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Abstract [word count: 267/300]

Osteoarthritis (OA) is a common musculoskeletal disease that leads to deterioration of articular 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 understood, 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 eventually can
lead to tissue-level compositional changes. Here, we developed a 2-D mechanobiological 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 triggered 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. The numerical predictions were supported
by several previous experimental findings. Furthermore, the ROS and inflammation mechanisms had
longer-lasting effects (over 3 days) on the PG content than localized necrosis. Interestingly, the model also
showed proteolytic activity and PG biosynthesis closer to the levels of healthy tissue when pro-inflammatory
cytokines were rapidly inhibited or cleared from the culture medium, leading to partial recovery of PG
content. 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 [word count: 185/200]

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 cartilage 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
mechanisms 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 composition. 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 partially
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.
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1. Introduction

Joint injuries trigger cell biological signaling pathways implicated in articular cartilage degeneration [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 can be irreversible. Ultimately, these sequelae
of joint injury lead to post-traumatic osteoarthritis (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
overproduction of reactive oxygen species (ROS) [6,7], increased proteolytic activity triggered by excessive
mechanical loading [8], and inflammation [2].

Mechanical loading is an important factor in chondrocyte-regulated cartilage homeostasis [9,10].
Injurious loading may initiate ECM degeneration [1,7,11] and cause cell death including apoptosis and
necrosis [10,12—15]. This degenerative pathway may be further promoted locally by dynamic loading, even
if compressive tissue-level mechanical strains remain within physiological limits [16]. 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 [10,12,13,17]. Necrosis is also suggested to result in the release of
damage-associated molecular patterns (DAMPs) and pro-inflammatory cytokines [18—20] and lead to ECM
degeneration caused by proteolytic enzymes [21]. In addition, near the injury site, excessive local strains
may alter cell function. For instance, associated changes in mitochondrial activity and physiology can
culminate in the excessive production of ROS [22,23]. Apoptosis, the controlled subacute form of cell death,
has also been associated with excessive production of ROS [14,24]. Excessive ROS production has been
suggested to promote ECM degeneration via decreased matrix biosynthesis [25], increased release of
proteolytic enzymes [26,27], and inhibition of tissue inhibitors of metalloproteinases (TIMPs) [25,28].

Inflammation is another important factor in cartilage homeostasis. During the early phases of PTOA,
the introduction of pro-inflammatory cytokines such as interleukin-1 (IL-1), IL-6, IL-18, and tumor necrosis

factor-o. (TNF-a)) predisposes cartilage to degeneration [2,29,30]. Catabolism and reduced biosynthesis in


https://doi.org/10.1101/2022.06.29.498207
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.29.498207; this version posted July 2, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

88  the ECM is counter-balanced with anti-inflammatory cytokines (e.g., IL-4, IL-10, IL-13) [30], TIMPs [31],
89  and growth factors such as insulin-like growth factor-1 [29,30]. Prolonged inflammation may shift cartilage
90  homeostasis to the catabolic state, in which the ECM is degraded [2,32] via aggrecanases (e.g., disintegrin
91  and metalloproteinase with thrombospondin motifs-4,5; ADAMTS-4,5) and collagenases (e.g., matrix
92  metalloproteinases-1,3,13; MMP-1,3,13) [2,30,31].
93 The ability to predict cartilage degeneration via both biomechanical and inflammatory mechanisms is
94  critical to comprehending disease progression, evaluating the efficacy of medical treatments, and developing
95  new intervention strategies. Computational modeling has great potential in this regard while being cost-
96 efficient. Previous computational finite element models have introduced promising frameworks to simulate
97  the biomechanics- and inflammation-driven cartilage degeneration at joint, tissue, and cell levels in both a
98  spatial and temporal manner [16,33-36]. Previous biomechanics-driven computational models have targeted
99  primary cartilage injury mechanisms including necrosis, apoptosis, and pro-inflammatory cytokine and
100  DAMP-signaling without including the degeneration of different ECM components [35,37,38]. More
101 recently, strain/stress threshold-based modeling approaches have been developed to predict tissue-level
102  proteoglycan (PG) loss without explicitly modeling the underlying chondrocyte-regulated mechanisms
103 [33,39]. No previous computational approach has modeled the chondrocyte-driven biomechanical and
104  biochemical mechanisms triggered by injury and regulating spatial and temporal tissue-level degeneration.
105 In this study, we developed a new 2-D cell-and-tissue-level mechanobiological model of cartilage
106  degeneration [16,34,36] to predict injury-related cell responses after excessive biomechanical loading,
107  inflammation, and subsequent early-stage PTOA progression. We did not model the injurious loading per
108  se, but we instead concentrated on how cell death and compositional changes evolve in injured cartilage that
109  is possibly experiencing locally elevated strains post-injury. We hypothesized that i) injury-related catabolic
110 mechanisms (necrosis and apoptosis) and PG loss occur at early time-points in close proximity to lesions
111 while ii) inflammation-mediated PG loss occurs later and in more distant intact areas. To predict tissue-level
112 cell death and PG loss in an injured environment, we simulated three different cell-level mechanisms

113 separately and simultaneously. In the numerical model, excessive biomechanical shear strains trigger 1)
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necrosis and ii) apoptosis following cell damage (e.g., mitochondrial dysfunction) and ROS overproduction,
while IL-1 diffusing into the tissue trigger iii) inflammatory responses. We compared the simulated cell
death and PG content predictions with outcomes of in vitro experiments (15,40). 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.
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122 2. Materials and methods

