
determine chondrocyte fate in loaded cartilage. J Biomech. 2018; 74: 72—78. https://doi.org/10.1016/j.
jbiomech.2018.04.020 PMID: 29729853

19. Rosenberg JH, Rai V, Dilisio MF, Agrawal DK. Damage-associated molecular patterns in the pathogen-
esis of osteoarthritis: potentially novel therapeutic targets. Mol Cell Biochem. 2017; 434: 171-179.
https://doi.org/10.1007/s11010-017-3047-4 PMID: 28474284

20. England H, Summersgill HR, Edye ME, Rothwell NJ, Brough D. Release of interleukin-1 a or interleu-
kin-1 B depends on mechanism of cell death. J Biol Chem. 2014; 289: 15942—-15950. https://doi.org/10.
1074/jbc.M114.557561 PMID: 24790078

21. Vanden Berghe T, Kalai M, Denecker G, Meeus A, Saelens X, Vandenabeele P. Necrosis is associated
with IL-6 production but apoptosis is not. Cell Signal. 2006; 18: 328—335. https://doi.org/10.1016/j.
cellsig.2005.05.003 PMID: 16023831

22. LiS, CaoJ, Caterson B, Hughes CE. Proteoglycan metabolism, cell death and Kashin-Beck Disease.
Glycoconj J. 2012; 29: 241-248. https://doi.org/10.1007/s10719-012-9421-2 PMID: 22733148

23. Bartell LR, Fortier LA, Bonassar LJ, Szeto HH, Cohen |, Delco ML. Mitoprotective therapy prevents
rapid, strain-dependent mitochondrial dysfunction after articular cartilage injury. J Orthop Res. 2020;
38: 1257—1267. https://doi.org/10.1002/jor.24567 PMID: 31840828

24. Goodwin W, McCabe D, Sauter E, Reese E, Walter M, Buckwalter JA, et al. Rotenone prevents impact-
induced chondrocyte death. J Orthop Res. 2010; 28: 1057—1063. https://doi.org/10.1002/jor.21091
PMID: 20108345

25. Lepetsos P, Papavassiliou AG. ROS/oxidative stress signaling in osteoarthritis. Biochim Biophys Acta
—NMol Basis Dis. 2016; 1862: 576-591. https://doi.org/10.1016/j.bbadis.2016.01.003 PMID: 26769361

26. Lepetsos P, Papavassiliou KA, Papavassiliou AG. Redox and NF-kB signaling in osteoarthritis. Free
Radic Biol Med. 2019; 132: 90—100. https://doi.org/10.1016/j.freeradbiomed.2018.09.025 PMID:
30236789

27. Ansari MY, Ahmad N, Voleti S, Wase SJ, Novak K, Haqqi TM. Mitochondrial dysfunction triggers a cata-
bolic response in chondrocytes via ROS-mediated activation of the JNK/AP1 pathway. J Cell Sci.
2020;138. https://doi.org/10.1242/jcs.247353 PMID: 33097606

28. Reed KN, Wilson G, Pearsall A, Grishko VI. The role of mitochondrial reactive oxygen species in carti-
lage matrix destruction. Mol Cell Biochem. 2014; 397: 195-201. https://doi.org/10.1007/s11010-014-
2187-z PMID: 25129057

29. ShabaniF, Mcneil J, Tippett L. The oxidative inactivation of tissue inhibitor of metalloproteinase-1
(TIMP-1) by hypochlorous acid (HOCI) is suppressed by anti-rheumatic drugs. Free Radic Res. 1998;
28: 115-123. https://doi.org/10.3109/10715769809065797 PMID: 9645388

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010337  January 26, 2023 22/26


