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Abstract
Osteoarthritis (OA) is prevalent in obese people due to the inflamed adipose tissue
surrounding the joints. The increase in obesity level upregulates adipokines enhanc-
ing inflammation. Whilst a few main inflammatory mediators including cytokines and
adipokines have been identified, the multi-effects of obesity and exercise on OA inflam-
mation are elusive. This study aimed to develop a five-variable mathematical model elu-
cidating the dynamics of OA inflammation associated with obesity and physical activity.
Within this model, pro- and anti-inflammatory cytokines, adipokines, matrix metallopro-
teinases and fibronectin fragments interact to regulate the inflammatory process. The
damage of cartilage is considered crucial to stimulate the production of fibronectin frag-
ments, subsequently leading to chronic inflammation. The adipokine production is depen-
dent on the obesity level measured by body mass index (BMI). Hill functions are used to
describe the interactions (stimulation and inhibition) between mediators and the nonlin-
ear impacts of physical activity level on adiposity. The dynamics of this inflammation sys-
tem was verified and analysed through bifurcation diagrams. Results indicate that a high
BMI reduces the bistability of the system up to a BMI value of 33 for which inflammation
is persistent in the non-dimensionalised model. In codimension-2 bifurcations, parame-
ters of adipokine production can govern the transition of system behaviours. This shows
the variability of individuals susceptible to OA inflammation related to obesity. The mini-
mum damage leading to persistent inflammation is decreased as BMI increases and the
correlation is nonlinear, which suggests a significant rise in OA risk with a high level of
obesity. Additionally, the simulations of multiple physical activity intervention strategies
suggest that physical activity can minimise and postpone inflammation by downregulating
adipokines within a window period after injury. This novel computational model describes
the roles of obesity and physical activity in OA inflammation, providing a mathematical
framework to evaluate the risk of OA inflammation from the perspective of obesity.

Introduction
As a multi-factorial disease of the entire joint, osteoarthritis (OA) progressively causes the loss
of joint function and pain along with tissue degeneration due to the unbalance of metabolic
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chronic inflammation and abnormal biomechanics. Concomitantly, disability and comorbidi-
ties occur with OA development [1], imposing significant medical burden worldwide [2,3].
The number of patients with OA worldwide will reach more than 600 million by 2050 [4].
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Obesity is a predominant risk factor aggravating the inflammation and load within the joint
[5–7]. The rapidly increasing prevalence of obesity [8] will lead to severe challenges on remit-
ting medical burden from OA. Obesity significantly rises the joint force and undermines the
biomechanics of the joints [9–12], whereas the awareness of the regulatory mechanism of
obesity-associated OA inflammation is still limited. Regardless of that, the best strategies to
manage the disease are still prevention and intervention of early OA such as controlling body
weight and physical activity [13–15]. Compared to obesity commonly measured by body mass
index (BMI), adiposity refers to the amount of body fat that plays a pivotal role in the inflam-
matory process [16]. Physical activity level (PAL) and nutritional control can reduce adiposity
and increase muscle strength, resulting in weight loss for obese individuals [17]. Physiologi-
cal loading is sensitive to body weight within the load-bearing joints [18]. However, conclu-
sive evidence linking physical activity to the reduction of body weight is absent [19,20]. This
suggests that exercise might not have a direct benefit on the joint by reducing the inherent
mechanical loading. Instead, physical activity might exert a more significant impact on mod-
ulating the serum level of inflammatory mediators [21,22] in the context of OA. The variation
of adiposity due to physical activity might be responsible for this impact on OA inflammation.

Low-grade inflammation is present at early stage of OA in prior to structural changes
[23–25], though no evidence shows that inflammation predisposes to the onset of OA as var-
ious risk factors, such as age, gender, genetics, obesity, nutrition and mechanics, might con-
currently trigger OA. In general, the presence of inflammation can recruit specialised cells to
repair the rupture tissue of cartilage. The lack of vascular system nevertheless results in the
unbalance of inflammatory metabolism [26–29], hence cartilage tissue is eventually degraded
along with chronic inflammation where multiple soluble mediators interact, including pro-
and anti-inflammatory cytokines (PICs and AICs) [30], matrix metalloproteinases (MMPs)
[31–33] and adipokines [34–37]. The potent production of PICs can be activated by the tissue
breakdown including fibronectin-fragments (Fn-fs) [38]. As the PIC level increases, MMPs
are secreted to catabolise the extracellular matrix (ECM) of the cartilage and AICs are released
to reduce the active inflammatory activities. Furthermore, adipose tissue is dispersed across
the whole body and it can systemically and locally contribute to the OA metabolism and joint
biomechanics [16,39]. Specifically, adipokines primarily derived from adipose tissue are an
important class of soluble mediators associated with OA [39]. Adipokines can stimulate the
production of inflammatory mediators such as PICs and MMPs [35,37,40–42]. The accu-
mulation of adipose tissue leads to an excess of adipokines, which can be responsible for the
metabolic effects of obesity on OA progression.

