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Abstract

Following an anterior cruciate ligament injury, premenopausal females tend to experience
poorer outcomes than males, and sex hormones are thought to contribute to the disparity.
Evidence seems to suggest that the sex hormones estrogen, progesterone, and testoster-
one may regulate the inflammation caused by macrophages, which invade the knee after an
injury. While the individual effects of hormones on macrophage inflammation have been
studied in vitro, their combined effects on post-injury inflammation in the knee have not been
examined, even though both males and females have detectable levels of both estrogen
and testosterone. In the present work, we developed an in silico kinetic model of the post-
injury inflammatory response in the human knee joint and the hormonal influences that may
shape that response. Our results indicate that post-injury, sex hormone concentrations
observed in females may lead to a more pro-inflammatory, catabolic environment, while the
sex hormone concentrations observed in males may lead to a more anti-inflammatory envi-
ronment. These findings suggest that the female hormonal milieu may lead to increased
catabolism, potentially worsening post-injury damage to the cartilage for females compared
to males. The model developed herein may inform future in vitro and in vivo studies that
seek to uncover the origins of sex differences in outcomes and may ultimately serve as a
starting point for developing targeted therapies to prevent or reduce the cartilage damage
that results from post-injury inflammation, particularly for females.

1 Introduction

Females tend to have poorer prognoses after anterior cruciate ligament (ACL) injury com-
pared to males, particularly with respect to cartilage damage [1, 2]. This difference has been
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widely observed, but few, if any, studies have attempted to uncover the biological link between
sex and damage to the cartilage after knee injury. One potential link between sex and cartilage
damage may be the inflammatory process, which is modulated by sex hormones and can mod-
ulate the production of matrix metalloproteinases (MMPs), the catabolic molecules that even-
tually cause permanent cartilage destruction [3]. However, while some studies have shown
that hormones affect cytokine production [4-8] and other studies have shown that those cyto-
kines affect production of MMPs [9-11], no study has comprehensively examined the effects
of sex hormones on MMPs via their effects on inflammation in the synovial environment after
ACL injury.

The principal sex hormones-estrogen, progesterone, and testosterone—each have distinct
effects on macrophages, the primary invading cell type after ACL injury [12]. Testosterone, a
predominantly male hormone, and progesterone, a predominantly female hormone, tend to
promote a more anti-inflammatory response from macrophages [6, 7], while estrogen may be
pro- or anti-inflammatory, depending on its concentration and microenvironment [13, 14]. In
the synovial environment for males and pre-menopausal females, estrogen concentrations fall
into a range where it has pro-inflammatory effects on macrophages [14, 15], though estrogen
can have anti-inflammatory effects on macrophages at other concentrations or when acting on
other cell types [14]. Together and individually, these three hormones have the potential to
alter the inflammatory environment that develops after an ACL injury.

Although hormonal regulation of inflammation has not been directly connected to subse-
quent MMP production in the knee synovium, a clear connection has been established
between inflammation and MMP production. Pro-inflammatory molecules like IL-1 and
TNF-o enhance MMP production by multiple cell types, including macrophages and synovial
fibroblasts (SFs), the resident cells of the synovium [9-11]. Furthermore, anti-inflammatory
molecules like IL-10 can reduce MMP production [16], creating a complex environment with
opposing effects of inflammatory mediators, along with hormonal action.

Such inflammatory environments have been examined in silico [17-19]. These models
revealed insights about which cytokines exert the greatest influence on inflammation in a sys-
tem of macrophages or a system with both macrophages and neutrophils, laying a methodo-
logical foundation for future in silico studies of inflammatory processes. However, these
models could be adapted to include more thorough uncertainty analysis. One of the previous
studies performed local sensitivity analysis to determine which cytokine would have the stron-
gest effect on macrophage migration [19], but the study did not report how uncertainties in
the nominal parameters would influence the time course of inflammation for all cytokines.
Such analysis would help account for uncertainties in the in vitro experiments that were used
to estimate the nominal values, such as varied experimental conditions and limited numbers
of samples. Furthermore, such analysis would help account for biological differences that exist
between the in vitro experiments from which the parameters were formulated and the in vivo
states that the model sought to predict.

Previous models could also be adapted to include analysis of hormonal effects on the pro-
cess of inflammation. To date, no model has incorporated the effects of sex hormones on the
inflammatory responses under investigation.

Thus, in the present work, we sought to examine the interplay between sex hormones,
inflammation, and MMP production in the injured synovium using an in silico approach. Rec-
ognizing the limitations of in silico studies, we accounted for uncertainties in the nominal
model parameters using a statistical sampling approach that provided upper and lower bounds
for our results. We hypothesized that 1) distinct patterns of inflammation would emerge when
the cells found in the injured knee were exposed to expected male and female concentrations
of the principal sex hormones, with a more pro-inflammatory response and greater MMP
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involvement for female concentrations, 2) the anti-inflammatory influence of progesterone
would partially attenuate the pro-inflammatory influence of estrogen for females, and 3) the
low estrogen concentrations at levels consistent with the early follicular phase would result in
an attenuated inflammatory response compared to higher estrogen concentrations. With this
quantitative framework, we aimed to shed light on the underlying processes that may cause
increased cartilage damage for females after knee injury [20], and open avenues of research
directed toward prevention or reduction of post-injury damage to the cartilage, particularly
for females.

2 Methods

Using a system of first order differential equations, we modeled two key physiological pro-
cesses: 1) cellular migration of monocytes/macrophages and platelets, and 2) cellular produc-
tion of inflammatory mediators by those cells and by the resident synovial fibroblasts (SFs).
Fig 1 shows these processes in a schematic form. The procedure for formulating such a model
has been reported previously [19], but we also describe the procedure in detail here for com-
pleteness. To formulate the model parameters, we first performed an extensive review of litera-
ture to obtain in vitro studies that reported the quantitative data necessary for each parameter.
This search included hundreds of search queries and resulted in over 40 useable publications
from the PubMed database.

2.1 Production and decay

We calculated the production coefficients using the simplifying assumption that production
was a linear function of time according to the expression:
C
k., === 1
X,y Ct ( )

Y

Where C, is the concentration of the substance of interest in ng/mL, C, is the experimentally
reported concentration of cell type y in cells/mL, and t is the duration of cellular production in
hours. To determine the degradation coefficients, we utilized experimentally reported half-
lives for each substance:

~0.693

k,
Lo

. (2)
where t,; is the half-life of a substance in hours. S1 Table shows all production coefficients
and degradation coefficients, and S1 Text shows sample calculations for both quantities. In the
sample calculations, we note the study from which the raw data were extracted, list the values
obtained from the study, note the figure or table from which the data were extracted, and show
the steps of the calculations. In total, we included 35 production and decay coefficients in our
model, which we derived from 23 published reports.

2.2 Chemotaxis

Table 1 lists the equations for migration kinetics of macrophages and SFs. We assumed that SF
concentration was constant throughout each simulation, while we allowed the macrophage
concentrations to vary.

In vitro experiments have demonstrated that macrophages migrate in response to signals
from TGF-f and TNF-a. [22, 23]. Thus, we used chemotactic functions, frgran and fryeass
respectively, to incorporate migration into the present model. S2 Table lists the parameters for
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Fig 1. A. Depiction of monocyte and macrophage migration and transformation. Injury to the knee causes the production
of chemoattractants, such as TNF-o and TGF-p, which lead to monocyte migration from the bloodstream to the synovium.
The synovium is indicated by the gray dashed box. Monocytes transform into pro-inflammatory M1 macrophages. The
molecular processes that drive transformation to M1 cells are not modeled. Instead, a 12-hour delay is incorporated into the
model as a way to account for the time it takes for monocytes to transform, as previously described [19]. IL-10 drives the
transformation of M1 cells to anti-inflammatory M2 macrophages [21]. Both M1 and M2 cells can migrate out of the
synovium. B. Cellular production and feedback regulation of a subset of the substances incorporated in the model. M1
and SF both produce IL-10, IL-1, IL-6, and MMP-1. IL-10 down-regulates M1 production of IL-1 and IL-6, while IL-1 up-
regulates SF production of IL-1, IL-6, and MMP-1. IL-6 up-regulates M1 IL-10 and up-regulates M1 IL-1. Estrogen (E) up-
regulates M1 production of IL-1 and down-regulates M1 production of IL-10 and IL-6, while testosterone (T) up-regulates
M1 production of IL-10. Progesterone (P) down-regulates M1 IL-6. M1: pro-inflammatory macrophage. M2: anti-
inflammatory macrophage. SF: synovial fibroblast. E: estrogen. T: testosterone.

https://doi.org/10.1371/journal.pone.0209582.g001

these functions. However, like a previous in silico study [19], we specified that these chemotac-
tic functions would equal zero below a threshold platelet concentration (10 * 10~ cells/mL) to
prevent non-physiological re-initiation of inflammation. While this concentration is not
rooted in physiology, it is nonetheless useful computationally and has been established as a
technique to prevent non-physiological re-initiation of inflammation in the model [19].
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Table 1. Equations for cellular migration.