https://doi.org/10.1111/jcmm.15204
https://doi.org/10.1111/jcmm.15204
http://www.ncbi.nlm.nih.gov/pubmed/32237113
https://doi.org/10.3233/BIR-2009-0554
https://doi.org/10.3233/BIR-2009-0554
http://www.ncbi.nlm.nih.gov/pubmed/20164631
https://doi.org/10.1002/art.10892
http://www.ncbi.nlm.nih.gov/pubmed/12746902
https://doi.org/10.1002/jor.22348
http://www.ncbi.nlm.nih.gov/pubmed/23620164
https://doi.org/10.1016/S0736-0266%2800%2900066-8
https://doi.org/10.1016/S0736-0266%2800%2900066-8
http://www.ncbi.nlm.nih.gov/pubmed/11518282
http://www.ncbi.nlm.nih.gov/pubmed/17907423
https://doi.org/10.3390/ijms17122146
http://www.ncbi.nlm.nih.gov/pubmed/27999417
https://doi.org/10.1038/s41598-018-33759-3
http://www.ncbi.nlm.nih.gov/pubmed/30348953
https://doi.org/10.1016/j.jbiomech.2018.04.020
https://doi.org/10.1016/j.jbiomech.2018.04.020
http://www.ncbi.nlm.nih.gov/pubmed/29729853
https://doi.org/10.1007/s11010-017-3047-4
http://www.ncbi.nlm.nih.gov/pubmed/28474284
https://doi.org/10.1074/jbc.M114.557561
https://doi.org/10.1074/jbc.M114.557561
http://www.ncbi.nlm.nih.gov/pubmed/24790078
https://doi.org/10.1016/j.cellsig.2005.05.003
https://doi.org/10.1016/j.cellsig.2005.05.003
http://www.ncbi.nlm.nih.gov/pubmed/16023831
https://doi.org/10.1007/s10719-012-9421-2
http://www.ncbi.nlm.nih.gov/pubmed/22733148
https://doi.org/10.1002/jor.24567
http://www.ncbi.nlm.nih.gov/pubmed/31840828
https://doi.org/10.1002/jor.21091
http://www.ncbi.nlm.nih.gov/pubmed/20108345
https://doi.org/10.1016/j.bbadis.2016.01.003
http://www.ncbi.nlm.nih.gov/pubmed/26769361
https://doi.org/10.1016/j.freeradbiomed.2018.09.025
http://www.ncbi.nlm.nih.gov/pubmed/30236789
https://doi.org/10.1242/jcs.247353
http://www.ncbi.nlm.nih.gov/pubmed/33097606
https://doi.org/10.1007/s11010-014-2187-z
https://doi.org/10.1007/s11010-014-2187-z
http://www.ncbi.nlm.nih.gov/pubmed/25129057
https://doi.org/10.3109/10715769809065797
http://www.ncbi.nlm.nih.gov/pubmed/9645388
https://doi.org/10.1371/journal.pcbi.1010337

PLOS COMPUTATIONAL BIOLOGY Modeling injury-related cartilage cell death

30. Wojdasiewicz P, PoniatowskitA, Szukiewicz D. The role of inflammatory and anti-inflammatory cyto-
kines in the pathogenesis of osteoarthritis. Mediators Inflamm. 2014;2014. https://doi.org/10.1155/
2014/561459 PMID: 24876674

31. Yamamoto K, Wilkinson D, Bou-Gharios G. Targeting Dysregulation of Metalloproteinase Activity in
Osteoarthritis. Calcif Tissue Int. 2021; 109: 277-290. https://doi.org/10.1007/s00223-020-00739-7
PMID: 32772139

32. LiY,WangY, Chubinskaya S, Schoeberl B, Florine E, Kopesky P, et al. Effects of insulin-like growth
factor-1 and dexamethasone on cytokine-challenged cartilage: Relevance to post-traumatic osteoarthri-
tis. Osteoarthr Cartil. 2015; 23: 266—274. https://doi.org/10.1016/j.joca.2014.11.006 PMID: 25450855

33. Orozco GA, Bolcos P, Mohammadi A, Tanaka MS, Yang M, Link TM, et al. Prediction of local fixed
charge density loss in cartilage following ACL injury and reconstruction: A computational proof-of-con-
cept study with MRI follow-up. J Orthop Res. 2021; 39: 1064—1081. https://doi.org/10.1002/jor.24797
PMID: 32639603

34. Eskelinen ASA, Tanska P, Florea C, Orozco GA, Julkunen P, Grodzinsky AJ, et al. Mechanobiological
model for simulation of injured cartilage degradation via proinflammatory cytokines and mechanical.
PLoS Comput Biol. 2020; 16: 1-25. https://doi.org/10.1371/journal.pcbi.1007998 PMID: 32584809

35. Ayati BP, Kapitanov Gl, Coleman MC, Anderson DD, Martin JA. Mathematics as a conduit for transla-
tional research in post-traumatic osteoarthritis. J Orthop Res. 2017; 35: 566-572. https://doi.org/10.
1002/jor.23439 PMID: 27653021

36. KarS, Smith DW, Gardiner BS, Li Y, Wang Y, Grodzinsky AJ. Modeling IL-1 induced degradation of
articular cartilage. Arch Biochem Biophys. 2016; 594: 37-53. https://doi.org/10.1016/j.abb.2016.02.008
PMID: 26874194

37. Wang X, Ayati BP, Brouillete MJ, Graham JM, Ramakrishnan PS, Martin JA. Modeling and simulation
of the effects of cyclic loading on articular cartilage lesion formation. Int j numer method biomed eng.
2014; 30: 927-941. https://doi.org/10.1002/cnm.2636 PMID: 24753483

38. Kapitanov Gl, Wang X, Ayati BP, Brouillette MJ, Martin JA. Linking cellular and mechanical processes
in articular cartilage lesion formation: A mathematical model. Front Bioeng Biotechnol. 2016;4. https://
doi.org/10.3389/fbioe.2016.00080 PMID: 27843894