123 A computational mechanobiological model, inspired by previous models [16,34,36,37], was developed to
124  simulate cartilage degeneration in experimental cartilage geometry after injurious unconfined compression
125  toexplain biological tissue-level damage via cell-driven mechanisms [16,40]. The cartilage PG degeneration
126 was controlled with three different adaptive mechanisms (Fig. 1): shear strain-induced A) necrosis of a cell
127  population and B) ROS overproduction by remaining live cells, which further leads to cell apoptosis. These
128  injury-related mechanisms ultimately resulted in an increased aggrecanase release from regions containing
129  ROS-affected cells. The last mechanism is associated with the effects of IL-1, which can cause chondrocyte
130  apoptosis as well as upregulation of aggrecanase in the remaining live cells. All three mechanisms were
131  assumed to lead to decreased PG biosynthesis and were modeled separately and also simultaneously in a
132 combined model. We simulated the evolution of the viable cell and matrix PG content distributions for 12
133 days, while also providing extrapolated insights up to 30 days. Based on the simulated results, we
134 quantitatively analyzed near-lesion (0.1 mm from lesion edge) and bulk cell viability and PG loss at several
135  time-points. The simulated results in an injured cartilage explant model were also qualitatively compared
136 with previous explant culture experiments.

137

138 Fig 1. Computational modeling framework and comparison against biological data. Delineation of the
139  simulated mechanisms I-III in the proposed computational model to predict temporal and spatial changes
140  in cell viability and proteoglycan (PG) loss for 30 days. (A) Unconfined compression (15% axial strain, 1
141  Hz loading frequency) of injured cartilage was simulated to obtain maximum shear strain distributions. In
142 areas experiencing abnormal maximum shear strains, two biomechanically-induced degradation were
143 triggered; chondrocyte necrosis (mechanism 1) and cell damage reactive oxygen species overproduction
144  followed by apoptosis (mechanism II). (B) Interleukin-1 (IL-1) diffusion (Ing/ml of IL-1 in the culture
145  medium) causing high spatially distributed IL-1 concentration in the cartilage caused inflammatory cell

146  stimulus. This led to chondrocyte apoptosis (mechanism III). Moreover, all the mechanisms I-11I accelerated


https://doi.org/10.1101/2022.06.29.498207
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.29.498207; this version posted July 2, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

147  the proteoglycan degradation by decreasing the PG biosynthesis and increasing the proteolysis of PGs. (C)
148  Finally, combined model was developed to simulate the sygergistic effects of mechanisms I-III. (D)
149  Simulated cell viability and proteoglycan content were also generally compared against experimentally
150  measured cell viability and digital densitometry measurements (~proteoglycan content).

151

152 2.1. Comparative biological data

153  Predictions of our theoretical computational model were visually compared against histological changes
154  observed in the previous explant culture experiments (Fig. 2) [16,40]. We highlight that the exact
155  experimental protocol was not modeled, thus no quantitative comparison is provided. We find this visual
156  comparison feasible, since the goal in this study was to gain understanding of the possible underlying
157  mechanisms to explain experimental findings in PTOA-like conditions.

158

159  Fig 2. Previous experiments. In the previous experiments conducted by Orozco et al [16] and Eskelinen et
160  al. (40), the injured, dynamically loaded and IL-1 challenged cartilage samples were analyzed at several
161  time-points during 12-day culture. Cell viability and proteoglycan content (~optical density) were measured
162  with fluorescence microscopy and digital densitometry, respectively. (A) At day 0, proteoglycan loss in
163  cartilage was minor. At day 12, the results showed (B) substantial cell death and proteoglycan loss near
164  lesion after dynamic loading in the injured cartilage. Interleukin-1 challenge induced cell death and PG loss
165  also in the intact areas (C) with and (D) without dynamic loading post-injury. Red arrows highlight locally
166  decreased optical density and white arrows increased local cell death.

167

168 In the experiments (Fig. 2) [16,40], cylindrical articular cartilage samples (diameter 3 mm, thickness
169 1 mm) were prepared from patellofemoral grooves of freshly slaughtered 1-2-week-old calves. The samples
170  were subjected to injurious compression (50% strain, 100%/s strain rate) with 1) compressive cyclic loading
171  (15% strain amplitude, 1 Hz haversine waveform, 1 hour loading periods 4 times per day) 2) IL-1-challenge
172 (1 ng/ml), or 3) a combination of compressive cyclic loading and IL-1 challenge. Injurious compression

8
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173 resulted in a physical cartilage lesion in all samples. A free-swelling control group was also included for
174  comparison. Cell viability and localized PG content were assessed at several timepoints up to 12 days with
175  fluorescence microscopy and digital densitometry.

176 The experiments [16,40] showed minor cell death and PG loss (decreased optical density) between
177  intact and injured sample regions on the day of injury (Fig. 2A, day 0). Qualitatively, the PG content in the
178  injured and dynamically loaded group decreased mostly near the lesion (Fig. 2B, day 12 vs. day 0, red
179  arrows). After injury and IL-1 treatment, PG content decreased noticeably near all edges of the cartilage
180  plug (Fig. 2C, red arrows). Dynamically loaded injured and inflamed plugs also experienced marked PG
181 loss both away and near the lesion (Fig 2D).