Model Variable Initial Value
“Platelets” 2% 10°

M1 Macrophages Ok

M2 Macrophages 0 e
SFs 5+ 107 e

Concentration in Healthy Synovium Equation
0 %I_S ddirp = —k;,Cp
0 c;_T dcdfﬂ = kM.m (fTGF.Ml Jrfﬂ\:}-‘.m) - leMZfMLMZCMl - kd.MCMl
0% di% = kynaefanmzCont — Kaw Core
e =

dt

Formulations of frgran and frygan» and the values of their parameters can be found in S2 Table.

https://doi.org/10.1371/journal.pone.0209582.t001

2.3 Feedback modulation of concentrations

We used feedback functions to describe the changes in production of a given substance by
other substances based on numerous cellular-level in vitro experiments, which we cite in S2
Table. In this procedure, we modeled negative feedback with the monotonically decreasing
function

G = axexp(—bx Cj) +c (3)

]

and we modeled positive feedback data with the monotonically increasing function

- @
= ak——
where j is the modulatory substance, x is the substance being modulated, a, b, and c are fitting
parameters, and C; is the concentration of the modulatory substance. We incorporated the up-
regulatory functions found with Eq 4 into the model using the expression

8ix = 1 +f;,x7 (5)

to represent a fractional increase above the baseline production. S2 Table lists all the estimated
parameters for chemotaxis functions and feedback functions. For clarity, we also included a
detailed description of the process for generating feedback functions in the S1 Text. In total, we
included 56 feedback coefficients in our model, which we derived from 24 published reports.

2.4 Time evolution of cytokine, MMP, and TIMP concentrations

We used the nominal production and decay coefficients that we found with Eqs 1 and 2,
respectively, along with the feedback functions (Egs 3-5) to model cellular production of cyto-
kines, growth factors, and MMPs using the general form:

dc.,
dt = (H&x) kx,MlCMl + kx,M2cM2 + <Hgnx> kx‘SFCSF - kd,xCx (6)
j n

where C, is the concentration of substance x, k,  is the baseline production rate of substance
x by M1 macrophages, k, 1, is the production rate of substance x by M2 macrophages, k, sr is
the baseline production rate of substance x by SFs, Cy; is the concentration of M1 macro-
phages, Cy, is the concentration of M2 macrophages, Cgr is the concentration of SFs, k. is

the degradation rate for substance x, g; . describes the feedback regulation of substance x by
substance j in M1 macrophages, g, , describes the feedback regulation of substance x by sub-
stance 7 in SFs, and [T; is the product operator. Table 2 shows the specific equations for each
substance using symbolic representation of the model parameters.
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Here, we illustrate how we formulated the kinetic equations for IL-1, relating the general
form that we present in Eq 6 to the specific equations in Table 2. First, we found the coeffi-
cients that described baseline IL-1f production by M1, M2, and SFs using Eq 1 and data from
published reports [28, 29], which we cited in S1 Table. This procedure led to numerical values
for the coefficients kp 1 a1, krz1.a12> and kpz 1 sp, which were also listed in S1 Table. Second, we
used data from another published report [30] (also cited in S1 Table) to formulate the decay
coefficient, k11, using Eq 2. Third, we formulated the functions that describe feedback regu-
lation of IL-1B production in M1 macrophages. In these cells, IL-1f is down regulated by IL-10
and TGF-P and up regulated by estrogen (E2) and IL-6 (see Fig 1). We used Eq 3 and previ-
ously reported in vitro data from two studies to estimate the feedback parameters for IL-10
and TGF-B down regulation of IL-1B in M1 macrophages [31, 32], leading to the expressions
gii10,0z1 and grgr 1. We used Eq 4 and previously reported in vitro data from two other studies
to estimate the feedback parameters for E2 and IL-6 up regulation of IL-1 [6, 33], leading to
the expressions fg, ;11 and fiz6,21, which we incorporate into Eq 5 to obtain the feedback up
regulation functions ggy ;11 = 1 + fg2. 111 and gire r1 = 1+ fir6,m1. Fourth, we formulated the
functions that describe feedback regulation of IL-1B production by SFs. In the case of IL-1p
feedback regulation in SFs, all of the regulators are positive, so we use Eqs 4 and 5 and data
from published in vitro studies to obtain the feedback functions grnr 1 = 1+ frvem1, and
gt = 1+ firnr [29, 34]. These functions represented up regulation of SF IL-1p production
by TNF-a and IL-1, respectively. Finally, we combined terms to obtain the final equation for
IL-1B concentration. We obtained the first additive term, kpz 1 angm 10187611 + fe2r1)(1 +
fi6,1.1) Car1> by multiplying the M1 production coefficient for IL-1f (k.1,r1) by all four M1
feedback functions (TI;g; ) and the concentration of M1 macrophages (see S2 Table for a list of
feedback functions and their parameters). We obtained the second additive term by multiply-
ing the M2 IL-1B production coefficient (k;; ar2) by the concentration of M2 macrophages
(Car2). We obtained the third additive term by multiplying the SF production coefficient for
IL-1B (kzr1,s7) by the SF feedback functions (I1,.g,, ) and the concentration of SFs, Cgr, leading
to the term kyz; se(1 + frarr1)(1 + fir1,r1)Csr- And we obtained the final additive term by mul-
tiplying the negative of the decay coefficient for IL-1B (=k, ;1) by the present concentration of
IL-1B (Cy1), leading to the term —k,; 77, Cyr1. Summing all of these additive terms led to the
expression for the change in concentration of IL-1p listed in Table 2 and follows from Eqs 1-6.
We used this same procedure to find the rest of the equations in Table 2 and listed the resulting
parameters and feedback functions in SI and S2 Tables.

To summarize our approach for formulating the equations that describe time evolution of con-
centration, we note that there are four key calculations required to formulate the parameters for
each substance in the model: 1) calculation of the production coefficients, 2) calculation of the
degradation coefficients, 3) calculation of feedback down-regulation functions, and 4) calculation
of feedback up-regulation functions. To clarify this procedure and facilitate reproducibility, we
demonstrate an example of each of these calculations in S1 Text, which also includes the citations
for the studies we used to estimate the parameters. Using the parameters calculated with these
steps, we implement the differential equations in an open-source code (S1 Scripts).

2.5 Determination of initial conditions

The first step toward understanding the cascade of inflammation after an injury is understand-
ing the initial conditions in the healthy joint before injury has occurred. We attempted to
reflect the cellular environment of a healthy knee with our model by running a preliminary
simulation in which we only allowed the SFs to produce cytokines in the absence of macro-
phages. We then used the steady-state concentrations that resulted from this simulation as the

PLOS ONE | https://doi.org/10.1371/journal.pone.0209582 December 31, 2018 6/23


https://doi.org/10.1371/journal.pone.0209582

200} 28560¢0"auod-[eunol/|2¢ 10 1/B10°10p//:sdny

Sex hormone effects on post-injury synovial inflammation

“[EWITUTW 9 [[IM 93JJ9 $31 ey} andre om os ‘onfea yead s)1 JO 94T INOQe ATUO ST [OPOU S} UT IN[BA [RITUT ST IOAIMOH Jurof AYI[eaY & UT UOTBIJUIIUOD Y} SPIadXd g-J0) T, JO 21Wnsd InQ