39. Eskelinen ASA, Mononen ME, Venaldinen MS, Korhonen RK, Tanska P. Maximum shear strain-based
algorithm can predict proteoglycan loss in damaged articular cartilage. Biomech Model Mechanobiol.
2019; 18: 753-778. hitps://doi.org/10.1007/s10237-018-01113-1 PMID: 30631999

40. Eskelinen ASA, Florea C, Tanska P, Hung HHK, Frank EH, Mikkonen S, et al. Cyclic loading regime
considered beneficial does not protect injured and interleukin-1-inflamed cartilage from post-traumatic
osteoarthritis. J Biomech. 2022; 141: 111181. https://doi.org/10.1016/j.jbiomech.2022.111181 PMID:
35803036

41. Kirdly K, Lapvetelainen T, Arokoski J, Torronen K, Maodis L, Kiviranta |, et al. Application of selected cat-
ionic dyes for the semiquantitative estimation of glycosaminoglycans in histological sections of articular
cartilage by microspectrophotometry. Histochem J. 1996; 28: 577-590. https://doi.org/10.1007/
BF02331378 PMID: 8894661

42. Wilson W, Van Donkelaar CC, Van Rietbergen B, Huiskes R. A fibril-reinforced poroviscoelastic swell-
ing model for articular cartilage. J Biomech. 2005; 38: 1195—-1204. https://doi.org/10.1016/j.jbiomech.
2004.07.003 PMID: 15863103

43. Wilson W, Van Donkelaar CC, Van Rietbergen B, Ito K, Huiskes R. Stresses in the local collagen net-
work of articular cartilage: A poroviscoelastic fibril-reinforced finite element study. J Biomech. 2004; 37:
357-366. https://doi.org/10.1016/s0021-9290(03)00267-7 PMID: 14757455

44. Klein TJ, Chaudhry M, Bae WC, Sah RL. Depth-dependent biomechanical and biochemical properties
of fetal, newborn, and tissue-engineered articular cartilage. J Biomech. 2007; 40: 182—190. https://doi.
org/10.1016/j.jpiomech.2005.11.002 PMID: 16387310

45. Bartell LR, Fortier LA, Bonassar LJ, Cohen |. Measuring microscale strain fields in articular cartilage
during rapid impact reveals thresholds for chondrocyte death and a protective role for the superficial
layer. J Biomech. 2015; 48: 3440—-3446. https://doi.org/10.1016/j.jpoiomech.2015.05.035 PMID:
26150096

46. Phillips DM, Haut RC. The use of a non-ionic surfactant (P188) to save chondrocytes from necrosis fol-
lowing impact loading of chondral explants. J Orthop Res. 2004; 22: 1135—1142. https://doi.org/10.
1016/j.orthres.2004.02.002 PMID: 15304290

47. Merrild NG, Holzmann V, Ariosa-Morejon Y, Faull PA, Coleman J, Barrell WB, et al. Local depletion of
proteoglycans mediates cartilage tissue repair in an ex vivo integration model. Acta Biomater. 2022;
149: 179-188. https://doi.org/10.1016/j.actbio.2022.06.032 PMID: 35779773

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010337  January 26, 2023 23/26


https://doi.org/10.1155/2014/561459
https://doi.org/10.1155/2014/561459
http://www.ncbi.nlm.nih.gov/pubmed/24876674
https://doi.org/10.1007/s00223-020-00739-7
http://www.ncbi.nlm.nih.gov/pubmed/32772139
https://doi.org/10.1016/j.joca.2014.11.006
http://www.ncbi.nlm.nih.gov/pubmed/25450855
https://doi.org/10.1002/jor.24797
http://www.ncbi.nlm.nih.gov/pubmed/32639603
https://doi.org/10.1371/journal.pcbi.1007998
http://www.ncbi.nlm.nih.gov/pubmed/32584809
https://doi.org/10.1002/jor.23439
https://doi.org/10.1002/jor.23439
http://www.ncbi.nlm.nih.gov/pubmed/27653021
https://doi.org/10.1016/j.abb.2016.02.008
http://www.ncbi.nlm.nih.gov/pubmed/26874194
https://doi.org/10.1002/cnm.2636
http://www.ncbi.nlm.nih.gov/pubmed/24753483
https://doi.org/10.3389/fbioe.2016.00080
https://doi.org/10.3389/fbioe.2016.00080
http://www.ncbi.nlm.nih.gov/pubmed/27843894
https://doi.org/10.1007/s10237-018-01113-1
http://www.ncbi.nlm.nih.gov/pubmed/30631999
https://doi.org/10.1016/j.jbiomech.2022.111181
http://www.ncbi.nlm.nih.gov/pubmed/35803036
https://doi.org/10.1007/BF02331378
https://doi.org/10.1007/BF02331378
http://www.ncbi.nlm.nih.gov/pubmed/8894661
https://doi.org/10.1016/j.jbiomech.2004.07.003
https://doi.org/10.1016/j.jbiomech.2004.07.003
http://www.ncbi.nlm.nih.gov/pubmed/15863103
https://doi.org/10.1016/s0021-9290%2803%2900267-7
http://www.ncbi.nlm.nih.gov/pubmed/14757455
https://doi.org/10.1016/j.jbiomech.2005.11.002
https://doi.org/10.1016/j.jbiomech.2005.11.002
http://www.ncbi.nlm.nih.gov/pubmed/16387310
https://doi.org/10.1016/j.jbiomech.2015.05.035
http://www.ncbi.nlm.nih.gov/pubmed/26150096
https://doi.org/10.1016/j.orthres.2004.02.002
https://doi.org/10.1016/j.orthres.2004.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15304290
https://doi.org/10.1016/j.actbio.2022.06.032
http://www.ncbi.nlm.nih.gov/pubmed/35779773
https://doi.org/10.1371/journal.pcbi.1010337