182

183  2.2. Simulation of abnormal biomechanical shear strains promoting necrosis and cell damage

184 A finite element model of injured cartilage was subjected to physiologically relevant dynamic loading as in
185  a previous study [16]. The injury (lesion) and simulated dynamic loading (two unconfined compressions)
186  were implemented based on the experiments [16]. Importantly, we did not model the injurious loading itself,
187  but rather the subsequent physiologically relevant dynamic loading of injured cartilage. The mechanical
188  behavior of cartilage was modeled using a fibril-reinforced porohyperelastic material with Donnan osmotic
189  swelling [41]. The material model input incorporated depth-dependent material properties including water
190  content, PG content, and collagen orientation and density [16] (Supplementary material section S1). This
191  material model has been shown to reliably capture cartilage mechanical behavior [41,42]. The model output
192  was maximum shear strain distribution, showing locally elevated shear strains near the lesions, even though
193 tissue-level loading remained within physiological limits [16,39] (Fig. 1A). The mechanical model was
194  constructed in ABAQUS (v. 2021, Dassault Systémes, Providence, RI, USA), and solutions were obtained
195  using ‘soil consolidation’ analysis (transient analysis of partially or fully saturated fluid-filled porous media)
196  with the same model geometry and finite element mesh that was assured to converge in our previous work
197 (918 linear axisymmetric elements with pore pressure, element type: CPE4P) [16]. Boundary conditions
198  were assigned as in the previous model (Supplementary material section S2). Since excessive shear strains

9
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199  cause cell death in cartilage [17], we used the maximum shear strain distribution as a driving parameter for
200  the locally triggered cell death and PG loss. As a preliminary test, we conducted simulations with higher
201  compressive strain amplitude to estimate areas experiencing cell necrosis/damage triggered after dynamic
202 high-strain tissue level compression (40% unconfined axial compressions, 1 Hz loading frequency). For
203  more detailed information readers are referred to Supplementary material section S3.

204

205 2.3 Modeling cell death and PG loss

206  Diffusion of aggrecanases and decrease in PG biosynthesis. Injury-related cell death and damage, as well
207  as diffusing inflammatory cytokines, may lead to release of aggrecanases [8,21]. In our model, mechanisms
208  I-III (see below) regulated the amount of released aggrecanases diffusing in cartilage and suppressed PG
209  biosynthesis after decreased cell viability, both leading to PG loss. Also, PGs may diffuse out of the tissue

210  passively through the cartilage—fluid-interface. These mechanisms were modeled with time-dependent

211 reaction—diffusion partial differential equations [36]

ac; M
a—tl = De,ivzci + Ri'syn - Ri,deg'

212 where t is time, C; is the concentration of the biochemical species i (aggrecanases, PGs, IL-1,
213 viable/necrotic/damaged cells), D, is the effective diffusivity (zero for cell populations, as we assumed no
214 cell migration), R;syy, 1s the source (synthesis) term, and R; geg is the sink (degeneration) term of the species
215  i. The source/sink terms utilized Michaelis—Menten kinetics like the model by Kar et al. [36]. For example,
216  an increase in the aggrecanase concentration increases the PG sink term, whereas cell death decreases the
217 PG source term. The initial PG content was obtained from the previous experiments [36,43]. For more
218  detailed information, readers are referred to Supplementary Material section S4. Diffusion and reaction of
219  species i were modeled in COMSOL Multiphysics (version 5.6, Burlington, MA, USA) using a 2405-
220  element triangular mesh (Fig. S5 Supplementary Material section S5).

221 Mechanism I. Necrosis. First, regions presumed to experience early necrosis due to high

222 mechanical strain [13,17,44] were obtained from ABAQUS simulations using a custom-written

10
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223 (Supplementary Material section S6) MATLAB script (R2018b, The MathWorks, Inc., Natick, MA, USA).
224  Based on earlier studies, we assumed that when the maximum shear strain in an element exceeded a
225  threshold of 50% [16], 40% of cells were assumed to become necrotic [45]. These live and necrotic cell
226  distributions were then imported into COMSOL.

227 The presence of necrotic cells was assumed to result in a rapid increase of local aggrecanase
228  concentration. The imported necrotic cell distribution then served as an initial condition for the enzymatic
229  (aggrecanase-induced) PG degradation. Acute necrosis-driven PG degeneration via aggrecanases is
230  supported by experimental findings reporting rapid cell death within hours after single-impact loading [45]
231 and studies suggesting necrosis-driven release or stimulation of proteolytic enzymes [21]. According to our
232 preliminary tests, this choice also showed similarities with experimentally observed early cell death and PG
233 loss near cartilage lesions [16,40]. In addition, it has been suggested that high local strains during repetitive
234  dynamic loading in injured cartilage could lead to accumulated cell death and possibly secondary necrosis
235  inthe superficial zone [46,47], promoting the localized release of inflammatory factors [19-21] which could
236  increase the proteolytic activity associated with the surviving cells [30]. Thus, we assumed an acute
237 aggrecanase release (concentration Cyuga init) from necrotic cells Cy, ¢ at the beginning of the simulation:

Caga,init = Cagan,cCnc = Cagan,cPn,cCh,c,0 (2)

238  where Cagan, is a calibration constant for the released aggrecanase (1.2 - 1071 mol) based on a visual

239  comparison of simulated PG concentration and histologically observed PG content findings [40], pn

1
240 = 0.4 = 40% is the fraction of necrotic cells [45], and Cp 0 =1.5" 10145 is the initial concentration of

241  healthy cells [48].
242 Mechanism II. Damaged cells, ROS release, and apoptosis. Similarly as with necrosis, we
243 assumed that 40% of the cells experiencing the maximum shear strains > 50% will become ‘damaged cells’

244 (4. (e.g., experiencing mitochondrial dysfunction) [16]:

Cd,c = pd,CCh,C,()) (3)

11
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245  where pg. = 0.4 = 40% is the fraction of damaged cells [49]. Based on observations of increased ROS
246  production in response to excessive mechanical loading [14,23,49], we assumed that the localized ROS

247  concentration Crps increases as a function of damaged cell concentration Cq ¢ [37]:

ac
e = SrosCa.c — SrosCros, “4)
248  where 6ros = 6.9 - 10_42 is the ROS decay rate [37] and sgos is the ROS synthesis rate described as
10 nmol mol 5
SROS = 0.05 - Smax = 0.05 W ~ 14- 10—19T ) ( )