‘[pOW 3y} UT Papn[OUT ST SNNUITS AI0JBW W R[FUT

UE 35UO UOIIBIIUIIUOD §)T JO JJBWIIS JATBAIISUOD B 0] Ped] [[IM ST} IOAIMOH "9y AU)[eay & Ul pajIodal UOHBIUIOU0D YY) UBY) JOMO] ST UOTIBIIUIOUOD 6-JINIA [BIIUT JO 9JBWNSd INQ) .,

‘suostredwoo 105 jurod Sune)s syenbape

UE SB 9AIS 219Y PIJID SAUO 3} pue ‘SJutof AYI[eay Ul SauIy01£d JO SUONLIIUSIUOD 110daI SATPNIS MIJ AI9A “10AIMOY “sa[dUIES JO IOQUUNU [[EWS B J9A0 PISLIdAR USIQ JARY ABWI IO SISIINO JUWIDIIXD PRy

aARY Lewr ‘pajnqLIsIp A[[eULIOU-UOU U23q dAeY Aew elep [eyuawLradxo oy Jey) SunsadSns “ur/3d ¢ Jo uonenuaduod e MO[2q PIPULIXd SJUSUISINSEIW I} J0J JOLID JO UISIBW ) ‘SaSBD SWOS U] |,

IOy — 5 (MY 4 ) (MUY ) S0y 4 POUNINY = o | (7] L e T-aNIW
MUY — QTN 4 D SROVIG(MIMCNLY ) (ST 1) Y = s | (1) 5096 50 6NN

IRy — RO (M4 1) (W p) (M o ) Oy o SOOIy DI G NIy — i | [og) | 50T P2 FOlere | rdWIL
m@ho.ﬁuﬁw& _ meAmUHmZh.\.A__V ﬂvmu«.m@h& + NEUNE,.&Q&& + ASNUqErmUth + QUR,..NU.N — m%,m‘bﬁ —mNH mo mwaM ***&nmo.ﬁ

O OVITRy — 5 SOy TN TVOTIy o Wiy OUITEIg (OUITOTL 4 ) (O 4 1) (700 4 1) YOy = aﬁ% vzl TOFT FELOO L0111

IO = B (MY 1) (T 4 1) By 4 PPy DTSR (MO 4 ) MOTSIY — i ) | ot F 9 5£200 o1

NIy NIy Sy (INUTI | ) dS Ly | O 0Ny | T NTUIANU LG (INETIY | ) NTIOIINL TGN ANy — i ™, et 0N

Wy — (4 1) (T4 1)y 4 Sy (T (VY ) RSOy — ) B0 | g

wniAsoufg Ay)[edy | (91e3S Aped)s [PPON | d[qeriep

uonenby | ‘Joy | ur wogenussUO) uroxy) anfeA renruy PPOIN

‘PLOS | one

G)

.
.

*sjonpoad reny[as 10y suonenby g a[qe],

7/23

PLOS ONE | https://doi.org/10.1371/journal.pone.0209582 December 31, 2018


https://doi.org/10.1371/journal.pone.0209582.t002
https://doi.org/10.1371/journal.pone.0209582

®PLOS | one

Sex hormone effects on post-injury synovial inflammation

initial conditions for subsequent simulations where we included macrophages. This technique
for finding initial conditions has been described previously [35].

SF concentration in a healthy joint is not well defined. Therefore, for lack of better informa-
tion, we used a typical experimental in vitro cellular concentration of SFs, 5 * 10° cells/mL
[36]. Additionally, we used a platelet concentration of 2 * 10® platelets/mL to initiate the
inflammation [19].

2.6 Probabilistic modeling and analysis

We used Latin Hypercube Sampling, a statistical sensitivity analysis method commonly used in
computer simulation applications, to account for uncertainty in the nominal parameters that
we found using Eqs 1-5. With Latin Hypercube Sampling, we randomly varied each production
and decay coefficient within a range of +60% of its nominal value (S1 Table), generating 2000
unique parameter sets and 2000 corresponding solutions of the differential equations. We next
determined the median and interquartile range for each respective cytokine at every time point
to generate margins of error for our results. Fig 2 schematically depicts this statistical sampling
technique. We generated these margins of error in the absence of hormones to facilitate com-
parisons with independent in vivo data that did not account for hormonal effects [37].

We then performed two analyses of hormonal effects on the post-injury inflammatory
response using concentrations reported in Greenspan et al. [38]. First, we used the nominal
parameter set to examine the effects of isolated hormones at single concentrations using three
scenarios: 1) estrogen alone (143 pM); 2) estrogen plus progesterone (143 pM and 990 pM,
respectively); and 3) testosterone alone (20 nM). Second, after examining the effects of isolated
hormone concentrations at single concentrations with the nominal parameter set, we per-
formed simulations with combined estrogen and testosterone with ranges of possible concen-
trations, since males have non-negligible levels of circulating estrogen and females have
detectable concentrations of testosterone in the blood [38]. Using Latin Hypercube Sampling,
we varied estrogen and testosterone within physiological ranges for both females and males
and simultaneously varied the model coefficients in a balanced fashion, varying the coefficients
by £20% in this analysis. We included two female conditions: 1) “Female Peak E” with low tes-
tosterone concentrations and the highest 20% of estrogen concentrations observed during the
female menstrual cycle and 2) “Female Low E” with low testosterone concentrations and the
lowest 20% of estrogen concentrations observed during the cycle. In addition, we incorporated
a condition with high testosterone and low estrogen to represent male concentrations
(“Male”). Table 3 shows these conditions and the corresponding hormone ranges.

2.7 In vivo verification literature

We reviewed the literature to obtain in vivo studies that examined the time-course of inflam-
mation in the knee joint after ACL injury (the state we sought to examine) by searching the
PubMed database, using the “Best Match” and “Most Recent” features. For each substance, we
searched keywords such as “cytokine concentration synovial fluid,” “
synovial fluid,” and “in vivo synovial cytokine concentration,” where the word “cytokine”
could be replaced with the name of any individual cytokine. We combined these terms with
“ACL injury” and “healthy” to obtain studies of synovial cytokine concentration in the states
that we simulated with the model.

MMP concentration

2.8 Statistical analysis

We used Kruskal-Wallis to test for differences between “Female Peak E,” “Female Low E,” and
“Male” ata t = 1 day and Mann-Whitney U testing with the Bonferroni correction to do
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Fig 2. Summary of model formulation process. A. Estimation of Nominal Parameter Values. The first step in the modeling process was to estimate the nominal
production and decay rate coefficients (see section 2.1) from N = 23 published in vitro studies (cited in S1 Table). B. Parametric Variations. We varied these
parameters between 40% and 160% (+60%) of their nominal values, generating a 2000 element row vector associated with every parameter. The values in these row
vectors were evenly spaced and sorted in ascending order. C. Parameter Matrix [P]. Next, we randomized the order of each individual row vector before stacking the
vectors into a I' by 2000 matrix, [P], where I represented the number of nominal parameters (and, therefore, the number of row vectors) in the model. Because of the
randomization and stacking, each individual column in [P] represented a randomly varied parameter set that we could use in the differential equations. D. Latin
Hypercube Sampling Process. We selected column i from [P] to generate the ith parameter set and solved the differential equations. After solving the equations with all
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2000 randomly varied parameter sets, we determined the median and interquartile range of the results at every time point for every substance, generating the likelihood
time responses for concentration under parametric uncertainties. This parametric uncertainty analysis helped us account for uncertainties in the in vitro experiments
that we used to estimate the nominal values, such as varied experimental conditions and limited numbers of samples. Furthermore, this analysis helped us account for
biological differences that exist between the in vitro experiments from which we formulated the parameters and the in vivo states that we sought to model.

https://doi.org/10.1371/journal.pone.0209582.9002

pairwise hypothesis testing post hoc. We then repeated these tests at the start of each subse-
quent day up to t = 20 days using the MATLAB R2017b Statistics and Machine Learning Tool-
box. SI Scripts contains the .m file for this statistical analysis.

3 Results
3.1 Initial conditions

Table 2 (“Initial Value (from Model Steady State)” column) shows the initial conditions that
resulted from running the simulation in the absence of an inflammatory stimulus (SFs only,
no macrophages) and the column entitled, “Concentration in Healthy Synovium,” shows the
in vivo concentrations of these substances in healthy knee joints. Our data appear to capture
the same order of magnitude as experimentally measured quantities in the cases of TIMP-1,
MMP-1, and TNF-o. Our data also appear to be in the experimentally reported confidence
intervals in the cases of IL-1f, IL-6, and IL-10. In the cases of TGF-f and MMP-9, our initial
conditions do not appear to show close agreement.