Computational approaches have demonstrated the potential to mimic the cartilage degra-
dation and inflammatory process [43–52]. However, both mechanistic and data-driven mod-
elling approaches are still limited by the complex molecular and cellular crosstalk. This makes
it challenging to explain the precise mechanism of OA. A few attempts [53–55] are emerging
to integrate knowledge-based and data-driven modelling approaches to explain the network
of signal transduction of OA. The computation of signal transduction heavily relies on avail-
able concluded biological data, thereby underscoring the necessity for incorporating current
knowledge of OA [56]. However, parameter complexity escalates with the increased num-
ber of signalling pathways [57]. As an alternative to study the role of cytokines in OA inflam-
mation and to reduce the computing complexity, Baker et al. extended a two-variable RA
model of cytokines [58] to a general four-variable OA model of cartilage inflammation [43].
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Distinct to the autoimmune disease, rheumatoid arthritis (RA) characterised by severe syn-
ovial inflammation, OA involves low-grade inflammation due to adaptive and innate immune
responses under mechanical stimuli [59]. Although inflammation is found in both diseases,
the molecular inflammatory mechanisms are different. This extension provided a represen-
tative model with relatively low computational complexity to analyse molecular interplays in
particular for those biological regulations lacking sufficient data support. Four characteris-
tics of the inflammation system (homeostasis, persistent inflammation, bistable and tristable
inflammation) were found and the uncertainty of estimated parameters to alter the system
dynamics were analysed through bifurcations [43]. The four system behaviours represent dif-
ferent susceptibility of individuals to OA, which is based on the determination of parameters.
Persistent inflammation is most susceptible to OA contrary to homeostasis. However, this
ordinary differential equations (ODEs)-based OA inflammation model did not consider the
inhibition of MMPs [30] and the reacting feedback of adipokines. In addition, the parameter
estimation was based on the assumption that the parameters differ in orders of magnitude,
whilst the concentration level and half-life of different mediators exhibit considerable vari-
ability [60]. This may produce biased conclusions due to the limited measurements of molec-
ular parameters. By contrast, Rahman et al. [44] recently proposed a mathematical framework
of cartilage degradation where the mechanical stimuli, cellular and molecular behaviours are
coupled and parameters are estimated based on selected experimental data. This framework
was validated by simulating the evolution of cartilaginous constituent loss according to past
reported experiments. Due to the low availability of cellular and molecular data, high variabil-
ity still exists in the setup of parameters that determine the outputs in the above mechanistic
models. Namely, the uncertainty analysis of computational deterministic model is crucial for
improving the reliability by using prospective in vivo or in vitro data.

Aforementioned mathematical models [43,44] are relatively general compared to validated
models specific to cartilage lesion formation [45,47–50]. Nevertheless, the latter might not be
able to unravel the mechanism of early OA inflammation since the source of injury (either
mechanics or inflammation) that leads to the cartilage defects cannot be identified. In addi-
tion, none of them considers the regulatory mechanism of adipokines that are the critical
mediators stimulating OA inflammation due to obesity. Based on the previous inflammation
model of cartilage [43], a general five-variable mathematical model of adipokine-mediated
inflammation was developed in this study and the aim was to evaluate the molecular regula-
tions of cartilage inflammation under the reactions of adipokines.

Compared to the previous four-variable model [43], the feedback from adipokines and
the inhibiting pathways of anti-inflammatory cytokines were appended to this five-variable
model. BMI was introduced to measure adiposity. Meanwhile, physical activity and daily
nutrition, regulating the amount of adiposity, were accounted to control the production rate
of adipokines. Local sensitivity analysis and bifurcations of estimated non-dimensionalised
parameters were conducted to verify this model and to evaluate the regulatory mechanism
of inflammation dynamics by adipokines. In particular, the evolution of the inflammatory
process was studied by implementing different physical activity interventions within the
dimensionless model.

Methods
Regulatory network of inflammation
Five mediators regulating the inflammation are identified as the variables in the mathematical
model. PICs and AICs, MMPs and Fn-fs interact to regulate inflammation in OA [24]. On this
basis, adipokines dependent on obesity and exercise can stimulate inflammation through the
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Fig 1. Schematic inflammatory network of cartilage including the concentrations of PICs, AICs, MMPs, adipokines and Fn-fs as
denoted respectively by Pc,Ac,M,Ad,F.
Adipokines stimulate the production of PICs and MMPs as a source mediator of which concentration is regulated by adiposity. Adipos-
ity can be varied by the system status including PAL, BMI and nutrition. Each mediator group has a rate of natural decay and the rate of
production consists of the production from background, stimuli and inhibitors. Since Fn-fs are only released due to the deconstruction
of tissue, the production is determined by mechanical damage and the catabolism of MMPs.

https://doi.org/10.1371/journal.pone.0323258.g001

concurrent upregulations of PICs and MMPs [61]. An inflammatory network of five variables
(Pc,Ac,M,Ad,F) was constructed to represent stimulation, inhibition, natural production and
decay of each of the variables (Fig 1).

Enzyme kinetics
Hill functions [62] were used to simulate the enzyme kinetics that is the reactive production
rate of one mediator regulated by other mediators and to describe the nonlinear reduction of
adipokines due to nutrition and physical activity:

Hstimulus (vars) =MPR × varns (t)
SCn
+ varns (t)

(1)

Hinhibitor (vari) = TPR × SCn

SCn
+ varni (t)

(2)

whereMPR is the maximum driven production rate of the mediator regulated by the stim-
ulatory mediator vars, and TPR is the total production rate in the pathways inhibited by the
mediator vari. The saturation constant is SC, which is the concentration of the regulated
mediator. At concentration SC, the production rates are half ofMPR and TPR due to the sat-
urated effects. The Hill coefficient n describes the cooperativity of the targeted mediator.
Namely, the change of the slope for the increase or decrease of the production rate can be
altered by tuning the Hill coefficient. In inflammatory regulations, each pathway normally
involves multiple receptors; therefore, the value of Hill coefficient might equal or exceed 2. To
reduce the complexity, it is assumed that n equals 2 in this model as the system behaviours
exhibit similarity when Hill coefficients are greater than 2 [43]. The inhibition is essentially
signalled by the binding between ligands and cellular receptors. Since the receptors of MMPs,
PICs and AICs are distinct [30,33], the inhibition of AICs is applicable to all production terms
of each signalling pathway regardless of cell sources. In the application of Hill functions, TPR
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is accordingly the total production rate by summing up a natural production rate with the
driven production rates, as shown in Eqs (3) and (5).