249  where Spay is the estimated maximum oxygen consumption rate (5—21% oxygen tension) [37,50]. Moreover,
250  since the ROS production in healthy cartilage has been estimated to be 1-3% of the maximum oxygen
251  consumption [24,37,51], we assumed 5% ROS production in injured cartilage (overproduction). Moreover,
252 we assumed no diffusion of ROS since the approximate half-life of the mitochondrial ROS is relatively
253 short (< 1 ms) [52]. Excessive ROS production has been suggested to result in apoptosis and PG loss
254 [14,53,54]. The former phenomenon was incorporated as damaged cells Cq. turning apoptotic in an

255  exponential manner [55,56]:

a Cd,c

_ _ TrosC 6
o = Pros = — kace % Cyc, (6)

256  where Pros describes the rate of damaged cells turning apoptotic due to ROS, kg = 1.3 - 10_62 is cell death

257  rate for damaged cells [57], and Tros a calibration coefficient for ROS-dependent cell death (0.7 - 102331).

mo

258  Furthermore, PG loss was affected by increased aggrecanase release due to ROS, modulated by a modified
259  stimulus equation originally introduced by Kar et al. [36] (Supplementary Material section S3). Finally, PG
260  degeneration was modeled based on Eq. (1).

261 Mechanism III. Inflammation-induced apoptosis. Pro-inflammatory cytokine-mediated

262  apoptosis was implemented with IL-1 in the following exponential equation [58]

e = Py =— k™G, )

12
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263 where Cj is the concentration of live cells (Cjc = Cy, ¢, if only inflammation is considered or Cj = Cy 0

264 (1 —Pn,c—Pd,c) if also necrosis and cell damage are considered in the cells experiencing over 50%

265  maximum shear strain), k; = 7.5+ 10_8% is the rate of spontaneous apoptosis (11 % of cells are apoptotic

266  after 17 days under free-swelling conditions without exogenous cytokines) [29], T;,—1 = 5.7 - 1O7mm—§1 is a

267  calibration coefficient for experimentally observed IL-1-induced depth-dependent apoptosis [29], and Cy,—1
268  is IL-1 concentration. The chosen IL-1 concentration was 1 ng/ml, implemented as a Dirichlet boundary
269  condition on all the edges except the bottom of the cartilage geometry [29,36]. Cytokine diffusion led to PG
270  loss after loss of cell viability and upregulation of aggrecanases via IL-1-mediated stimulus which were
271  simulated separately and simultaneously (See Supplementary Material section S4).

272

273  Combining injury-related and inflammatory mechanisms. In the combined model, cell death including
274  injury-related i) necrosis, ii) apoptosis via ROS overproduction in the damaged cells, and iii) IL-1-induced
275  apoptosis were all considered simultaneously. Here, the live cell concentration was affected as described in
276  Eq. (7). The damaged cells could turn apoptotic due to ROS overproduction (Pggs, Eq (6)) and inflammation
277 (Pu-1, Eq (7).

278

279 2.4 Sensitivity analysis for the computational model parameters.

280 To address a lack of experimental data needed to calibrate some model parameters, we conducted a
281 computational sensitivity analysis for the essential parameters affecting cell death and PG loss. Based on
282  our preliminary tests during model development, the chosen parameters were necrosis fraction (ppc),
283 damaged cell fraction (pqc), ROS production rate (sros, healthy and excessive levels), and rate of
284  spontaneous apoptosis (k1; the IL-1-induced aggrecanase stimulus was turned off to perceive the effect of
285  altered PG biosynthesis due to cell death on PG loss; Table 1).
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Table 1. Parameters for sensitivity analysis.

Parameters Range Description References
Pnc[-] 0.20, 0.40, 0.60 Necrosis fraction (Eq. (2)) [45]
Pdc[-] 0.20, 0.40, 0.60 Damaged cell fraction (Eq. (3)) [49]
Sros [mol/s] 0.01 * Smax, 0.05 * Smax, 0.09 * Smax® Reactive oxygen species production rate (Eq. (4)) [24,37,51]
k1 1/s] 0,75 " 10*8’ 15 - 1078 Rate of spontaneous apoptosis (Eq. (7)) [29]
K[1/s] 1.2 -107° ¢, 5.8 -107° Decay rate of the interleukin-1 concentration (Eq. (8)) [32]

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

mol

Asmax & 2.8+ 10718—137)

s

Decreased IL-1 concentration. Previous clinical and pre-clinical studies have suggested that
inflammation may play a major role in PTOA progression driven by inflammatory cytokines, but after acute
inflammation, the concentration of the pro-inflammatory cytokines can decrease exponentially [32,59].
Hence, to gain insights into the possible resolution of acute inflammation and tissue recovery, we simulated
time-dependent slow and fast exponential decreases of IL-1 concentration in the culture medium as

Ci—1b = Ci—1p0¢7"", (8)

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

concentration.
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308 3. Results

309  3.1. Necrosis

310  Inthe numerical simulations, necrotic cell death was localized near the cartilage injury (Fig. 1A). At day 5,
311  the computational reference model (p, = 0.4) predicted that 10.8% of the viable cells would be necrotic
312 and 21.6% of PGs would be lost within 0.1 mm from the cartilage lesion compared to day 0 (Figs. 3A and
313 4, red line). The simulated PG content decreased rapidly and locally during the first day, followed by partial
314  recovery for the rest of the simulation. Sensitivity analysis revealed that, at day 5, a smaller number of
315 necrotic cells (pn = 0.2; Fig. 4B, blue line) resulted in an average PG loss of 16.4% while a greater number
316  (Fig.4C, blue line) of necrotic cells (p,c = 0.6; Fig. 4B, purple line) resulted in an average PG loss 0f 26.1%
317  (Fig. 4D, purple line).