3.2 Verification

The cytokine concentrations predicted by our model appear to be qualitatively consistent with
independent in vivo experimental results [37] (Fig 3; S1 Fig and S4 Table). Fig 3 shows that
independent in vivo cytokine concentration data (that is, data not used for parameter estima-
tion or model formulation) appear to confirm the salient features of the bottom-up model
output: a peak concentration that occurs shortly after injury and a gradual decrease in concen-
tration over 20 days. Further, we note that the bottom-up model results and the experimental
values show approximate numerical agreement at most time points in Fig 3. Unfortunately,
only one independent in vivo study reported the time-course of synovial cytokine concentra-
tion after ACL injury in vivo and that study did not include all the substances modeled here
[37]. S1 Fig shows the time-course of concentrations for the substances that were not included
in [37]. However, while in vivo time-course data do not exist for some of the substances in the
model, in vivo data for single time points after injury have been reported for the remaining
substances. We include these data in S4 Table. The data in S4 Table appear to show reasonable
order-of-magnitude agreement with the concentrations of cytokines, MMPs, and TIMP-1 in
S1 Fig.

3.3 Hormonal considerations

Fig 4 demonstrates that isolated estrogen leads to higher concentrations of IL-18 and TNF-a,
as well as lower IL-10 concentration compared with male levels of isolated testosterone.

Table 3. Estrogen and testosterone ranges for males and females. These concentrations were obtained from Greenspan et al. (2004) [38].

Minimum E (pM) Maximum E (pM) Minimum T (nM) Maximum T (nM)
Male 1.0 106 8.7 38.1
Female Low E 143 673 0.069 1.38
Female Peak E 2266 2797 0.069 1.38

https://doi.org/10.1371/journal.pone.0209582.t003
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Fig 3. Model results for latin hypercube sampling analysis of IL-1B, TNF-a, and IL-10 compared to independent
in vivo synovial concentrations following anterior cruciate ligament (ACL) injury [37]. Simulation results shown as
median (solid gray lines) + IQR (gray bands). In vivo comparison data are shown as circles with error bars. See S1 Fig
and S4 Table for independent comparisons of the rest of the substances in the model.

https://doi.org/10.1371/journal.pone.0209582.9003

Progesterone does not appear to attenuate the pro-inflammatory effects of estrogen at a physi-
ologically relevant concentration.

Fig 5 shows the median and interquartile range for cytokine concentrations when the
model parameters and sex hormone concentrations are varied simultaneously. The “Female
Peak E” condition leads to significant elevation of IL-1B and MMP-1, and significant suppres-
sion of IL-10 compared to the “Male" condition. The “Female Low E” condition also appears
to elevate IL-1f and MMP-1 and suppress IL-10 compared to the “Male” condition, but to a
lesser degree than the “Female Peak E” condition. Nonetheless, the differences between
“Female Low E” and “Male” remain significant through the duration of the simulation for IL-
1B and IL-10 and until t = 19 days for MMP-1. Both “Female Peak E” and “Female Low E” lead
to significantly elevated TNF-o concentration compared to the “Male” condition throughout
the time frame of the analysis. Conversely, TNF-o concentration did not significantly differ
between “Female Peak E” and “Female Low E” at any time point.

4 Discussion
4.1 Summary of findings

In the present work, we examined the effects of the three principal sex hormones on inflamma-
tion and MMP production by macrophages and SFs using a systems biology approach. First,
we formulated the model in the absence of hormonal effects, using data from more than 40
published reports of in vitro cellular studies to model the cellular and molecular processes that
occur in concert in the knee joint after injury. After estimating the nominal parameters from
these in vitro studies, we performed Latin Hypercube sampling to account for uncertainties in
our estimated parameters, generating 2000 model solutions. We used the results from those
2000 statistically varied solutions to compare our model results to independent experimental
data post hoc. For this comparison, we found that our results captured the salient features of
data from the only available in vivo study that reported the time course of cytokine concentra-
tion in the synovium after an acute ACL injury [37] for a select subset of substances in our
model (Fig 3). Further, we found that the rest of the substances in our model appear to agree
with concentration data from single time points after ACL injury (S1 Fig and S4 Table).

Following formulation, statistical variation, and comparison to independent experimental
data, we used the model to investigate the effects of single concentrations of estrogen, estrogen
plus progesterone, and testosterone on the inflammatory response. Our simulation results
indicated that estrogen led to a pro-inflammatory effect, testosterone led to an anti-inflamma-
tory effect, and progesterone had little influence on the post-injury inflammatory response.
However, because males and females have non-negligible levels of both estrogen and testoster-
one, we also used Latin Hypercube Sampling to generate a range of solutions that could result
from typical hormone concentrations. We found that female combinations of estrogen and
testosterone (“Female Low E” and “Female Peak E” conditions) both led to higher concentra-
tions of pro-inflammatory IL-1B and TNF-o and lower concentrations of IL-10 compared to
the “Male” condition. Further, model simulations indicated that the “Female Peak E” condi-
tion led to increased MMP-1 production compared with the “Male” condition. Together, these
results suggest that estrogen, which varies in concentration through the menstrual cycle, has
the potential to affect the course of the inflammatory process after knee injury. To our
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Fig 4. Using the nominal parameter set, sex hormones modulate post-injury IL-1B, TNF-a, and IL-10. E Only: low
estrogen concentration, as for the early follicular phase (143 pM); E + P: low levels of estrogen and progesterone, as for
the early follicular phase (143 pM estrogen, 990 pM progesterone); T Only: testosterone concentration in the normal
range for an adult male (20 nM).

https://doi.org/10.1371/journal.pone.0209582.9004

knowledge, this is the first model that can be used as a platform to study hormonal influences
on post-injury inflammation while addressing some of the biological complexity of the post-
injury synovium.

4.2 Model assumptions

Our systems biology approach is consistent with other ix silico studies of inflammatory pro-
cesses in other model systems [17-19]. As such, the approach relies on estimated rate
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Fig 5. Effects of combined estrogen and testosterone at physiological levels for males and females

(median + IQR). Blue: combined T and E at concentrations for adult males; red solid: females with combined T and E
at concentrations for females in the early follicular phase (Female Low E); green dotted: combined T and E for females
with a steady estrogen concentration that varies around the peak value of estrogen during the menstrual cycle (Female
Peak E). Kruskal-Wallis testing and post hoc Mann-Whitney U testing (with the Bonferroni correction) reveal highly
significant differences between hormonal conditions at nearly all time points for all substances (analysis included in S1
Scripts). For IL-1p, IL-10, and MMP-1, there are significant differences between every possible hormone pair: “Male”
is significantly different from “Female Peak E;” “Male” is significantly different from “Female Low E;” and “Female
Peak E” is significantly different from “Female Low E.” The difference in MMP-1 concentration between “Male” and
“Female Low E” lose significance at t = 19 days and t = 20 days. TNF-a is the only exception, as it shows no significant
differences between “Female Low E” and “Female Peak E” at any time point. Further, no differences exist between
hormone conditions t = 0 days, since the initial conditions are the same, regardless of the hormone treatment.

https://doi.org/10.1371/journal.pone.0209582.g005
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coefficients and feedback parameters, which we determined based on simplifying assumptions
and limited data from numerous independent in vitro experiments. One simplifying assumption
is that the effects seen in isolated in vitro experiments will not qualitatively change as the envi-
ronment becomes more complex. For example, we assume that a parameter for uptake of one
substance does not change in the presence of another substance, and that the functional forms
of feedback regulation do not change as the environment changes. These assumptions make it
tractable to study the inflammatory response when multiple cell types and multiple hormones
are present, since it is experimentally complex, even intractable, to conduct multi-variate in vitro
experiments that emulate the real biological state of the injured knee joint. Thus, we argue that
the present model represents a first step toward understanding post-injury knee inflammation
at the systems level that would otherwise be quite difficult to examine experimentally.