Mathematical formulation
The production of PICs is inherently at a low level to facilitate normal ECM remodelling,
leading to a term of natural production. This metabolic activity is rigorously controlled by
the regulated production and the natural decay under the healthy homeostatic background.
In this model, the secretion of PICs is stimulated by itself, adipokines and Fn-fs but inhibited
by AICs. The production terms are additive as the activated receptors are different in those
pathways [30]. Thus, the production of PICs is formulated in Eq (3).

dPc (t)
dt

= [ C0 + C1 ⋅ Pnc (t)
Cn
2 + Pnc (t)

+ C3 ⋅ An
d (t)

Cn
4 +An

d (t)

+ C5 ⋅ Fn (t)
Cn
6 + Fn (t)

] ⋅ Cn
7

Cn
7 +An

c (t)
–D1 ⋅ Pc (t) (3)

In turn, AICs are produced due to the increase of PICs and Fn-fs in order to counteract
inflammation and maintain the homeostasis of tissue remodelling. Since the release of AICs is
mainly determined by cells from the activation of immune system, there is no natural produc-
tion term compared to PICs that are secreted by immune cells as well as local cells in cartilage
[30]:

dAc (t)
dt

= C8 ⋅ Pnc (t)
Cn
9 + Pnc (t)

+ C10 ⋅ Fn (t)
Cn
11 + Fn (t)

–D2 ⋅Ac (t) (4)

As the enzyme degrades the cartilage tissue, MMPs are upregulated by the signalling of
PICs and adipokines with a low natural production, which could be inhibited by AICs to
reduce the catabolic effects of MMPs [33]. Similar to PICs, the inhibition of AICs is applied to
all production terms as shown in Eq (5).

dM (t)
dt

= [ C12 + C13 ⋅ Pnc (t)
Cn
14 + Pnc (t)

+ C15 ⋅ An
d (t)

Cn
16 +An

d (t)
] ⋅ Cn

17
Cn
17 +An

c (t)
–D3 ⋅M (t) (5)

Adipokines are mainly released from adipocytes, so the number and size of adipose cells
presumably determine the production of adipokines. In general, an individual normally main-
tains a constant number of fat cells regardless of the weight loss since adolescence but the
size increases due to the dramatic weight gain [63]. Proper physical activity intervention can
induce the reduction of adiposity, whereas there is no strong evidence indicating that the
number of adipocytes concomitantly decreases [64]. The present consensus is that physical
activity is able to reduce the size of fat cells as the mass of adipose tissue [20,64]. This leads to
a background production term due to the adipocyte number, a decay term dependent on the
concentration and a variable production term determined by BMI, nutrition and PAL:

dAd (t)
dt

= C18 + [ C19 ⋅ f (BMImeas) ⋅ DailyCal
BMR ⋅ PAL ] ⋅ Cnex

20
Cnex
20 +Anex

d (t)
–D4 ⋅Ad (t) (6)

where DailyCal is the daily intake of calories, BMR is the value of basal metabolic rate (BMR)
and PAL is the level of physical activity. The function of BMI, f (BMImeas), is built to assume
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the adipokine production due to adiposity level:

f (BMImeas) =
BMImeas

BMIstd
(7)

where BMIstd is the standard value of BMI at which the inflammation system is at the normal
level of body weight. Although obesity is classified by incremental ranges of BMI in Table 1
[8], a specific value of 25 is selected in order to measure the assumed proportional correlation
[35] between the adipokine production and the measured BMI value, BMImeas.

Since PAL is measured by the proportion of total daily energy expenditure (TEE) to BMR
[65], the nutrient term is described as the fraction of the daily intake of calories (DailyCal)
to the total metabolic rate determined by BMR and PAL. The adipokine production decided
by BMI and nutrition is altogether reduced by PAL through the Hill function. To distinguish
the coefficient that modulates the effects of physical activity from other Hill coefficients that
represent the order of enzyme kinetics, nex is used in Eq (6). The coefficient nex and satu-
ration constant C20 are controlled by BMImeas and PAL respectively to simulate the nonlin-
ear effects of different exercise levels (Table 2) on the adiposity reduction. As nex increases,
the reduction gradient of adipokine production due to PAL ascends, namely, the increase of
PAL is effective for reducing the production of adipokines when adipokines are nearly or over
saturated. Meanwhile, C20 determines the saturation of adipokines where PAL reacts on the
loss of adiposity. The sensitivity of nex and C20 and their correlation with BMImeas and PAL is
analysed in a dimensionless manner (Fig 2).

Since the level of damage can also induce inflammation, Fn-fs, the biomarker from
degraded cartilage tissue upregulates both PICs and AICs [38], is included in this model to
measure the damage due to inflammation (C21 ⋅M) and excessive mechanical loading (C22):

dF (t)
dt
= C21 ⋅M (t) + C22 –D5 ⋅ F (t) (8)

Model nondimensionalisation and parameter estimation
For the mathematical analysis, the model is non-dimensionalised by the following scaling:

Pc (t) = C2 ⋅ ̃Pc (t)

Table 1.The classification of the obesity level using BMI [8].
Level of obesity BMI (kg/m2)
Nutritional deficiency (ND) <18.5
Normal weight (NW) 18.5–24.9
Overweight (OW) 25–29.9
Obesity (O) ⩾ 30
Extreme obesity (EO) ⩾ 40

https://doi.org/10.1371/journal.pone.0323258.t001

Table 2.The category of PAL [65].
Level of physical activity PAL value
Sedentary (S) 1–1.39
Low active (LA) 1.4–1.59
Active (A) 1.6–1.89
Very active (VA) 1.9–2.5

https://doi.org/10.1371/journal.pone.0323258.t002
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Fig 2. The sensitivity of (a) nex and (b) 𝜃Ad to the adipokine concentration at equilibrium.
nex is numerically correlated to obesity level so it measures the sensitivity of adipokine reduction due to different PALs at a certain level of obesity (EO: Extreme
obesity; O: Obesity; OW: Overweight; NW: Normal weight; ND: Nutritional deficiency). 𝜃Ad is the dimensionless coefficient that determines the amount of
adipokine reduction due to PAL (S: Sedentary; LA: Low active; A: Active; VA: Very active).

https://doi.org/10.1371/journal.pone.0323258.g002

Ac (t) = C7 ⋅ ̃Ac (t)

M (t) = C6D2

C21
⋅ ̃M (t)

Ad (t) = C4 ⋅ ̃Ad (t)

F (t) = C6 ⋅ ̃F (t)

t =
̃t

D2

(9)

where the concentrations of PICs, AICs, adipokines and Fn-fs are non-dimensionalised by the
corresponding saturation constants, and the time is scaled by the decay rate of AICs for the
convenience of model verification. The concentration of MMPs is scaled to reduce the Fn-fs
production.