318

319  Fig3. Simulated proteoglycan degeneration. Comparison of the simulated spatial changes in proteoglycan
320  content after A) acute necrosis, B) cell damage, subsequent overproduction of reactive oxygen species and
321  apoptosis, C) inflammatory stimulus, and D) combined mechanisms I, Il and IIT at days 1, 5 and 12 showed
322 different temporal changes in proteoglycan distribution. Percentual changes in the proximity of the
323  simulated lesion (0.1 mm from lesion edge) are computed relative to proteoglycan content at day 0.

324

325  Fig 4. Sensitivity analysis of simulated necrosis rate p, .. Comparison of temporal changes and spatial
326  changes at day 5 in (A)-(B) in cell viability and (C)-(D) in proteoglycan content. (C) Higher necrosis rate
327  led to fast proteoglycan degeneration at early time-points (days 0-1) and partial recovery proteoglycan
328  content (days 0-3) near the cartilage lesion. Red line in (A) and (C) and refers to the reference model (p, .=
329 0.40).

330

331

332
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333  3.2. Damaged cells, ROS release, and apoptosis

334  Cell damage was observed also near the lesion (Fig. 1A). The computational reference model (moderate
335  ROS overproduction) showed average cell apoptosis of 6.5% and average PG loss of 21.2% near the lesion
336  at day 5 (Figs. 3B and 5, red line). An 80% decrease in ROS production rate (low, healthy levels; Fig. 5,
337  blue line) showed simulated apoptosis of 5.0% and PG loss of 13.0%, whereas increasing ROS production
338  (high ROS overproduction; Fig. 5, purple line) to excessive levels led to apoptosis of 7.5% and PG loss of
339 26.4%. Changes in the damaged cell fraction showed a similar effect on the apoptosis and PG content
340  compared to variations in the ROS production rate (Fig. 6).

341

342  Fig 5. Sensitivity analysis of simulated reactive oxygen species (ROS) production rate sgos.
343  Comparison of temporal changes and spatial changes at day 5 in (A)-(B) in cell viability and (C)-(D) in
344  proteoglycan content. (C) Higher simulated ROS production showed more intensive temporal proteoglycan
345  loss and (A) cell death near the cartilage lesion compared to moderate and low production rates. Red line
346  in (A) and (C) refers to the reference model (Sros= 0.40).

347

348  Fig 6. Sensitivity analysis for simulated damaged cell rate p,.. Comparison of temporal changes and
349  spatial changes at day 5 in (A)-(B) in cell viability and (C)-(D) in proteoglycan content. (A) Higher number
350  of damaged cells led to more cell death and (C) more intensive proteoglycan degeneration near the cartilage
351  lesion. Red line in (A) and (B) refers to the reference model (py .= 0.40).

352

353 3.3. Inflammation-induced apoptosis

354  Diffusion of IL-1 resulted in extensive cell apoptosis and subsequent PG loss near the free surfaces (Figs.
355  3Cand 7). The model where proteoglycan degeneration via aggrecanases and loss of biosynthesis (induced
356 by apoptosis) was considered showed PG loss of 50.4% near the cartilage lesion at day 5 (Fig. 3C). This
357  rapid degradation masks the effect of IL-1 on PG loss through changes in PG biosynthesis. Thus, in Fig. 7,
358  we present sensitivity analysis results with the effect of aggrecanases turned off in the model. At day 5, the
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359  reference model (k; = 7.5 - 1078 %) had PG loss of 11.2% (apoptosis of 33.5%) compared to day O (Fig. 7,

360  red line). Corresponding models without apoptosis (k1 = 0) exhibited PG loss of 10.2% (Fig. 7, blue line;

361  passive PG diffusion) and models with a higher apoptosis rate (kq =15 - 1078 %, Fig. 7, purple line;
362  apoptosis of 54.2%) showed PG loss of 11.9% in the cartilage.

363

364  Fig 7. Sensitivity analysis for the simulated pro-inflammatory cytokine-induced apoptosis rate k;.
365  Comparison of temporal changes and spatial changes at day 5 in (A)-(B) in cell viability and (C)-(D) in
366  proteoglycan content. (A) Loss of viable cells and, thus, decrease of proteoglycan biosynthesis (aggrecanase
367  induced proteoglycan degeneration was not considered), had (C) a negligible effect on the simulated
368  proteoglycan content over 12 days. Red line in (A) and (B) refers to the reference model (k;=7.5 - 10781/s).
369

370  3.4. Synergistic effect of necrosis, ROS, and inflammation

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

375  compared to day O (Fig 8E and F, red line). When the IL-1 concentration was decreased slowly in the
376  combined model (u= 1.2 - 10_62, Fig. 8A, blue line), the simulated near-lesion cell death was 36.3% (Fig.
377 8C and D, blue line, total cell death of 8.1%) and PG loss was 62.0% (Fig. 8E and F, blue line, total PG loss
378  of 16.7%). Rapid decrease (u= 5.8 - 10_62, Fig. 8A, purple line) of IL-1 concentration in the culture

379  medium led to near-lesion cell death of 25.6% (Fig. 8C and D, total cell death of 5.1% in the whole
380  geometry) and PG loss of 50.8% (Fig. 8E and F, total PG loss of 10.9%). Interestingly, notably less PG loss
381  was observed in 12-day simulations compared against the reference model (Fig. 8B).