In our model of the acutely ACL-injured knee joint, we included a number of cyto-
kines, chemokines, and growth factors that contribute to sex hormonal regulation of
MMPs [6-8, 37, 39], while we chose to exclude other cytokines and molecules implicated
in joint inflammation. For example, we did not include IL-8 (also known as CXCLS8), even
though, in some cases, it has been detected in the knee joint after injury [39]. Tradition-
ally, IL-8 acts primarily as a chemoattractant for neutrophils [40], but evidence suggests
neutrophils do not infiltrate the knee joint after ACL injury and during OA [12, 41-44].
Thus, the exact purpose of IL-8 in the ACL-injured synovium is unclear, making unclear
why IL-8 has been detected in the joint after injury and making it difficult to justify its
inclusion in our model. Furthermore, we chose to exclude damage associated molecular
patterns (DAMPs) from our analysis, even though they can play an important role in the
joint after ACL injury and during the initiation and progression of OA. DAMPs, which
can result from tissue damage, can activate toll-like receptors (TLRs) and perpetuate
inflammation in the long term [45]. Unfortunately, not enough quantitative data exist to
allow us to formulate parameters that describe this process, so we were unable to include
DAMPs in the present model.

In the present model, we included “platelets” as a tool to initiate the inflammatory response
because the cellular and molecular initiators of the inflammatory response after joint injury
are not well understood [46]. However, we did not investigate clotting nor other effects of
platelets. We specified that the platelets would release TGF-p, then rapidly decrease in concen-
tration to negligible levels within hours of the onset of inflammation. Those cells were labeled
as platelets because the model parameters for the release of TGF-f, an important driver of
macrophage chemotaxis [23], were derived from experiments with platelets [47, 48]. Further,
we note that the inclusion of platelets as a trigger to inflammation has also been reported by
other investigators [19].

To account for experimentally observed effects of sex hormones on inflammation, we
incorporated specific hormonal feedback functions in the model and used the frame-
work described in the methodology. We assumed that synovial concentrations were
equal to serum concentrations of hormones, since no significant difference exists
between serum and synovial concentrations [15]. We also assumed that estrogen was
pro-inflammatory, and that progesterone and testosterone were anti-inflammatory in
the environment of the injured knee based on published data from cellular level experi-
ments [4-8].

4.3 Model contextualization

We selected estrogen concentrations to match the concentration of freely circulating estrogen
in non-pregnant, pre-menopausal females, and those concentrations were within the range
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where the hormone produces a pro-inflammatory response [14]. The relationship between
macrophage production of IL-1p and estrogen appears to be non-monotonic, leading to a pro-
inflammatory effect at menopausal to peri-ovulatory concentrations, but a suppressive effect at
pregnancy concentrations [14]. That is, estrogen may be pro- or anti-inflammatory, depending
on the cell types and estrogen concentrations present. Several factors may contribute to these
discrepancies, including method of macrophage polarization, relative expressions of estrogen
receptor (ER)-o and ER-f, and estrogen dosage. However, for the cell types involved in post-
injury joint inflammation and the estrogen concentrations in the synovium for men and non-
pregnant pre-menopausal women, estrogen is likely pro-inflammatory.

Additionally, the present work only addresses hormonal effects associated with pre-meno-
pausal females that do not use exogenous hormones (hormonal contraceptives). We narrowed
the focus of this study to this group for several reasons. First, post-menopausal females appear
to have increased risk of osteoarthritis for reasons that are not completely understood [49],
and those risk factors may affect the inflammatory response under investigation. Second, for-
mulations of hormonal contraceptives vary widely, particularly for the progestins. Some for-
mulations of progestin have androgenic effects while others appear to have anti-androgenic
effects [50]. In either case, the research community does not quantitatively understand the
effects of the synthetic progestins on macrophage and SF production of cytokines and MMPs
well enough to allow a thorough, model-based synthesis. Finally, we did not examine the
effects of hormonal fluctuations associated with the menstrual cycle, though these effects are
the subject of ongoing work. Such investigations are beyond the scope of the present work,
which sought to establish a model to examine hormonal effects and examine potential differ-
ences in the male and female inflammatory response in the synovium after ACL injury.

Emerging research seems to indicate that hormonal effects in vitro may not only depend on
the hormones and cell types present, but also may depend on the sex of the donor of the cells;
the cellular responses will differ for XX cells compared to XY cells [51]. The results of these
studies represent an important step in our understanding of cellular behavior and we should
ultimately incorporate them into multi-factorial kinetic models like the present model. How-
ever, we could not include the effect of cell sex in this study because most in vitro studies give
no clear classification of the sex of the animal or human cell donor (see S1 and S2 Tables; n.r.
indicates that sex was not reported in the cited study). Nonetheless, the present model repre-
sents an important first step toward understanding hormonal contributions to the inflamma-
tion that occurs in the knee synovium after an ACL injury, and may serve as a building block
for future work that can also account for sex differences in the cellular responses.

The model may also serve as a building block that could help inform the design of future in
vivo or in vitro experiments by identifying the relative contributions of hormones, cells, cyto-
kines, and time analytically. When designing experimental studies of cytokines, it can be diffi-
cult to pinpoint which cytokines are most important to investigate, and experimental costs can
rise quickly if too many cytokines are investigated. To narrow the scope of such experiments,
in silico models such as this one could be used to help determine which subset of cytokines will
be most critical to the in vivo and in vitro processes of interest.

4.4 Verification considerations

Running the model in the absence of an inflammatory stimulus, we found that most our pre-
dictions agreed reasonably with experimentally reported concentrations in healthy knees
(Table 2). However, we note that the experimental confidence intervals for IL-1p, IL-6, and IL-
10 extended below zero; that is, the measured error was larger than the mean value of the mea-
surements. For example, the mean concentration of IL-6 was 64 pg/mL while its standard
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deviation was 120 pg/mL. Such large errors may be a result of non-normally distributed data
or small sample sizes. However, despite large variability, these data serve as important points
of comparison because few studies report the concentrations of synovial cytokines in healthy
knee joints.

We found that our estimate of MMP-9 in the absence of inflammation did not appear to
agree with experimental measurements from healthy knees. This discrepancy may have arisen
either because our model did not incorporate all possible cell types in the healthy joint or
because of experimental uncertainties in the study that reported MMP-9 concentration in the
healthy joint. In our model, we only incorporated SFs during the simulation of the healthy
joint and did not include potential effects of the resident macrophages during this particular
analysis. While the resident macrophages are not polarized toward an inflammatory pheno-
type in the healthy joint [52], it is possible that they may produce substances that the SFs do
not, such as MMP-9. In that case, our model would not have been able to capture the concen-
tration of MMP-9 in the healthy joint because it did not include the synovial macrophages in
the healthy state. However, experimental uncertainties may have also influenced the MMP-9
measurement, causing experimental concentrations to disagree with the model predictions.
For example, the study that measured MMP-9 might have left variables uncontrolled that had
the potential to influence cytokine and MMP-9 concentrations. Such variables may include
undetected sub-acute joint inflammation, activity levels on the day of testing, or use of external
stimuli like caffeine or alcohol [53-55]. However, it is not entirely clear whether experimental
uncertainties or model shortcomings were responsible for the observed discrepancy in MMP-
9 concentration in the healthy joint.

Our estimate of TGF-f concentration in the healthy state also differed from experimental
measurements of its concentration in healthy knees. However, we argue that this discrepancy
between concentrations in the healthy state is unimportant in the context of the inflammatory
process, since the discrepancy of 5.7 pg/mL is only about 1% of the peak concentration of
TGE-B. Indeed, despite some discrepancies between our estimates and experimental data in
the healthy state, the model appears to appropriately capture important aspects of experimen-
tally measured data when we examine the inflammatory response.

The results from our systems biology model appeared to capture the salient features of an
independent in vivo experiment (that is, an experiment that was not used in the formulation of
our model) [37], as shown Fig 3. However, some differences existed between the model results
and the experimentally measured quantities. These differences may have arisen because of the
model limitations discussed above, or due to experimental constraints of the in vivo study. The
experimental constraints included the small sample size and the cross-sectional study design
in which a different group of people was tested at each time point, making it difficult to infer
the time course of cytokine concentrations for a single subject. In addition, the experiments
utilized mixed groups of males and females, not accounting for hormonal effects. Uncontrolled
hormonal influences in the in vivo data may have been responsible for the deviations of experi-
mental data from the model results, which we calculated without hormonal influences for the
comparison analysis. Ideally, the results from the present study could be compared to an
experiment that separates males and females and controls for female hormone levels, but no
such study exists as of yet. The in vivo study by Irie et al. appears to be the only study that
reports the time course of cytokine concentration in the synovium after injury, and even so, it
reports only a subset of the cytokines that we modeled [37].