The non-dimensionalised model is shown in Eqs (10) to (14) and the estimated parameters
are indicated in Table 3.

d ̃Pc ( ̃t)
d ̃t = [ 𝛼BPc + 𝛽PcPc ⋅ ̃Pcn ( ̃t)

1 + ̃Pcn ( ̃t) + 𝛽AdPc ⋅ ̃Ad
n
( ̃t)

1 + ̃Ad
n
( ̃t)

+ 𝛽FPc ⋅ F̃n ( ̃t)
1 + F̃n ( ̃t) ] ⋅ 1

1 + ̃Ac
n
( ̃t) – 𝛾Pc ⋅ ̃Pc ( ̃t) (10)

d ̃Ac ( ̃t)
d ̃t = 𝛽PcAc ⋅ ̃Pcn ( ̃t)𝜃nPcAc +

̃Pcn ( ̃t) + 𝛽FAc ⋅ F̃n ( ̃t)𝜃nFAc + F̃n ( ̃t) – ̃Ac ( ̃t) (11)
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Table 3.The estimated dimensionless parameters of the inflammation model.
Parameters Description Value Reference𝛼BPc , 𝛼BM Natural production rate 0.01 [43]𝛽PcPc , 𝛽AdPc , 𝛽FPc ,𝛽PcAc , 𝛽FAc , 𝛽PcM,𝛽AdM

Stimulated production rate 10 [43]

𝜃PcAc , 𝜃FAc , 𝜃PcM,𝜃AdM, 𝜃AcM Saturation constant at which the capability of
stimulation or inhibition is half of maximum

1 [43]

𝜇NAd The background production rate of adipokines
due to the number of adipocytes

0.01 Estimated

𝜇SAd The background production rate of adipokines
due to the size of adipocytes

0.01 Estimated

𝛾Pc , 𝛾M, 𝛾Ad , 𝛾F Clearance rate 1 [43]
Damage The damage level of cartilage 0 [43]
BMIstd Standard value of BMI 25 [8]
DailyCal
BMR

Nutrition factor 1 Estimated𝜃Ad , nex Coefficients in the inhibition of adipokine
production due to exercise

Dependent on PAL
and BMImeas

Estimated

n Hill coefficient 2 [43]

https://doi.org/10.1371/journal.pone.0323258.t003

dM̃ ( ̃t)
d ̃t = [ 𝛼BM + 𝛽PcM ⋅ ̃Pcn ( ̃t)𝜃nPcM + ̃Pcn ( ̃t)

+ 𝛽AdM ⋅ ̃Ad
n
( ̃t)𝜃nAdM +
̃Ad
n
( ̃t) ] ⋅ 𝜃nAcM𝜃nAcM +

̃Ac
n
( ̃t) – 𝛾M ⋅ M̃ ( ̃t) (12)

d ̃Ad ( ̃t)
d ̃t = 𝜇NAd + [ 𝜇SAd ⋅ f (BMImeas) ⋅ DailyCal

BMR ⋅ PAL ] ⋅ 𝜃nexAd𝜃nexAd
+ ̃Ad

nex
( ̃t)

– 𝛾Ad ⋅ ̃Ad ( ̃t) (13)
dF̃ ( ̃t)
d ̃t = M̃ ( ̃t) +Damage – 𝛾F ⋅ F̃ ( ̃t) (14)

Sensitivity analysis
The dependence of the inflammation behaviours on the isolated non-dimensionalised param-
eters in this model was analysed through Local Sensitivity Analysis (LSA), which was verified
by comparing with Baker et al. [43].

The LSA was implemented with the maximum ±30% perturbation of each parameter [43]
for the comparison:

SMK =
𝛿M (𝜔)ÒM (𝜔)𝛿KÒK

(15)

where K is the reference parameter that was perturbed andM (𝜔) is the measured response
based on the system output 𝜔. The responses include the mean steady concentration at the
healthy state and inflamed limit cycles, the amplitude and period in limit cycles of inflamma-
tion [66]. Correspondingly, 𝛿K is the perturbation of the parameter K and its effect on the
measured response is 𝛿M (𝜔). In particular, parameters were randomly perturbed 1,000 times
[43] in the range of [–0.3,+0.3] that is uniformly distributed so that the relative sensitivity can
be represented by the Interquartile Range (IQR) of the responses from 1,000 perturbations.

The bifurcations of sensitive parameters were analysed to explore the dynamics of inflam-
mation with obesity and compared to Baker et al. [43] for the verification of the five-variable
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model and MATLAB scripts for bifurcation analysis. In particular, the values of the param-
eters estimated in Table 3 are also the baseline for bifurcation analysis. The concentration
of PICs measures the inflammation level at steady states to present the transitions of system
dynamics. The steady states were accordingly given by the simultaneous equations (S7 Eqs)
derived for calculating equilibrium solutions, in conjunction with the phase plane of the sys-
tem under baseline parameters (S8 Fig). The stability of local behaviour was examined by the
application of linearisation to the obtained equilibrium solutions. Due to the complex non-
linearity of this model, the Jacobian of this system and the corresponding eigenvalues were
numerically computed for the linear approximation in bifurcation analysis.

In addition, the sensitivity of adiposity regulation by PAL was evaluated by measuring the
variation of adipokine concentration at equilibrium when tuning nex and 𝜃Ad . The categories
of obesity level (Table 1) and PAL (Table 2) are used to define the different gradients of the
concentration variations (Fig 2). Given the sensitivity, two piecewise continuous functions,
Eqs (16) and (17), are provided with the boundary parameters to estimate nex and 𝜃Ad based
on different combinations of BMI and PAL. It is assumed that the reduction of adipokines is
approximately linear to a certain PAL range when the obesity level remains the same, lead-
ing to a linear correlation between the non-dimensionalised parameters and inputs of BMI or
PAL when they are in the same category. Fig 3 illustrates the concentration of adipokines at
equilibrium with different values of BMI and PAL, which are governed by Eqs (16) and (17).