382 Partial recovery of the PG content in cartilage. When the simulation was continued until day 30, we

383  observed that the greatest near-lesion PG loss of 98.5% and 58.2% occurred at day 17 and day 9 for the slow
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384  and fast decrease of IL-1 concentration. Moreover, we observed that at day 30, the PG content had recovered
385 by 9.4% and 20.4% around the lesion (corresponding 4.0% and 3.9% bulk tissue recovery) for the slow and
386  fast decrease of IL-1 concentration when compared to the PG content at days 17 and 9 (Fig 8G).

387

388  Fig 8. Simulated decrease of cytokine concentration in the combined model. (A) Simulated time-
389  dependent exponential decrease of the interleukin-1 concentration in the culture medium and B) comparison
390  of changes in proteoglycan (PG) content with constant (u=0 1/s) and fast-decreasing cytokine
391  concentration (u= 5.8 - 107 1/s). C) Temporal changes in cell viability in 30-day simulation near the
392  cartilage lesion (within 0.1 mm from the lesion) and D) spatial changes at day 5. D) Temporal changes PG
393  content near the cartilage lesion and (F) spatial changes in the whole cartilage geometry (total) at day 5.
394  Decreased exogenous cytokine concentration decreased cell death and PG loss substantially and (G) showed
395  partial recovery of the PG content (here, simulation continued until day 30). Red line in the figure refers to
396  the reference model (k;=1.2 - 107° 1/s).

397
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398 4. Discussion

399  Previous computational models of early PTOA have not explicitly modeled physical lesions, loading, or the
400  underlying cell-regulated degradative mechanisms of cartilage. In this study, we bridged this knowledge
401 gap and presented a novel mechanobiological model considering physical cartilage lesion, injury- and
402  loading-related cell death, overproduction of ROS, and diffusion of pro-inflammatory cytokines. We
403  compared the model results against previously measured optical density maps from injured calf cartilage
404  samples and noticed matching predictions of the PG content: extensive and localized near the lesions, but
405  more widely spread when IL-1 was added to the medium. Predicted cell death followed the same pattern of
406  damage localization, observed also in vitro. The interesting computational findings are that 1) necrosis alone
407  affects PG content rapidly (0-3 days) in the vicinity of the lesion but its effect almost completely fades away
408  over 5 days, leading to partial recovery of PG content, 2) ROS overproduction and especially inflammation
409  have longer-term (over 5 days) effects on PG content, and 3) rapid decrease of IL-1 concentration (leading
410  to lower aggrecanase release and less suppression of PG biosynthesis) facilitates the recovery of PG content
411  even in injured cartilage.

412
413  4.1. Necrosis

414  Injurious loading may cause rapid (within hours to days) necrotic and apoptotic cell death [12,13,17,54].
415  The injury can also sensitize live cells to turn catabolic more easily by later mechanical and inflammatory
416  signals causing more extensive cell death if catabolic signals are not ceased [60,61]. Locally elevated shear
417  strains near lesions due to mechanical loading could be one such catabolic signal, assumed here to lead to
418  localized necrosis and PG loss [16,39]. The cell viability assay with propidium iodide and fluorescein acetate
419  asused by Orozco et al. [16] and Eskelinen et al. [40] does not discern between necrosis and apoptosis, but
420  other studies have shown that similar injurious loading may cause necrotic cell death [45]. Furthermore, the
421  assumption that necrotic cells would release DAMPs inducing inflammatory response (such as IL-1

422 production, which later causes aggrecanase release [19]) is supported by several studies [20,62].
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423
424 On average, our model predicted necrotic cell death of 10.8% (40% local necrosis of the viable

425  cells in areas exceeding 50% maximum shear strain threshold, Fig. 4A) within 0.10 mm from the lesion
426  when collagen architecture was based on young bovine cartilage [16,45]. For comparison, Philips et al.
427  [45] reported a loss of cell viability around the superficial zone of mature bovine cartilage (0.15 + 0.038
428  mm from the surface), especially in the vicinity of the surface fissures, 1 hour after impact-injury

429  (unconfined compression with ~25 MPa peak stress, 100%/s loading rate). Although we did not consider
430  necrosis caused by the initial impact injury, our model predicted locally similar cell death near the lesion
431  due to high strains resulting from dynamic loading of injured geometry, possibly causing rapid local

432  degeneration of the PG content in the vicinity of the lesion.

433 In our simulated necrosis model, aggrecanases were released only at day O in response to cell
434 necrosis near the lesion (Fig. 4A). We observed the substantial PG loss during the first 3 days near the lesion
435  (Fig. 4C) and, as expected, simulating increased necrosis fraction led to higher PG loss, a scenario that is
436  feasible with high impact loads [11,12,54]. Such an early local burst of enzymatic activity is supported by
437  the finding that aggrecanase and other proteolytic enzyme expressions (e.g. MMP-3) increase within 1 day
438  from experimental injury [8]. Moreover, studies about other arthropathies similar to osteoarthritis [21,63]
439  have suggested that the release of aggrecanases occurs in regions experiencing chondrocyte necrosis.
440  Predicted PG degeneration within hours and the PG recovery within the following 3 days is explained by
441  rapid outflux of aggrecanases from highly necrotic regions (change of aggrecanase concentration over time
442  isrelative to the aggrecanase concentration gradient) and relatively small effect of highly localized necrosis
443 on total PG biosynthesis.

444 Interestingly, our results suggest that cartilage can recover its PG content partially and reach a
445  steady-state after 12 days. This implies that after acute PG degradation and loss, decay of aggrecanase
446  concentration and diffusion of synthesized PGs from deeper layers of the cartilage can promote PG recovery.
447  However, in previous experiments [16,40], PG degeneration was still observed near the lesion at day 12.