Irie et al. reported the time course of concentration for IL-6 in addition to the time course
for IL-1B, TNF-o, and IL-10 [37]. However, the concentrations for IL-6 in their time course
data appear to be two orders of magnitude higher than other reported IL-6 concentrations in
the synovium at single time points after ACL injury and in other joint pathologies (see S4
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Table), while the concentrations of IL-1B, TNF-q, and IL-10 appear to be consistent with
numerical values from comparable measurements (S4 Table). Thus, due to the disagreement
in experimental IL-6 concentrations, it is impossible to make a confident comparison of our
data. Nevertheless, we note that our results, shown in S1 Fig, seem to quantitatively agree with
several other IL-6 measurements from synovial fluid, which we report in S4 Table.

4.5 Implications of findings and conclusion

After verification of the model, we performed a preliminary analysis where we considered the
effects of sex hormones at single concentrations using the nominal parameter set. The purpose of
this analysis was to assess whether sex hormones would have any appreciable effect on inflamma-
tion before proceeding to a more thorough analysis in which we varied both the model parameters
and the hormonal concentrations. The preliminary analysis revealed that estrogen treatment
increased IL-1B and TNF-o and decreased IL-10 compared to testosterone treatment, suggesting
that females, who have higher levels of estrogen than males, may be prone to a stronger inflamma-
tory response after injury compared to males. However, females have non-negligible concentra-
tions of testosterone and males have non-negligible concentrations of estrogen, so analysis of
isolated hormone effects is inadequate for studying sex differences in the post-injury inflamma-
tory response. Thus, we performed analysis where we simultaneously considered estrogen and tes-
tosterone at concentrations relevant for males and females.

In our preliminary analysis of isolated hormones, we also found no discernible change in
the inflammatory response when we compared the condition with estrogen alone to the condi-
tion with estrogen plus progesterone, suggesting that progesterone was unable to attenuate the
effects of estrogen. This result contrasted with our hypothesis that the anti-inflammatory
effects of progesterone would be beneficial in the environment of the injured knee. Further,
this result was in direct contrast with the findings of other examinations of progesterone effects
on inflammation [7, 56]. Specifically, studies of the female reproductive system have shown
that progesterone reduces inflammation at the concentrations found locally in the female
reproductive system [56]. However, the concentrations in the reproductive tract are substan-
tially higher than those in the synovium (and in our simulations), so it is possible that the con-
centrations in the synovium were too low to have a meaningful effect. Indeed, the anti-
inflammatory effects of progesterone started to become apparent in our model at a concentra-
tion of 31.4 pg/mL (see S3 Table). However, because we saw no effect of progesterone at con-
centrations relevant in the synovium, we did not include it in the subsequent analysis of
combined hormones.

Our analysis of combined hormones revealed that a relative abundance of testosterone in
males may reduce TNF-o, concentrations, since the “Male” condition led to significantly lower
TNF-o concentrations compared to both the “Female Peak E” and “Female Low E” conditions.
Conversely, estrogen does not appear to have an effect on TNF-a, since no significant differ-
ence existed between the “Female Peak E” and “Female Low E” conditions at any time point
for the cytokine. The lack of estrogen effect seems to suggest that testosterone is the key hor-
monal regulator of TNF-a in the present study. This reduction in TNF-o concentration for
males may have the potential to improve post-injury outcomes, since the cytokine was recently
identified as a marker for early osteoarthritis, a common long-term consequence of ACL
injury [57].

Our analysis of combined hormones also revealed that elevated estrogen (“Female Peak E”)
seems to exacerbate inflammation compared to lower estrogen (“Female Low E”), even when
we include the opposing effects of testosterone at concentrations relevant for females. Indeed,
we observed that the “Female Peak E” condition led to significantly elevated IL-18 and MMP-1
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and led to significantly reduced IL-10 concentrations compared to “Female Low E” at all time
points. This result suggests that the severity of post-injury inflammation may depend not only
on the sex of the patient, but also on estrogen concentration at the time of injury for female
patients. This result may inform the design of future studies that seek to examine sex differ-
ences in post-injury outcomes, since it suggests that inflammation may differ among females,
depending on their estrogen levels.

With this quantitative framework, we aimed to shed light on the mechanisms that may
cause increased cartilage damage for females after knee injury. Our model results demon-
strated that sex hormones could differentially regulate the inflammatory process after an injury
and provided a quantitative framework for studying the complexities of the inflammation that
may occur after an injury. While the results of this study alone do not provide enough evidence
to conclusively assert that estrogen will increase MMP production in vivo and, in turn, put
females at higher risk of cartilage damage, the results do offer hints toward the mechanism
that may underlie poorer post-injury outcomes for females. These hints may help inform the
design of future in vitro and in vivo studies that will further improve our understanding of the
factors that may put females at higher risk of damage to the cartilage and poor long-term joint
health and may eventually serve as a basis for developing targeted treatments to reduce inflam-
mation and MMPs, particularly for females.

Supporting information

S1 Text. Sample calculations.
(DOCX)

S1 Fig. Cell, cytokine, MMP, and TIMP concentrations in the absence of hormonal effects
for substances in the model that are not depicted in Fig 3.
(TIF)

S1 Table. Production and decay coefficients.
(DOCX)

S2 Table. Feedback functions and coefficients.
(DOCX)

S3 Table. Effect of progesterone on peak TNF concentrations.
(DOCX)

S$4 Table. Experimental Measurements of Synovial Fluid Concentrations of Cytokines,
MMPs, and TIMP-1.
(DOCX)

S1 Scripts. MATLAB Files for all simulations and analysis.
(Z1P)

Author Contributions

Conceptualization: Bethany Powell, Igal Szleifer, Yasin Y. Dhaher.
Formal analysis: Bethany Powell.

Funding acquisition: Yasin Y. Dhaher.

Investigation: Bethany Powell.

Methodology: Bethany Powell, Yasin Y. Dhaher.

PLOS ONE | https://doi.org/10.1371/journal.pone.0209582 December 31, 2018 19/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209582.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209582.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209582.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209582.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209582.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209582.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0209582.s007
https://doi.org/10.1371/journal.pone.0209582

®PLOS | one

Sex hormone effects on post-injury synovial inflammation

Project administration: Yasin Y. Dhaher.

Software: Bethany Powell.

Supervision: Igal Szleifer.

Visualization: Bethany Powell.

Writing - original draft: Bethany Powell.

Writing - review & editing: Bethany Powell, Igal Szleifer, Yasin Y. Dhaher.

References

1.

10.

11.

12

13.

14.

15.

16.

Lohmander LS, Ostenberg A, Englund M, Roos H. High prevalence of knee osteoarthritis, pain, and
functional limitations in female soccer players twelve years after anterior cruciate ligament injury. Arthri-
tis and rheumatism. 2004; 50(10):3145-52. Epub 2004/10/12. https://doi.org/10.1002/art.20589 PMID:
15476248.

Li RT, Lorenz S, Xu Y, Harner CD, Fu FH, Irrgang JJ. Predictors of radiographic knee osteoarthritis
after anterior cruciate ligament reconstruction. The American journal of sports medicine. 2011; 39
(12):2595-603. Epub 2011/10/25. https://doi.org/10.1177/0363546511424720 PMID: 22021585.

Troeberg L, Nagase H. Proteases involved in cartilage matrix degradation in osteoarthritis. Biochimica
et biophysica acta. 2012; 1824(1):133-45. https://doi.org/10.1016/j.bbapap.2011.06.020 PMID:
21777704; PubMed Central PMCID: PMC3219800.

Calippe B, Douin-Echinard V, Delpy L, Laffargue M, Lelu K, Krust A, et al. 17Beta-estradiol promotes
TLR4-triggered proinflammatory mediator production through direct estrogen receptor alpha signaling
in macrophages in vivo. Journal of immunology. 2010; 185(2):1169—76. https://doi.org/10.4049/
jimmunol.0902383 PMID: 20554954.