nex =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

BND – BMImeas ⋅ BND – BNW

RND – RNDmin

, if RNDmin < BMImeas
< RND

BNW – (BMImeas – RND) ⋅ BNW – BOW

RNW – RND
, if RND ⩽ BMImeas ⩽ RNW

BOW – (BMImeas – RNW) ⋅ BOW – BO

ROW – RNW
, if RNW < BMImeas ⩽ ROW

BO – (BMImeas – ROW) ⋅ BO – BEO

RO – ROW
, if ROW < BMImeas

< RO

RO

BMImeas , if BMImeas ⩾ RO

(16)

𝜃Ad =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

BS – (PAL – RSmin) ⋅ BS – BLA

RS – RSmin

, if RSmin ⩽ PAL⩽ RS

BLA – (PAL – RS) ⋅ BLA – BA

RLA – RS
, if RS < PAL⩽ RLA

BA – (PAL – RLA) ⋅ BA – BVA

RA – RLA
, if RLA < PAL⩽ RA

BVA – (PAL – RA) ⋅ BVA

RVA – RA
, if RA < PAL⩽ RVA

(17)

where the boundaries of nex and 𝜃Ad are estimated according to Fig 2: BND = 10, BNW = 8,
BOW = 4, BO = 2, BEO = 1, BS = 1, BLA = 0.5, BA = 0.25, BVA = 0.1. In addition, parameters of
BMI and PAL range are determined by Tables 1 and 2: RNDmin = 0, RND = 18.5, RNW = 24.9,
ROW = 29.9, RO = 40, RSmin = 1, RS = 1.39, RLA = 1.59, RA = 1.89, RVA = 2.5.

Simulation of inflammatory activities
The inflammatory activities were simulated by solving the governing ODEs in MATLAB
(R2022b, The Math Works, Inc., Natick, MA, USA) under the estimated parameters to eval-
uate the effects of obesity and PAL. The MATLAB function ode45 was used as the solver of
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Fig 3. The equilibrium adipokine concentration against PAL and BMI.

https://doi.org/10.1371/journal.pone.0323258.g003

the explicit Runge-Kutta method with the relative tolerance of 0.001 and the absolute toler-
ance of 1× 10–6 for simulations. Due to the lack of experimental data, the time scale of the
model is governed by the decay rate of each variable. However, the uncertainty of decay rates
remains in either the same or different mediator groups. In order to analyse the evolution of
OA inflammation when the intervention of physical activity was applied, the dimensionless
concentration of each mediator was measured within 100 dimensionless time units. Particu-
larly, the level of cytokines reflects the inflammation process, and the concentration of Fn-fs
measures the damage due to the combined effects of inflammation and mechanics.

The minimum values of mechanical damage leading to inflammation were compared
over the inflammation system with different obesity levels. In addition, a sudden damage
(Damage = 0.005) due to mechanics (injury) was applied to the model at time point 20, and
PAL increases from a sedentary level (PAL = 1) to a low active level (PAL = 1.5) to simulate
physical therapy. The input characteristics of this computational subject also include BMI
(BMImeas

= 30) and daily nutrition (DailyCalÒ BMR = 1) to study the effects of PAL on the
inflammatory process of an obese subject.

Results
Model verification
In order to verify the model of adipokine-mediated inflammation and analyse the variations
in system behaviours due to adipokine, LSA and bifurcation diagrams of sensitive param-
eters were compared between Baker’s model [43] and this five-variable model. The IQR of
perturbed system outputs (Fig 4) illustrates that the parameters relevant to adipokine pro-
duction and its regulation are insensitive to the inflammation state. Instead, the PIC natu-
ral production (𝛼BPc) and clearance rates (𝛾Pc and 𝛾Ad) of PICs and adipokines slightly affect
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Fig 4. The boxplots of the LSA for dimensionless parameters in (a) Baker’s model [43] and (b) the adipokine-mediated
inflammation model.
The values of datasets represent the percentages of change in the measured responses from the system outputs perturbed by 1 percent
change of a specified parameter at the inflamed limit cycle and the healthy state. Parameters that result in output changes over 1 percent
are highlighted in blue for (a) and in red for (b). Pbp: The background production rate of PICs; Ppp: The production rate of PICs driven
by PICs; Pfp: The production rate of PICs driven by Fn-fs; App: The production rate of AICs driven by PICs; Aph: The concentration of
AICs at which the production rate of AICs driven by PICs is half of the maximum; Afp: The production rate of AICs driven by Fn-fs;
Afh: The concentration of AICs at which the production rate of AICs driven by Fn-fs is half of the maximum;Mbp: The background
production rate of MMPs;Mpp: The production rate of MMPs driven by PICs;Mph: The concentration of MMPs at which the produc-
tion rate of MMPs driven by PICs is half of the maximum; Fdam: Mechanical damage parameter; 𝛾p: Decay rate of PICs; 𝛾m: Decay rate
of MMPs; 𝛾f: Decay rate of Fn-fs.
https://doi.org/10.1371/journal.pone.0323258.g004
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the cytokine concentration in the healthy state. For the inflammatory oscillation, the ampli-
tude of cytokine concentration is readily perturbed when parameters of inhibition (𝜃PcAc and𝜃FAc) and stimulated production (𝛽FPc ,𝛽PcAc and 𝛽FAc) are varied, and the relative sensitivity
is similar in the inflammatory amplitude in the five-variable model and Baker’s model. How-
ever, the introduction of adipokines sensitises 𝛽PcAc ,𝛾M and 𝛾F in the response of the inflam-
matory period. This suggests that obesity affects the OA inflammatory process by changing
the sensitivity of other parameters to the system period in limit cycle, namely, parameters
of adipokines have impacts on the inflammation dynamics and they can slightly induce the
release of cytokines at the healthy state.

Bifurcations of the common parameters were compared between Baker’s model [43]
and this five-variable model in S1 Fig, S2 Fig, S3 Fig and S4 Fig. The addition of adipokines
reduces the bistability and the inflamed limit cycle of the inflammation system for a range of
values of most parameters, which results in the system staying in persistent inflammation in a
wider range of parameter perturbations.