PLOS COMPUTATIONAL BIOLOGY Modeling injury-related cartilage cell death

48. ChenCT, Bhargava M, Lin PM, Torzilli PA. Time, stress, and location dependent chondrocyte death
and collagen damage in cyclically loaded articular cartilage. J Orthop Res. 2003; 21: 888—898. hitps://
doi.org/10.1016/S0736-0266(03)00050-0 PMID: 12919878

49. Sachet M, Liang YY, Oehler R. The immune response to secondary necrotic cells. Apoptosis. 2017; 22:
1189-1204. https://doi.org/10.1007/s10495-017-1413-z PMID: 28861714

50. Jadin KD, Wong BL, Bae WC, Li KW, Williamson AK, Schumacher BL, et al. Depth-varying density and
organization of chondrocytes in immature and mature bovine articular cartilage assessed by 3D imaging
and analysis. J Histochem Cytochem. 2005; 53: 1109-1119. https://doi.org/10.1369/jhc.4A6511.2005
PMID: 15879579

51. Brouillette MJ, Ramakrishnan PS, Wagner VM, Sauter EE, Journot BJ, McKinley TO, et al. Strain-
dependent oxidant release in articular cartilage originates from mitochondria. Biomech Model Mechano-
biol. 2014; 13: 565-572. https://doi.org/10.1007/s10237-013-0518-8 PMID: 23896937

52. Zhou S, Cui Z, Urban JPG. Factors influencing the oxygen concentration gradient from the synovial sur-
face of articular cartilage to the cartilage-bone interface: A modeling study. Arthritis Rheum. 2004; 50:
3915-3924. https://doi.org/10.1002/art.20675 PMID: 15593204

53. Chance B, Williams GR. Respiratory enzymes in oxidative phosphorylation: I. Kinetics of oxygen utiliza-
tion. J Biol Chem. 1955; 217: 383-393. https://doi.org/10.1016/S0021-9258(19)57189-7

54. Bolduc JA, Collins JA, Loeser RF. Reactive oxygen species, aging and articular cartilage homeostasis.
Free Radic Biol Med. 2019; 132: 73-82. https://doi.org/10.1016/j.freeradbiomed.2018.08.038 PMID:
30176344

55. Martin JA, McCabe D, Walter M, Buckwalter JA, McKinley TO. N-acetylcysteine inhibits post-impact
chondrocyte death in osteochondral explants. J Bone Jt Surg—Ser A. 2009; 91: 1890—-1897. https://doi.
org/10.2106/JBJS.H.00545 PMID: 19651946

56. Asada S, Fukuda K, Oh M, Hamanishi C, Tanaka S. Effect of hydrogen peroxide on the metabolism of
articular chondrocytes. Inflamm Res. 1999; 48: 399-403. https://doi.org/10.1007/s000110050478
PMID: 10450790

57. Gao G, Ding H, Zhuang C, Fan W. Effects of hesperidin on H202-treated chondrocytes and cartilage in
a rat osteoarthritis model. Med Sci Monit. 2018; 24: 9177-9186. https://doi.org/10.12659/MSM.913726
PMID: 30557884

58. Patwari P, Gaschen V, James IE, Berger E, Blake SM, Lark MW, et al. Ultrastructural quantification of
cell death after injurious compression of bovine calf articular cartilage. Osteoarthr Cartil. 2004; 12: 245—
252. https://doi.org/10.1016/j.joca.2003.11.004 PMID: 14972342

59. Schuerwegh AJ, Dombrecht EJ, Stevens WJ, Van Offel JF, Bridts CH, De Clerck LS. Influence of pro-
inflammatory (IL-1a, IL-6, TNF-a, IFN-y) and anti-inflammatory (IL-4) cytokines on chondrocyte func-
tion. Osteoarthr Cartil. 2003; 11: 681-687. https://doi.org/10.1016/S1063-4584(03)00156-0