448  This indicates that in addition to immediate necrosis, further mechanisms associated with cell damage (e.g.
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449  ROS overproduction) should be involved in the simulations to better catch the temporal changes in injured
450  cartilage.

451
452 4.2. Cell damage, ROS, and apoptosis

453  Since maximum shear strains were excessive near the lesion, the damaged cells producing large amounts of
454  ROS leading to apoptosis were located in the same areas as necrosis, with similarities to previous
455  experiments with biological cartilage, where the amount of ROS was proportional to the deformation of the
456  chondrocytes [49]. While the simulated necrosis indicated rapid early PG loss followed by partial PG
457  content recovery, damaged cells contributing to the overproduction of ROS led to decreasing PG content
458  over time. This suggests that necrosis might play an early short-term role in PG loss, but cell damage and
459  its downstream catabolic effects may last longer despite the short lifetime of ROS [23,54]. Thus, cell damage
460  and large amounts of ROS could undermine the partial recovery seen with the necrosis model and continue
461  cartilage degradation near the lesion even when tissue-level global loading is physiologically normal (15%
462  strain in our model).

463 Low ROS production in cartilage did not result in major cell death (5.0%), nor did the moderate
464  (6.5%) or severe (7.5%) ROS overproduction (Fig. 5B) near the lesion at day 5. Furthermore, low ROS
465  production did not result in a substantial PG loss (13.0%, 2.8% higher than passive PG diffusion) whereas
466  moderate and severe ROS overproduction resulted in higher PG loss, 21.2% and 26.4%, respectively. A
467  similar interplay between damaged cells and increased ROS production leading to cell death and PG loss
468  has been observed experimentally [23,49,53,54].

469

470  4.3. Inflammation

471  Simulated inflammation resulted in rapid and substantial cell death and PG loss near the free surfaces, in
472  good agreement with experimental findings [29,40]. At 1 ng/ml of IL-1, inflammation-driven degradation

473  mechanisms dwarfed those driven by biomechanics. The inflammation-related PG loss was mostly driven
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474 by the aggrecanases; when the proteolytic effect of aggrecanases was turned off, the IL-1-induced apoptosis
475  (resulting in decreased PG biosynthesis) had only a minor effect on the PG loss (Fig. 7C and D).

476 Analysis of inflammation-related PG loss has been extensively included in computational and
477  experimental studies [29,34,36]. However, IL-l-induced cell death has rarely been included in
478  computational models. In experimental work conducted by Lopez-Armada et al. [64], ~50% bulk tissue cell
479  death was observed after 7-day culture with 5 ng/ml of IL-1 [64], and Li et al. [29] reported ~50% bulk cell
480  death after 17 days culture with 1 ng/ml of IL-1. Our model exhibited 15.1% and 34.8% bulk cell death on
481  days 7 and 17 with 1 ng/ml, respectively. Lower cell death in our simulated results could indicate that more
482  inflammatory mechanisms such as pro-inflammatory cytokine and DAMP release from catabolic
483  chondrocytes in cartilage [2,18] are promoting cell death also in deeper layers of the cartilage, but this
484  mechanism was omitted in our model.

485

486 4.4. Combined model

487  Simultaneously acting biomechanical and biochemical mechanisms resulted in marked cell death and PG
488  loss especially near the lesion during the first 5 days (Fig. 3D and 8). Later, the IL-1-driven degradation
489  dominated over the other mechanisms around the defect, in agreement with digital densitometry results [40].
490  Our model was able to capture the well-documented synergistic effect of biomechanics and inflammation
491  on PTOA progression [61,65].

492 Our reference model predicted locally extensive PG loss of 43.6% near the lesion at day 3 (Fig 8A
493  and B, red line; total PG loss of 9.0% in the whole cartilage geometry at day 3) and spread of PG loss also
494  to the intact areas at day 5 (Fig 8B and F; total PG loss of 18.9%). Eskelinen et al. [40] reported increased
495 PG degeneration in the intact regions of injured-and-inflamed cartilage at day 7 compared to day 3. These
496  experiments are in general consistent with our modeling results showing substantial near-lesion PG loss
497  caused by synergistic effect of inflammation and high shear strains after 3 days and inflammation-induced

498 PG loss also in the intact areas in the following time-points.
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499 Interestingly, a simulated fast decrease of the IL-1 concentration in the culture medium resulted in
500  partial recovery of the near-lesion (20.4% at day 30 compared to day 9) and bulk PG contents (3.9%). This
501  finding highlights the major role of inflammation in the computational model; decreasing the cytokine
502  concentration temporally leads to partial recovery of the tissue, while the biomechanical mechanisms
503  contribute to tissue degradation around the lesions. The result of possible partial recovery suggests that
504  inhibition of cytokine activity or rapid cytokine clearance from culture medium/joint space could suppress
505  catabolic signals and bring cartilage closer to homeostasis.