LiuL, ZhaoY, Xie K, Sun X, JiangL, Gao Y, et al. Estrogen inhibits LPS-induced IL-6 production in mac-
rophages partially via the nongenomic pathway. Immunol Invest. 2014; 43(7):693—-704. Epub 2014/06/
25. https://doi.org/10.3109/08820139.2014.917095 PMID: 24960169.

D’Agostino P, Milano S, Barbera C, DiBella G, La Rosa M, Ferlazzo V, et al. Sex hormones modulate
inflammatory mediators produced by macrophages. Annals of the New York Academy of Sciences.
1999; 876:426-9. PMID: 10415638.

Lei B, Mace B, Dawson HN, Warner DS, Laskowitz DT, James ML. Anti-inflammatory effects of proges-
terone in lipopolysaccharide-stimulated BV-2 microglia. PloS one. 2014; 9(7):e103969. https://doi.org/
10.1371/journal.pone.0103969 PMID: 25080336; PubMed Central PMCID: PMC4117574.

Sun, CaiJ, MaF, Lu P, Huang H, Zhou J. miR-155 mediates suppressive effect of progesterone on
TLR3, TLR4-triggered immune response. Immunology letters. 2012; 146(1-2):25-30. Epub 2012/05/
02. https://doi.org/10.1016/j.imlet.2012.04.007 PMID: 22546503.

Asano K, Sakai M, Matsuda T, Tanaka H, Fuijii K, Hisamitsu T. Suppression of matrix metalloproteinase
production from synovial fibroblasts by meloxicam in-vitro. J Pharm Pharmacol. 2006; 58(3):359—66.
https://doi.org/10.1211/jpp.58.3.0010 PMID: 16536903.

Saren P, Welgus HG, Kovanen PT. TNF-alpha and IL-1beta selectively induce expression of 92-kDa
gelatinase by human macrophages. Journal of immunology. 1996; 157(9):4159-65. PMID: 8892653.

Yorifuji M, Sawaji Y, Endo K, Kosaka T, Yamamoto K. Limited efficacy of COX-2 inhibitors on nerve
growth factor and metalloproteinases expressions in human synovial fibroblasts. J Orthop Sci. 2016; 21
(3):381-8. https://doi.org/10.1016/}.jos.2016.01.004 PMID: 26876621.

Murakami S, Muneta T, Furuya K, Saito |, Miyasaka N, Yamamoto H. Immunohistologic analysis of
synovium in infrapatellar fat pad after anterior cruciate ligament injury. The American journal of sports
medicine. 1995; 23(6):763-8. https://doi.org/10.1177/036354659502300622 PMID: 8600748.

Guery JC. Estrogens and inflammatory autoimmune diseases. Joint Bone Spine. 2012; 79(6):560-2.
https://doi.org/10.1016/j.jbspin.2012.09.010 PMID: 23141100.

Straub RH. The complex role of estrogens in inflammation. Endocr Rev. 2007; 28(5):521-74. hitps://
doi.org/10.1210/er.2007-0001 PMID: 17640948.

Rovensky J, Radikova Z, Imrich R, Greguska O, Vigas M, Macho L. Gonadal and adrenal steroid hor-
mones in plasma and synovial fluid of patients with rheumatoid arthritis. Endocr Regul. 2004; 38
(4):143-9. PMID: 15841793.

Kothari P, Pestana R, Mesraoua R, Elchaki R, Khan KM, Dannenberg AJ, et al. IL-6-mediated induction
of matrix metalloproteinase-9 is modulated by JAK-dependent IL-10 expression in macrophages.

PLOS ONE | https://doi.org/10.1371/journal.pone.0209582 December 31, 2018 20/23


https://doi.org/10.1002/art.20589
http://www.ncbi.nlm.nih.gov/pubmed/15476248
https://doi.org/10.1177/0363546511424720
http://www.ncbi.nlm.nih.gov/pubmed/22021585
https://doi.org/10.1016/j.bbapap.2011.06.020
http://www.ncbi.nlm.nih.gov/pubmed/21777704
https://doi.org/10.4049/jimmunol.0902383
https://doi.org/10.4049/jimmunol.0902383
http://www.ncbi.nlm.nih.gov/pubmed/20554954
https://doi.org/10.3109/08820139.2014.917095
http://www.ncbi.nlm.nih.gov/pubmed/24960169
http://www.ncbi.nlm.nih.gov/pubmed/10415638
https://doi.org/10.1371/journal.pone.0103969
https://doi.org/10.1371/journal.pone.0103969
http://www.ncbi.nlm.nih.gov/pubmed/25080336
https://doi.org/10.1016/j.imlet.2012.04.007
http://www.ncbi.nlm.nih.gov/pubmed/22546503
https://doi.org/10.1211/jpp.58.3.0010
http://www.ncbi.nlm.nih.gov/pubmed/16536903
http://www.ncbi.nlm.nih.gov/pubmed/8892653
https://doi.org/10.1016/j.jos.2016.01.004
http://www.ncbi.nlm.nih.gov/pubmed/26876621
https://doi.org/10.1177/036354659502300622
http://www.ncbi.nlm.nih.gov/pubmed/8600748
https://doi.org/10.1016/j.jbspin.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/23141100
https://doi.org/10.1210/er.2007-0001
https://doi.org/10.1210/er.2007-0001
http://www.ncbi.nlm.nih.gov/pubmed/17640948
http://www.ncbi.nlm.nih.gov/pubmed/15841793
https://doi.org/10.1371/journal.pone.0209582

®PLOS | one

Sex hormone effects on post-injury synovial inflammation

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Journal of immunology. 2014; 192(1):349-57. Epub 2013/11/29. https://doi.org/10.4049/jimmunol.
1301906 PMID: 24285838; PubMed Central PMCID: PMCPMC3872272.

Anderson WD, Makadia HK, Greenhalgh AD, Schwaber JS, David S, Vadigepalli R. Computational
modeling of cytokine signaling in microglia. Mol Biosyst. 2015; 11(12):3332—46. https://doi.org/10.1039/
c5mb00488h PMID: 26440115.

Cobbold CA, Sherratt JA. Mathematical modelling of nitric oxide activity in wound healing can explain
keloid and hypertrophic scarring. Journal of theoretical biology. 2000; 204(2):257-88. https://doi.org/10.
1006/jtbi.2000.2012 PMID: 10887905.

Nagaraja S, Wallgvist A, Reifman J, Mitrophanov AY. Computational approach to characterize causa-
tive factors and molecular indicators of chronic wound inflammation. Journal of immunology. 2014; 192
(4):1824-34. https://doi.org/10.4049/jimmunol.1302481 PMID: 24453259.

Lohmander LS, Englund PM, Dahl LL, Roos EM. The long-term consequence of anterior cruciate liga-
ment and meniscus injuries: osteoarthritis. The American journal of sports medicine. 2007; 35
(10):1756—69. https://doi.org/10.1177/0363546507307396 PMID: 17761605.

Kuwata H, Watanabe Y, Miyoshi H, Yamamoto M, Kaisho T, Takeda K, et al. IL-10-inducible Bcl-3 neg-
atively regulates LPS-induced TNF-alpha production in macrophages. Blood. 2003; 102(12):4123-9.
https://doi.org/10.1182/blood-2003-04-1228 PMID: 12907458.

Pai R, Ha H, Kirschenbaum MA, Kamanna VS. Role of tumor necrosis factor-alpha on mesangial cell
MCP-1 expression and monocyte migration: mechanisms mediated by signal transduction. Journal of
the American Society of Nephrology: JASN. 1996; 7(6):914-23. PMID: 8793801.

Wahl SM, Hunt DA, Wakefield LM, McCartney-Francis N, Wahl LM, Roberts AB, et al. Transforming
growth factor type beta induces monocyte chemotaxis and growth factor production. Proceedings of the
National Academy of Sciences of the United States of America. 1987; 84(16):5788-92. PMID:
2886992; PubMed Central PMCID: PMCPMC298948.

Tsuchida Al, Beekhuizen M, t Hart MC, Radstake TR, Dhert WJ, Saris DB, et al. Cytokine profiles in the
joint depend on pathology, but are different between synovial fluid, cartilage tissue and cultured chon-
drocytes. Arthritis research & therapy. 2014; 16(5):441. https://doi.org/10.1186/s13075-014-0441-0
PMID: 25256035; PubMed Central PMCID: PMCPMC4201683.