60. Zhao R, DongZ, Wei X, Gu X, Han P, Wu H. International Immunopharmacology Inflammatory factors
are crucial for the pathogenesis of post-traumatic osteoarthritis confirmed by a novel porcine model:
“Idealized” anterior cruciate ligament reconstruction” and gait analysis. Int Immunopharmacol. 2021;
99: 107905. https://doi.org/10.1016/j.intimp.2021.107905 PMID: 34242997

61. Struglics A, Larsson S, Kumahashi N, Frobell R, Lohmander LS. Changes in cytokines and aggrecan
ARGS neoepitope in synovial fluid and serum and in C-terminal crosslinking telopeptide of type Il colla-
gen and N-terminal crosslinking telopeptide of type i collagen in urine over five years after anterior cruci-
ate ligame. Arthritis Rheumatol. 2015; 67: 1816—1825. https://doi.org/10.1002/art.39146 PMID:
25914389

62. Quinn TM, Maung AA, Grodzinsky AJ, Hunziker EB, Sandy JD. Physical and biological regulation of
proteoglycan turnover around chondrocytes in cartilage explants. Implications for tissue degradation
and repair. Annals of the New York Academy of Sciences. 1999. pp. 420—-441. https://doi.org/10.1111/j.
1749-6632.1999.tb07700.x PMID: 10415746

63. Lee W, Nims RJ, Savadipour A, Zhang Q, Leddy HA, Liu F, et al. Inflammatory signaling sensitizes
Piezo1 mechanotransduction in articular chondrocytes as a pathogenic feed-forward mechanism in
osteoarthritis. Proc Natl Acad Sci U S A. 2021; 118: 1—10. https://doi.org/10.1073/pnas.2001611118
PMID: 33758095

64. Kaczmarek A, Vandenabeele P, Krysko D V. Necroptosis: The Release of Damage-Associated Molecu-
lar Patterns and Its Physiological Relevance. Immunity. 2013; 38: 209-223. https://doi.org/10.1016/j.
immuni.2013.02.003 PMID: 23438821

65. RieggerJ, Brenner RE. Evidence of necroptosis in osteoarthritic disease: investigation of blunt mechan-
ical impact as possible trigger in regulated necrosis. Cell Death Dis. 2019;10. https://doi.org/10.1038/
541419-019-1930-5 PMID: 31527653

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010337  January 26, 2023 24/26


https://doi.org/10.1016/S0736-0266%2803%2900050-0
https://doi.org/10.1016/S0736-0266%2803%2900050-0
http://www.ncbi.nlm.nih.gov/pubmed/12919878
https://doi.org/10.1007/s10495-017-1413-z
http://www.ncbi.nlm.nih.gov/pubmed/28861714
https://doi.org/10.1369/jhc.4A6511.2005
http://www.ncbi.nlm.nih.gov/pubmed/15879579
https://doi.org/10.1007/s10237-013-0518-8
http://www.ncbi.nlm.nih.gov/pubmed/23896937
https://doi.org/10.1002/art.20675
http://www.ncbi.nlm.nih.gov/pubmed/15593204
https://doi.org/10.1016/S0021-9258%2819%2957189-7
https://doi.org/10.1016/j.freeradbiomed.2018.08.038
http://www.ncbi.nlm.nih.gov/pubmed/30176344
https://doi.org/10.2106/JBJS.H.00545
https://doi.org/10.2106/JBJS.H.00545
http://www.ncbi.nlm.nih.gov/pubmed/19651946
https://doi.org/10.1007/s000110050478
http://www.ncbi.nlm.nih.gov/pubmed/10450790
https://doi.org/10.12659/MSM.913726
http://www.ncbi.nlm.nih.gov/pubmed/30557884
https://doi.org/10.1016/j.joca.2003.11.004
http://www.ncbi.nlm.nih.gov/pubmed/14972342
https://doi.org/10.1016/S1063-4584%2803%2900156-0
https://doi.org/10.1016/j.intimp.2021.107905
http://www.ncbi.nlm.nih.gov/pubmed/34242997
https://doi.org/10.1002/art.39146
http://www.ncbi.nlm.nih.gov/pubmed/25914389
https://doi.org/10.1111/j.1749-6632.1999.tb07700.x
https://doi.org/10.1111/j.1749-6632.1999.tb07700.x
http://www.ncbi.nlm.nih.gov/pubmed/10415746
https://doi.org/10.1073/pnas.2001611118
http://www.ncbi.nlm.nih.gov/pubmed/33758095
https://doi.org/10.1016/j.immuni.2013.02.003
https://doi.org/10.1016/j.immuni.2013.02.003
http://www.ncbi.nlm.nih.gov/pubmed/23438821
https://doi.org/10.1038/s41419-019-1930-5
https://doi.org/10.1038/s41419-019-1930-5
http://www.ncbi.nlm.nih.gov/pubmed/31527653
https://doi.org/10.1371/journal.pcbi.1010337