506

507 4.5. Limitations

508  First, biomechanical loading and inflammation of cartilage include many complex cell-level mechanisms.
509  Although our approach represents a step toward elucidating the degradation mechanisms after injury, our
510  model has limitations that may partly explain the disagreement between the model and experiments.
511  Additional degenerative mechanisms to consider are the IL-1-induced ROS production [52], ROS-induced
512 necrotic cell death [15,66], the introduction of MMP-3-driven matrix degradation after injury [11,67], fluid
513  flow-dependent PG loss through lesion edges [ 16], injury-related PG loss due to microdamage and structural
514  changes instead of enzymatic degradation [60], and beneficial effects of moderate cyclic loading [68].
515  Furthermore, we used the simulated IL-1 concentration of 1 ng/ml, the same as used in previous
516  experimental in vitro studies [29,34,36]. After acute inflammation, physiological IL-1 concentration in the
517  inflamed knee joint is typically much lower than 1 ng/ml [32,69], but the model was calibrated previously
518  based on in vitro experiments, and the use of physiological concentrations would just result in slower
519  progress of the degeneration. Furthermore, we did not account for the degeneration of the collagen network
520  that would affect the biomechanical properties and cell responses in the cartilage [70]. This was justified as
521  structural and constitutional changes in the collagen network have been observed to occur later than those
522 of in the PG content [29,71]. Also, we did not explicitly consider the pericellular matrix or changes in its

523  properties during the degeneration. There is evidence that alterations in the pericellular matrix properties
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524  and cell-matrix interactions may have substantial role in the OA initiation and progression of tissue
525  degeneration [72—74], thus, the function of the pericellular matrix should be accounted for in future studies.
526 Second, the biomechanical loading used in the computational model is a simplification of the
527  experiments. For instance, we did not simulate the initial impact-loading leading to cartilage defects in the
528  superficial zone or the full cyclic loading protocol used in previous experiments after the injury [16,40]. We
529  note that the compositional changes after impact-loading and during the continuous cyclic loading can
530 influence the shear strain distributions, leading to more severe cartilage degeneration than currently
531  predicted by the model [75].

532 Third, although some inflammation and material-related parameters have been well-calibrated
533 [16,36], model validity testing is hampered by the small amount of biomechanical and biochemical
534  experimental data, which are only available at a few time points. Therefore, the model has several
535  biochemical parameters that need to be better calibrated. For example, the parameters for ROS production,
536  necrotic/damaged cell fraction, and possible necrosis/apoptosis-related release of aggrecanases [4,21,63]
537  and matrix degradation require further experimental support. However, the presented predictions are already
538  generally in line with the current literature and despite the lack of extensive calibration, the current modeling
539  framework can offer insights into the mechanisms driving cell death and proteoglycan loss in PTOA-like
540  conditions.

541

542  4.6. Future directions

543  In the future, multiscale mechanobiological models may be a feasible pathway to produce patient-specific
544  predictions of early cartilage degeneration, open new avenues for high-level translational research and be a
545  tool to assess different intervention strategies to mitigate PTOA progression. However, extensive
546  experimental research is still needed to elucidate the injury-related mechanotransduction pathways, cell
547  death, and ROS kinetics, which could provide time-dependent quantitative data to calibrate and enhance

548  current models. Specifically, interesting future aims are to include the function of the pericellular matrix
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549  and sensitization of near-lesion cells to further damage if biomechanical or inflammatory challenge is not
550  removed [61], and to model the effects of ROS-suppressing disease-modifying drugs [7,54]. Ultimately, the
551  calibrated mechanobiological cell-tissue-level models could be augmented to the joint level, which could

552 be used to produce cost-efficient optimized intervention strategies to mitigate early cartilage degeneration.
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553 5. Conclusions

554  Cell death and enzymatic cartilage degeneration in response to injurious loading are important factors to
555  consider in computational models for predicting PTOA progression. We incorporated biological cell-tissue-
556  level responses including necrotic and apoptotic cell death, ROS overproduction, and inflammation of
557  injured cartilage into a finite element model of early-stage PTOA. Our novel mechanobiological model was
558  able to predict localized cell death and PG loss similar to previous biological experiments; biomechanically
559  induced necrosis and apoptosis and the following enzymatic degeneration of PGs were observed near the
560 cartilage lesion, while diffusing pro-inflammatory cytokines resulted in more widely spread damage. Based
561  on the computational model predictions, rapid inhibition or clearance of pro-inflammatory cytokines would
562  result in partial recovery of the PG content and could be a potential way to decelerate PTOA progression
563  even in injured tissue. In the future, the current computational framework could enhance previous models
564 by introducing new mechanisms, thus providing a better understanding of PTOA progression. Furthermore,
565 in the future, thoroughly calibrated multi-level mechanobiological models could be a valuable tool in
566  assessing patient-specific pharmacological treatments time-dependently and help in the planning of new
567  more efficient intervention strategies.
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808 Supporting information captions

809  S1 Biomechanical material model. The supplementary material providing more detailed information about
810  the biomechanical material model.

811

812  S1 Table. Variables describing cartilage composition. Normalized depth z is defined as z =0 on the
813  injured surface and z = 1 on the bottom surface.

814

815 S2 Boundary conditions and finite element mesh used in biomechanical simulations. The
816  supplementary material providing more detailed information about the simulations and boundary conditions
817  of the biomechanical model.

818

819  S2 Fig. Finite element mesh used in the biomechanical simulations. Finite element mesh for the injured
820  cartilage geometry including 918 linear axisymmetric elements with pore pressure.

821

822  S3 Higher axial strain amplitude to investigate the initial impact injury. The supplementary material
823  providing additional analysis on the injurious loading used in the experiments.

824

825  S3 Fig. Additional analysis of the higher axial strain to study injurious loading. Finite element mesh
826  for the intact geometry and the maximum shear strain distributions after unconfined compression with 40%
827  axial strain amplitude.

828

829  S4 Reaction—diffusion model: simulated changes in proteoglycan content. The supplementary material
830  providing more detailed information about the biochemical reaction—diffusion model.
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832 S5 Mesh sensitivity. The supplementary material providing more detailed information about the mesh
833  sensitivity analysis.

834 S5 Fig. Mesh sensitivity analysis. Mesh sensitivity analysis for the mechanobiological simulations
835  conducted with the combined model.

836

837  S6 Data interpolation to Comsol. The supplementary material providing more detailed information about
838  the data interpolation from the biomechanical simulations.
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