Dynamics of the adipokine-mediated inflammation model
The types of system dynamics reflected in the bifurcation diagrams of this study are sum-
marised in Table 4. Tristable behaviours with five steady states were found when varying
parameters in the study by Baker et al. [43]. It is important to note that the variation of
parameters might deviate from the assumptions of parameter estimation, although sys-
tem tristability is potentially one of the mathematical solutions to the inflammation model.
According to the intersection of nullclines in the phase plane diagram of this model (S8 Fig),
five steady states also exist when artificially varying the parameters. However, in order to pre-
vent numerical artefacts due to parameter estimation, the analysis of the system dynamics
focuses on the effects of obesity when the reference parameter set is maintained at baseline.
The exhaustive estimation was not implemented for the parameters irrelevant to adipokines.
Representative steady states (health, oscillatory inflammation and steady inflammation) were
mainly found in the state transitions resulting from the variability in parameters governing
adipokine regulation.

There are three parameters 𝛽AdPc ,𝛽AdM and 𝜃AdM, associated with adipokine level to reg-
ulate the production of PICs and MMPs. Their bifurcations (Figs 5a to 5c) indicate that the
high production rates of both PICs (𝛽AdPc) and MMPs (𝛽AdM and 𝜃AdM) driven by adipokines
lead to the loss of healthy state. Unlike the inflamed limit cycle due to the high value of 𝛽AdPc ,
the increase of 𝛽AdM and the reduction of 𝜃AdM can result in the quiescent steady inflam-
mation state. This suggests that the stimulation of PICs is not as sensitive as MMPs due to
adipokines. Due to the nondimensionalisation of parameters, 𝜃AcM represents the weight of
two inhibition pathways, the inhibitions of PICs and MMPs by AICs. When 𝜃AcM decreases,

Table 4.The types of dynamics presented in bifurcations. S: Quiescent stable state; L: Limit cycle; S in
superscript: Stable; U in superscript: Unstable.
Dynamics type The number of steady state Stability The type of steady state
Imonostable SS0 Monostable Persistent steady inflammation
IImonostable LS0 Monostable Persistent oscillatory inflammation
IIIbistable SS0, S

U
1 ,L

S
0 Bistable Health, oscillatory inflammation

IVbistable SS0, S
U
1 , S

S
2 Bistable Health, steady inflammation

Vmonostable SS0 Monostable Health
VImonostable SS0, S

U
1 , S

U
2 Monostable Health

https://doi.org/10.1371/journal.pone.0323258.t004
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Fig 5. Bifurcation diagrams of parameters in the production of PICs and MMPs: (a) Production rate of PICs driven by
adipokines; (b) Production rate of MMPs driven by adipokines; (c) Saturation rate in the stimulation of MMPs by adipokines;
(d) Saturation rate in the inhibition of MMPs by AICs.
Solid black lines where the pro-inflammatory is at a higher level represent the inflamed states; solid black lines where the pro-
inflammatory is at a lower level represent the healthy states; dash blue lines represent the unstable states; solid blue lines represent
unstable states; The scatter of blue points represents the average maximum and minimum concentration in the oscillated limit cycle.

https://doi.org/10.1371/journal.pone.0323258.g005

the weight of MMPs inhibition decreases and the system stays bistable but the inflammatory
process tends to be stable rather than oscillatory (Fig 5d).

Fig 6 illustrates the variations of system dynamic behaviours due to the changes of param-
eters (𝜇NAd , 𝜇SAd and 𝛾Ad) in adipokine production. Bifurcations of 𝜇NAd and 𝜇SAd (Figs 6a
and 6b) are similar as the weights of adipocyte number and size represented by those two
parameters of the adipokine production are initially equal in the production of adipokines. A
threshold of nearly 0.02 for the adipokine production rates (𝜇NAd and 𝜇SAd) indicates a tran-
sition from IIIbistable to IImonostable (Figs 6a and 6b), resulting in persistent inflammation and
the loss of quiescence healthy state. In turn, the increase of adipokine decay rate (𝛾Ad) turns
the monostable system of inflammation to bistable system so that the healthy state returns
(Fig 6c).
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Fig 6. Bifurcation diagrams of parameters in the production of adipokines: (a) Production rate of adipokines due to the number
of adipocytes; (b) Production rate of adipokines due to the size of adipocytes; (c) Decay rate of adipokines.

https://doi.org/10.1371/journal.pone.0323258.g006

BMImeas is an input parameter that modulates the weight of the adipokine production term
associated to adipocyte size, hence its impact on the system behaviour is similar to 𝜇NAd and𝜇SAd . A threshold of BMI that causes persistent inflammation is found at approximately 33 in
Fig 7a when the parameters are at baseline, where 𝜇NAd = 0.01 and 𝜇SAd = 0.01. High BMI can
reduce the bistability of the inflammation system so that it remains in a monostable inflamed
limit cycle. The monostability of inflammation results in an inability of the system to return
to a healthy state. In addition, the BMI threshold of bifurcation is dependent on 𝜇NAd and𝜇SAd . Fig 7b presents the Hopf bifurcation when oscillatory inflammation turns into persis-
tent steady inflammation as BMI increases. In the codimension-2 bifurcations of 𝜇NAd and𝜇SAd , the transitions of system behaviours are presented in the range of BMI between 0 and
50 (Figs 7c and 7d). The transitions reflect the susceptibility of OA inflammation in different
cohorts.
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Fig 7. Bifurcation diagrams of BMImeas where (a) 𝜇NAd = 0.01, 𝜇SAd = 0.01; (b) 𝜇NAd = 0.04, 𝜇SAd = 0.01, and codimension-2
bifurcations of (c) 𝜇NAd and BMImeas; (d) 𝜇SAd and BMImeas

https://doi.org/10.1371/journal.pone.0323258.g007

However, two representative bifurcation diagrams of PAL in Figs 8a and 8b illustrate that
the monostability of inflammation can be changed by increasing PAL. The effectiveness of
PAL also depends on the level of BMI, so a higher PAL is required to return the bistabil-
ity when BMI exceeds the threshold at 33. Fig 8c shows the transition between IIIbistable and
IImonostable in the parameter space via the codimension-2 bifurcation of PAL and BMImeas.