PLOS COMPUTATIONAL BIOLOGY Modeling injury-related cartilage cell death

66. RieggerJ, Huber-Lang M, Brenner RE. Crucial role of the terminal complement complex in chondrocyte
death and hypertrophy after cartilage trauma. Osteoarthr Cartil. 2020; 28: 685—-697. https://doi.org/10.
1016/j.joca.2020.01.004 PMID: 31981738

67. RieggerdJ, Joos H, Palm HG, Friemert B, Reichel H, Ignatius A, et al. Striking a new path in reducing car-
tilage breakdown: combination of antioxidative therapy and chondroanabolic stimulation after blunt car-
tilage trauma. J Cell Mol Med. 2018; 22: 77-88. https://doi.org/10.1111/jcmm.13295 PMID: 28834244

68. Démarteau O, Pillet L, Inaebnit A, Borens O, Quinn TM. Biomechanical characterization and in vitro
mechanical injury of elderly human femoral head cartilage: comparison to adult bovine humeral head
cartilage. Osteoarthr Cartil. 2006; 14: 589-596. https://doi.org/10.1016/j.joca.2005.12.011 PMID:
16478669

69. Wang P, Tortorella M, England K, Malfait AM, Thomas G, Arner EC, et al. Proprotein Convertase Furin
Interacts with and Cleaves Pro-ADAMTS4 (Aggrecanase-1) in the trans-Golgi Network. J Biol Chem.
2004; 279: 15434—15440. https://doi.org/10.1074/jbc.M312797200 PMID: 14744861

70. CaoJ,LiS, ShiZ, YueY, SunJ, Chen J, et al. Articular cartilage metabolism in patients with Kashin-
Beck Disease: an endemic osteoarthropathy in China. Osteoarthr Cartil. 2008; 16: 680-688. https://doi.
org/10.1016/j.joca.2007.09.002 PMID: 17945513

71. RieggerJ, Joos H, Palm HG, Friemert B, Reichel H, Ignatius A, et al. Antioxidative therapy in an ex vivo
human cartilage trauma-model: attenuation of trauma-induced cell loss and ECM-destructive enzymes
by N-acetyl cysteine. Osteoarthr Cartil. 2016; 24: 2171-2180. https://doi.org/10.1016/j.joca.2016.07.
019 PMID: 27514995

72. Lopez-Armada MJ, Caramés B, Lires-Dean M, Cillero-Pastor B, Ruiz-Romero C, Galdo F, et al. Cyto-
kines, tumor necrosis factor-a and interleukin-1p, differentially regulate apoptosis in osteoarthritis cul-
tured human chondrocytes. Osteoarthr Cartil. 2006; 14: 660—669. https://doi.org/10.1016/j.joca.2006.
01.005 PMID: 16492401

73. SuiY, Lee JH, DiMicco MA, Vanderploeg EJ, Blake SM, Hung HH, et al. Mechanical injury potentiates
proteoglycan catabolism induced by interleukin-6 with soluble interleukin-6 receptor and tumor necrosis
factor a in immature bovine and adult human articular cartilage. Arthritis Rheum. 2009; 60: 2985-2996.
https://doi.org/10.1002/art.24857 PMID: 19790045

74. Huangl, Riihioja |, Tanska P, Ojanen S, Palosaari S, Kroger H, et al. Early changes in osteochondral
tissues in a rabbit model of post-traumatic osteoarthritis. J Orthop Res. 2021; 1-12. https://doi.org/10.
1002/jor.25009 PMID: 33580730

75. Williams A, Oppenheimer RA, Gray ML, Burstein D. Differential recovery of glycosaminoglycan after IL-
1-induced degradation of bovine articular cartilage depends on degree of degradation. Arthritis Res
Ther. 2003; 5: 97-105. https://doi.org/10.1186/ar615 PMID: 12718753

76. Blanco FJ, Ochs RL, Schwarz H, Lotz M. Chondrocyte apoptosis induced by nitric oxide. Am J Pathol.
1995; 146: 75-85. PMID: 7856740

77. Lin PM, Chen CTC, Torzilli PA. Increased stromelysin-1 (MMP-3), proteoglycan degradation (3B3- and
7D4) and collagen damage in cyclically load-injured articular cartilage. Osteoarthr Cartil. 2004; 12: 485—
496. https://doi.org/10.1016/j.joca.2004.02.012 PMID: 15135145

78. ZhangL, Gardiner BS, Smith DW, Pivonka P, Grodzinsky A. A fully coupled poroelastic reactive-trans-
port model of cartilage. MCB Mol Cell Biomech. 2008; 5: 133—-153. PMID: 18589501

79. ZhangL, Gardiner BS, Smith DW, Pivonka P, Grodzinsky A. The effect of cyclic deformation and solute
binding on solute transport in cartilage. Arch Biochem Biophys. 2007; 457: 47-56. https://doi.org/10.
1016/j.abb.2006.10.007 PMID: 17107655

80. LiY,Frank EH, Wang Y, Chubinskaya S, Huang HH, Grodzinsky AJ. Moderate dynamic compression
inhibits pro-catabolic response of cartilage to mechanical injury, tumor necrosis factor-a and interleukin-
6, but accentuates degradation above a strain threshold. Osteoarthr Cartil. 2013; 21: 1933—-1941.
https://doi.org/10.1016/j.joca.2013.08.021 PMID: 24007885

81. Torzilli PA, Bhargava M, Park S, Chen CTC. Mechanical load inhibits IL-1 induced matrix degradation in
articular cartilage. Osteoarthr Cartil. 2010; 18: 97—105. https://doi.org/10.1016/j.joca.2009.07.012
PMID: 19747586

82. Lépez-Armada MJ, Caramés B, Martin MA, Cillero-Pastor B, Lires-Dean M, Fuentes-Boquete |, et al.
Mitochondrial activity is modulated by TNFa and IL-1 in normal human chondrocyte cells. Osteoarthr
Cartil. 2006; 14: 1011-1022. https://doi.org/10.1016/j.joca.2006.03.008 PMID: 16679036

83. Turunen SM, Lammi MJ, Saarakkala S, Han SK, Herzog W, Tanska P, et al. The effect of collagen deg-
radation on chondrocyte volume and morphology in bovine articular cartilage following a hypotonic chal-
lenge. Biomech Model Mechanobiol. 2013; 12: 417—-429. https://doi.org/10.1007/s10237-012-0409-4
PMID: 22710890

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010337  January 26, 2023 25/26


https://doi.org/10.1016/j.joca.2020.01.004
https://doi.org/10.1016/j.joca.2020.01.004
http://www.ncbi.nlm.nih.gov/pubmed/31981738
https://doi.org/10.1111/jcmm.13295
http://www.ncbi.nlm.nih.gov/pubmed/28834244
https://doi.org/10.1016/j.joca.2005.12.011
http://www.ncbi.nlm.nih.gov/pubmed/16478669
https://doi.org/10.1074/jbc.M312797200
http://www.ncbi.nlm.nih.gov/pubmed/14744861
https://doi.org/10.1016/j.joca.2007.09.002
https://doi.org/10.1016/j.joca.2007.09.002
http://www.ncbi.nlm.nih.gov/pubmed/17945513
https://doi.org/10.1016/j.joca.2016.07.019
https://doi.org/10.1016/j.joca.2016.07.019
http://www.ncbi.nlm.nih.gov/pubmed/27514995
https://doi.org/10.1016/j.joca.2006.01.005
https://doi.org/10.1016/j.joca.2006.01.005
http://www.ncbi.nlm.nih.gov/pubmed/16492401
https://doi.org/10.1002/art.24857
http://www.ncbi.nlm.nih.gov/pubmed/19790045
https://doi.org/10.1002/jor.25009
https://doi.org/10.1002/jor.25009
http://www.ncbi.nlm.nih.gov/pubmed/33580730
https://doi.org/10.1186/ar615
http://www.ncbi.nlm.nih.gov/pubmed/12718753
http://www.ncbi.nlm.nih.gov/pubmed/7856740
https://doi.org/10.1016/j.joca.2004.02.012
http://www.ncbi.nlm.nih.gov/pubmed/15135145
http://www.ncbi.nlm.nih.gov/pubmed/18589501
https://doi.org/10.1016/j.abb.2006.10.007
https://doi.org/10.1016/j.abb.2006.10.007
http://www.ncbi.nlm.nih.gov/pubmed/17107655
https://doi.org/10.1016/j.joca.2013.08.021
http://www.ncbi.nlm.nih.gov/pubmed/24007885
https://doi.org/10.1016/j.joca.2009.07.012
http://www.ncbi.nlm.nih.gov/pubmed/19747586
https://doi.org/10.1016/j.joca.2006.03.008
http://www.ncbi.nlm.nih.gov/pubmed/16679036
https://doi.org/10.1007/s10237-012-0409-4
http://www.ncbi.nlm.nih.gov/pubmed/22710890
https://doi.org/10.1371/journal.pcbi.1010337

PLOS COMPUTATIONAL BIOLOGY

Modeling injury-related cartilage cell death

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

94.

95.

Makela JTA, Rezaeian ZS, Mikkonen S, Madden R, Han SK, Jurvelin JS, et al. Site-dependent changes
in structure and function of lapine articular cartilage 4 weeks after anterior cruciate ligament transection.
Osteoarthr Cartil. 2014; 22: 869-878. https://doi.org/10.1016/j.joca.2014.04.010 PMID: 24769230

Linus A, Ebrahimi M, Turunen MJ, Saarakkala S, Joukainen A, Kréger H, et al. High-resolution infrared
microspectroscopic characterization of cartilage cell microenvironment. Acta Biomater. 2021; 134:
252-260. https://doi.org/10.1016/j.actbio.2021.08.001 PMID: 34365039