In addition to BMI, mechanical damage can also lead to persistent inflammation when it
exceeds a threshold, of which sensitivity is dependent on BMI as well as PAL (Fig 9). The sys-
tem stays in the inflammation state and the damage is most sensitive to the system when BMI
is 35 or 45 over the threshold, hence the oscillatory inflammation turns to persistent inflam-
mation as damage is increased. Regardless of BMI, high PAL can reduce the sensitivity of
damage leading to inflammation, and the reduction is more significant when BMI is higher.
Namely, the minimum damage leading to a monostable inflammation state increases due to
the higher PAL.
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Fig 8. Bifurcation diagrams of PAL when (a) BMImeas
= 25; (b) BMImeas

= 35 in the production of adipokines, and (c)
Codimension-2 bifurcation of BMImeas and PAL.

https://doi.org/10.1371/journal.pone.0323258.g008

Evolution of inflammatory activities
The nonlinear inverse correlation between BMI and the minimummechanical damage that
causes chronic inflammation is illustrated in Fig 10. The minimum damage decreases to zero
when BMI is over 33 due to the transition of system behaviour to IImonotable from IIIbistable. In
addition, the risk of inflammation significantly increases in the BMI range between 20 and
30 as the minimum damage starts to sharply decrease. However, adequate physical activity
interventions that are applied before the mechanical damage can reduce the inflammatory
response (Fig 11). This exhibits the significance of the timing for physical activity interven-
tion.

The mechanical damage occurs at time point 20 when the level of inflammatory mediators
is upregulated. As the inflammatory process evolves, physical activity interventions can post-
pone the activation of inflammation (Figs 11a to 11c) so that the system stays in the healthy
state where mediator concentrations are stable. Without damage repair, the reduction of
adipokines by continuous physical activity is able to prevent the system from inflammation.
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Fig 9. Bifurcation diagrams ofDamage under different physical activity interventions when (a) BMImeas
= 25 ; (b) BMImeas

= 35;
(c) BMImeas

= 45 in the adipokine-mediated inflammation model.
The dynamics transition is presented when PAL = 2 as an example

https://doi.org/10.1371/journal.pone.0323258.g009

In turn, Figs 11e to 11h show that the system remains in oscillatory inflammation when the
intervention misses an effective window period of 7 time units after damage occurs. In the
time span of inflammation, the mediator concentrations fluctuate at a high level due to the
nonlinear stimulations and inhibitions among inflammatory mediators. Regardless of physi-
cal activity intervention, the steady state of inflammation cannot be transited to a healthy state
without any external dose to reduce the level of inflammatory mediators. Thus, the disclo-
sure of the window period in this model emphasises the importance of a continuous physical
activity intervention maintaining a low level of adipokines.

Discussion
The first general mechanistic inflammation model of OA including the effect of obesity and
exercise was developed to qualitatively analyse the dynamics of the chronic inflammatory
process regulated by adipokines. This model was extended from a four-variable cartilage
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Fig 10. The sensitivity of the minimum damage leading to inflammation in the evolution of inflammatory
activities.

https://doi.org/10.1371/journal.pone.0323258.g010

inflammation model [43] by formulating the major inflammatory mediators and their sig-
nalling pathways regarding OA.The assumption of molecular pathways is based on Hill func-
tions and the law of mass action. Accordingly, the inflammatory activities can be qualitatively
measured by the concentration of each mediator group within this model. The introduction
of obesity and physical activity provided a novel perspective on the prevention and interven-
tion of the chronic inflammatory process at the molecular level in OA. Obesity is measured by
the number and size of adipocytes associated to the production of adipokines to present the
variability of individuals susceptible to obesity. Results show that ascending adipokine pro-
duction can reduce the stability of healthy state in the inflammation system via a saddle-node
bifurcation so the risk of OA inflammation increases. Meanwhile, the system becomes sensi-
tive to the parameter of damage. As an intervention to reduce adiposity, an adequate increase
of PAL can return a steady state of health to significantly reduce the risk of inflammation. This
is approached by the same type of saddle-node bifurcation. In the evolution of inflamma-
tory activities, physical activity intervention can prevent the system from inflammation when
inducing mechanical damage.

In addition to excessive loading, obesity leads to a aberrant level of adipokines that aggra-
vate the inflammation during OA. Despite the protective role of adiponectin inducing AICs
in OA [67], a high level of adipokines is tightly associated with the production of PICs and
MMPs [35,61]. This five-variable model was verified by comparing the parameter sensitiv-
ity and bifurcations to Baker’s model [43] using the same mathematical protocol. As the sig-
nalling source of stimulating PICs and MMPs, the introduction of adipokines results in addi-
tional parameters that can alter the system dynamics. Specifically, adipokines increase the
sensitivity of this adipokine-mediated inflammation system to inflammatory response as it is
found that the stability at a quiescent healthy state is reduced in the bifurcations of a range of
parameters. However, the local and systemic impacts of obesity are not differentiated in this
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Fig 11. The evolution of inflammatory activities under different strategies of physical activity intervention in the
non-dimensionalised model.

https://doi.org/10.1371/journal.pone.0323258.g011
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model. The total inflammatory response of cartilage can stem from the local stimulation of
inflammatory mediator production and systemic circulation of PICs and adipokines to the
joint [16,19,42]. The systemic indicators (BMI, daily nutrition and PAL) were thereby used
to measure the adipokine level regulating the total inflammation of cartilage other than spec-
ifying the source of adipokines, which provides a comprehensive impact of obesity on the
inflammation dynamics of OA. The pathways of adipokines stimulating PICs and MMPs can
both result in a monostable inflammation state. Particularly, the production of MMPs ele-
vated by excessive stimulation or declined inhibition can lead the system to a steady state of
inflammation without oscillation. This suggests that MMPs may preponderate in the aggra-
vation of inflammatory activities, and the production of MMPs activated by adipokines con-
tributes to steady inflammation, so the system firmly stays in the inflammatory activities that
deteriorate cartilage tissue during OA progression.

Oscillatory inflamed limit cycle represents the early stage of OA where the high levels of
cytokines, MMPs or Fn-fs are intermittent [43]. It has been reported that desultory pain of
the joint occurs in individuals with early OA [68] in spite of the lack of a standard to ascertain
the role of biomarkers in diagnosing the early OA stage [69–71]. Pathophysiologically, AICs
are recruited and chondrocytes are active to repair the failure tissue at the early OA stage [72]
when interactions of inflammatory mediators can disrupt the anabolic activities. Since the
damage caused by the catabolism of inflammation or excessive mechanical loadings accumu-
lates in OA progression [24], the inability to reduce inflammation and the release of damaging
products lead to steady inflammation without oscillation. Nevertheless, the bifurcations of
adipokine production parameters indicate that a significantly high level of adipokines can also
cause steady inflammation when the parameter of mechanical damage is zero, which can be
also seen in the bifurcations of other parameters that can upregulate the production of PICs
and MMPs. This suggests that the tissue degraded by the overwhelming chronic inflamma-
tion prompts the OA process regardless of mechanical damage. In fact, progressive structural
degeneration of the cartilage inevitably causes mechanical defects that can further intensify
inflammation due to the abnormal biomechanical behaviours within the entire joint [73].
Thus, the identification of reasons for tissue rupture might contribute to diagnosing early OA.
However, this identification is challenging since the reason might not be independent due to
the combinations of multiple factors such as low tissue turnover, structural changes of tissue
and potent inflammatory activities [21,74].

In this model, the mechanical impact of obesity is not specified by BMI, though the param-
eter of damage denotes the mechanical response on the tissue due to excessive loadings. The
bifurcations of BMI and mechanical damage illustrate that a high BMI can change the sen-
sitivity of mechanical damage to the inflammation by reducing the bistability of this system,
hence the system is more susceptible to OA inflammation. Likewise, the sensitivity of min-
imummechanical damage causing inflammation risk is exponentially associated with BMI.
This is consistent with Berenbaum and Sellam [75] who report that the likelihood of OA onset
rises by 15% with each additional unit as BMI exceeds 27. Nevertheless, the risk of OA is the
concurrent outcome of the metabolic and mechanical response and the amount of injury due
to high BMI is not accounted for within this model.

Body weight is one of variables in the calculation of BMI and it is reported that PAL can
reduce fat mass and the correlation between PAL and body weight is weak [19,20]. Hence
the application of PAL, as an interventive status in this model, essentially reduces the pro-
duction of adipokines rather than body weight to alter the system dynamics. The stability of
healthy state returns when applying adequate PAL if BMI is high in the bifurcations of PAL
and mechanical damage, so the risk of evolving into inflammation and inflammatory damage
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can be decreased. However, external mechanical damage results in a window period of reduc-
ing inflammation risk by PAL. The window period was found to be 7 time units, of which
the dimension is dependent on the decay rates of mediators. Outside of the window period,
the intervention of PAL can only postpone inflammatory activities before the system evolves
into inflammation. Accordingly, physical activity might not be able to reduce the inflamma-
tion directly, instead the susceptibility of OA inflammation can be altered and other thera-
peutic treatments can be more effective to control inflammatory progress. Shumnalieva et
al. [5] highlighted that the combination of physical activity and dietary intervention could
improve the success rate of pharmacological therapies for the phenotypes of OA associated
with obesity, though the increase of mitochondrial biogenesis that inhibits cytokine produc-
tion [22] due to above interventions is not considered. In this model, physical activity inter-
vention reduces adipokine production to inhibit cytokine production, whose role is similar to
the increased mitochondrial biogenesis in the inflammatory process. Therefore, the influence
of physical activity is to regulate the dynamics of the inflammation system at the molecular
level.

Whereas this general model includes the regulatory pathways of adipokines in OA inflam-
mation, the lack of biological and clinical data raises challenges on its validation. Moreover,
inflammatory mediators are categorised into different functional groups so there might be
no specific data for the parameter estimation. As the consideration of model complexity and
computing demands, the general classification of mediator groups is efficacious to simu-
late the inflammatory activities [58]. The association between inflammation and structural
changes of tissue can be considered by including the spatial dimension. However, this ODE-
based model can reduce computing complexity and focus on the time-dependent molecular
interactions in inflammation. Molecules might derive from the cross-talk at different spatial
levels, which is implicitly reflected in the outcomes of different signalling pathways in this
general model. The classification of inflammatory and mechanical damage could be coupled
with mechanical stimulus in the future. Due to the existence of large uncertainty and variabil-
ity on the parameters [43,44,76], the prediction of inflammation process might differ based
on different parameters, and only the adipokine and mechanical damage parameters were
tuned to study the effect of obesity and exercise. In turn, the stability analysis of predominant
parameters can unravel the possibilities of the inflammation dynamics involved by obesity
and physical activity. The prospective work can focus on the extension of this general model
and specifying mediators so that there might be relevant data to validate its application of the
prediction on inflammatory activities.

Conclusion
A new mechanistic inflammation model of OA including the effect of obesity and exercise
was developed to qualitatively analyse the dynamics of the chronic inflammatory process reg-
ulated by adipokines. Since tissue damage is the underlying trigger of inflammation, the pro-
duction of MMPs was found to dominate the onset and development of inflammation com-
paring to pro-inflammatory cytokines under the regulation of adipokines. In addition, a BMI
threshold of 33 was found to induce persistent inflammation. This threshold can vary depend-
ing on the individual parameter sets. The predominant role of adipokines in this model aggra-
vates inflammatory damage but the reduction of obesity by physical activity intervention can
regain the stability of healthy state. When the loss of system bistability results from mechan-
ical damage, physical activity intervention can delay the activation of inflammation within a
window period after the mechanical damage. This window period is determined by the speed
of inflammation onset in general and it can provide insights on the timing of exercise therapy
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according to different obesity and damage levels. In the future, this model can be calibrated
with specific molecular data and used to predict the inflammatory process regulated by obe-
sity. Moreover, the mechanical response could be coupled to the current model through the
production of fibronectin fragments to study the coeffects of inflammation and mechanics on
OA onset and development.
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