Guilak F, Nims RJ, Dicks A, Wu CL, Meulenbelt I. Osteoarthritis as a disease of the cartilage pericellular
matrix. Matrix Biol. 2018; 71-72: 40-50. https://doi.org/10.1016/j.matbio.2018.05.008 PMID: 29800616

Chery DR, Han B, Li Q, Zhou Y, Heo SJ, Kwok B, et al. Early changes in cartilage pericellular matrix
micromechanobiology portend the onset of post-traumatic osteoarthritis. Acta Biomater. 2020; 111:
267-278. https://doi.org/10.1016/j.actbio.2020.05.005 PMID: 32428685

Zhang L, Miramini S, Smith DW, Gardiner BS, Grodzinsky AJ. Time Evolution of Deformation in a
Human Cartilage Under Cyclic Loading. Ann Biomed Eng. 2015; 43: 1166—1177. https://doi.org/10.
1007/s10439-014-1164-8 PMID: 25331101

Liao JJ, Smith DW, Miramini S, Gardiner BS, Zhang L. A coupled contact model of cartilage lubrication
in the mixed-mode regime under static compression. Tribol Int. 2020; 145: 106185. https://doi.org/10.
1016/j.triboint.2020.106185

Miramini S, Smith DW, Zhang L, Gardiner BS. The spatio-temporal mechanical environment of healthy
and injured human cartilage during sustained activity and its role in cartilage damage. J Mech Behav
Biomed Mater. 2017; 74: 1-10. https://doi.org/10.1016/j.jmbbm.2017.05.018 PMID: 28521277

Woodhouse FG, Gardiner BS, Smith DW. Short-term consolidation of articular cartilage in the long-term
context of osteoarthritis. J Theor Biol. 2015; 368: 102—112. https://doi.org/10.1016/}.jtbi.2015.01.003
PMID: 25591888

Hodgkinson T, Kelly DC, Curtin CM, O’Brien FJ. Mechanosignalling in cartilage: an emerging target for
the treatment of osteoarthritis. Nat Rev Rheumatol. 2022; 18: 67—84. https://doi.org/10.1038/s41584-
021-00724-w PMID: 34934171

Venalainen MS, Mononen ME, Salo J, Rasanen LP, Jurvelin JS, Téyras J, et al. Quantitative Evaluation
of the Mechanical Risks Caused by Focal Cartilage Defects in the Knee. Sci Rep. 2016; 6: 1-12. https://
doi.org/10.1038/srep37538 PMID: 27897156

Esrafilian A, Stenroth L, Mononen ME, Tanska P, Avela J, Korhonen RK. EMG-Assisted Muscle Force
Driven Finite Element Model of the Knee Joint with Fibril-Reinforced Poroelastic Cartilages and Menisci.
Sci Rep. 2020; 10: 1-16. https://doi.org/10.1038/s41598-020-59602-2 PMID: 32080233

Orozco GA, Eskelinen ASA, Kosonen JP, Tanaka MS, Yang M, Link TM, et al. Shear strain and inflam-
mation-induced fixed charge density loss in the knee joint cartilage following ACL injury and reconstruc-
tion: A computational study. J Orthop Res. 2022; 40: 1505.1522. https://doi.org/10.1002/jor.25177
PMID: 34533840

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010337  January 26, 2023 26/26


https://doi.org/10.1016/j.joca.2014.04.010
http://www.ncbi.nlm.nih.gov/pubmed/24769230
https://doi.org/10.1016/j.actbio.2021.08.001
http://www.ncbi.nlm.nih.gov/pubmed/34365039
https://doi.org/10.1016/j.matbio.2018.05.008
http://www.ncbi.nlm.nih.gov/pubmed/29800616
https://doi.org/10.1016/j.actbio.2020.05.005
http://www.ncbi.nlm.nih.gov/pubmed/32428685
https://doi.org/10.1007/s10439-014-1164-8
https://doi.org/10.1007/s10439-014-1164-8
http://www.ncbi.nlm.nih.gov/pubmed/25331101
https://doi.org/10.1016/j.triboint.2020.106185
https://doi.org/10.1016/j.triboint.2020.106185
https://doi.org/10.1016/j.jmbbm.2017.05.018
http://www.ncbi.nlm.nih.gov/pubmed/28521277
https://doi.org/10.1016/j.jtbi.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25591888
https://doi.org/10.1038/s41584-021-00724-w
https://doi.org/10.1038/s41584-021-00724-w
http://www.ncbi.nlm.nih.gov/pubmed/34934171
https://doi.org/10.1038/srep37538
https://doi.org/10.1038/srep37538
http://www.ncbi.nlm.nih.gov/pubmed/27897156
https://doi.org/10.1038/s41598-020-59602-2
http://www.ncbi.nlm.nih.gov/pubmed/32080233
https://doi.org/10.1002/jor.25177
http://www.ncbi.nlm.nih.gov/pubmed/34533840
https://doi.org/10.1371/journal.pcbi.1010337