Fang M, Wu XC, Huang W. Raloxifene upregulated mesangial cell MMP-2 activity via ER-beta through
transcriptional regulation. Cell biochemistry and biophysics. 2013; 67(2):607—13. https://doi.org/10.
1007/s12013-013-9548-1 PMID: 23471663.

Heard BJ, Martin L, Rattner JB, Frank CB, Hart DA, Krawetz R. Matrix metalloproteinase protein
expression profiles cannot distinguish between normal and early osteoarthritic synovial fluid. BMC Mus-
culoskelet Disord. 2012; 13:126. https://doi.org/10.1186/1471-2474-13-126 PMID: 22824140; PubMed
Central PMCID: PMCPMC3532375.

Haller JM, Swearingen CA, Partridge D, McFadden M, Thirunavukkarasu K, Higgins TF. Intraarticular
Matrix Metalloproteinases and Aggrecan Degradation Are Elevated After Articular Fracture. Clin Orthop
Relat Res. 2015; 473(10):3280-8. https://doi.org/10.1007/s11999-015-4441-4 PMID: 26162411;
PubMed Central PMCID: PMCPMC4562930.

Byrne A, Reen DJ. Lipopolysaccharide induces rapid production of IL-10 by monocytes in the presence
of apoptotic neutrophils. Journal of immunology. 2002; 168(4):1968—77. PMID: 11823533.

Huang TL, Hsu HC, Yang KC, Lin FH. Hyaluronan up-regulates IL-10 expression in fibroblast-like syno-
viocytes from patients with tibia plateau fracture. Journal of orthopaedic research: official publication of
the Orthopaedic Research Society. 2011; 29(4):495-500. https://doi.org/10.1002/jor.21261 PMID:
20957732.

Klapproth J, Castell J, Geiger T, Andus T, Heinrich PC. Fate and biological action of human recombi-
nant interleukin 1 beta in the rat in vivo. Eur J Immunol. 1989; 19(8):1485-90. https://doi.org/10.1002/
€ji.1830190821 PMID: 2476319.

Thomassen MJ, Divis LT, Fisher CJ. Regulation of human alveolar macrophage inflammatory cytokine
production by interleukin-10. Clin Immunol Immunopathol. 1996; 80(3 Pt 1):321—-4. PMID: 8811054.

Chantry D, Turner M, Abney E, Feldmann M. Modulation of cytokine production by transforming growth
factor-beta. Journal of immunology. 1989; 142(12):4295-300. PMID: 2542408.

Schindler R, Mancilla J, Endres S, Ghorbani R, Clark SC, Dinarello CA. Correlations and interactions in
the production of interleukin-6 (IL-6), IL-1, and tumor necrosis factor (TNF) in human blood mononu-
clear cells: IL-6 suppresses IL-1 and TNF. Blood. 1990; 75(1):40—7. Epub 1990/01/01. PMID: 2294996.

Ganesan K, Balachandran C, Manohar BM, Puvanakrishnan R. Effects of testosterone, estrogen and
progesterone on TNF-alpha mediated cellular damage in rat arthritic synovial fibroblasts. Rheumatology
international. 2012; 32(10):3181-8. https://doi.org/10.1007/s00296-011-2146-x PMID: 21960045.

PLOS ONE | https://doi.org/10.1371/journal.pone.0209582 December 31, 2018 21/23


https://doi.org/10.4049/jimmunol.1301906
https://doi.org/10.4049/jimmunol.1301906
http://www.ncbi.nlm.nih.gov/pubmed/24285838
https://doi.org/10.1039/c5mb00488h
https://doi.org/10.1039/c5mb00488h
http://www.ncbi.nlm.nih.gov/pubmed/26440115
https://doi.org/10.1006/jtbi.2000.2012
https://doi.org/10.1006/jtbi.2000.2012
http://www.ncbi.nlm.nih.gov/pubmed/10887905
https://doi.org/10.4049/jimmunol.1302481
http://www.ncbi.nlm.nih.gov/pubmed/24453259
https://doi.org/10.1177/0363546507307396
http://www.ncbi.nlm.nih.gov/pubmed/17761605
https://doi.org/10.1182/blood-2003-04-1228
http://www.ncbi.nlm.nih.gov/pubmed/12907458
http://www.ncbi.nlm.nih.gov/pubmed/8793801
http://www.ncbi.nlm.nih.gov/pubmed/2886992
https://doi.org/10.1186/s13075-014-0441-0
http://www.ncbi.nlm.nih.gov/pubmed/25256035
https://doi.org/10.1007/s12013-013-9548-1
https://doi.org/10.1007/s12013-013-9548-1
http://www.ncbi.nlm.nih.gov/pubmed/23471663
https://doi.org/10.1186/1471-2474-13-126
http://www.ncbi.nlm.nih.gov/pubmed/22824140
https://doi.org/10.1007/s11999-015-4441-4
http://www.ncbi.nlm.nih.gov/pubmed/26162411
http://www.ncbi.nlm.nih.gov/pubmed/11823533
https://doi.org/10.1002/jor.21261
http://www.ncbi.nlm.nih.gov/pubmed/20957732
https://doi.org/10.1002/eji.1830190821
https://doi.org/10.1002/eji.1830190821
http://www.ncbi.nlm.nih.gov/pubmed/2476319
http://www.ncbi.nlm.nih.gov/pubmed/8811054
http://www.ncbi.nlm.nih.gov/pubmed/2542408
http://www.ncbi.nlm.nih.gov/pubmed/2294996
https://doi.org/10.1007/s00296-011-2146-x
http://www.ncbi.nlm.nih.gov/pubmed/21960045
https://doi.org/10.1371/journal.pone.0209582

®PLOS | one

Sex hormone effects on post-injury synovial inflammation

35.

36.

37.

38.

39.

40.

M,

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

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

Huang HF, Hong LH, Tan Y, Sheng JZ. Matrix metalloproteinase 2 is associated with changes in steroid
hormones in the sera and peritoneal fluid of patients with endometriosis. Fertility and sterility. 2004; 81
(5):1235-9. https://doi.org/10.1016/].fertnstert.2003.10.027 PMID: 15136083.

Irie K, Uchiyama E, Iwaso H. Intraarticular inflammatory cytokines in acute anterior cruciate ligament
injured knee. Knee. 2003; 10(1):93—-6. PMID: 12649034.

Greenspan FS, Gardner DG. Basic & clinical endocrinology. 7th ed. New York: Lange Medical Books/
McGraw-Hill; 2004. xvi, 976 p. p.

Bigoni M, Sacerdote P, Turati M, Franchi S, Gandolla M, Gaddi D, et al. Acute and late changes in intra-
articular cytokine levels following anterior cruciate ligament injury. Journal of orthopaedic research: offi-
cial publication of the Orthopaedic Research Society. 2013; 31(2):315-21. https://doi.org/10.1002/jor.
22208 PMID: 22886741.

Harada A, Sekido N, Akahoshi T, Wada T, Mukaida N, Matsushima K. Essential involvement of interleu-
kin-8 (IL-8) in acute inflammation. J Leukoc Biol. 1994; 56(5):559—-64. Epub 1994/11/01. PMID:
7964163.

de Lange-Brokaar BJ, loan-Facsinay A, van Osch GJ, Zuurmond AM, Schoones J, Toes RE, et al.
Synovial inflammation, immune cells and their cytokines in osteoarthritis: a review. Osteoarthritis and
cartilage / OARS, Osteoarthritis Research Society. 2012; 20(12):1484-99. https://doi.org/10.1016/j.
joca.2012.08.027 PMID: 22960092.

Kou XX, Li CS, He DQ, Wang XD, Hao T, Meng Z, et al. Estradiol promotes M1-like macrophage activa-
tion through cadherin-11 to aggravate temporomandibular joint inflammation in rats. Journal of immu-
nology. 2015; 194(6):2810-8. https://doi.org/10.4049/jimmunol. 1303188 PMID: 25681337.

Little JP, Bleedorn JA, Sutherland BJ, Sullivan R, Kalscheur VL, Ramaker MA, et al. Arthroscopic
assessment of stifle synovitis in dogs with cranial cruciate ligament rupture. PloS one. 2014; 9(6):
€97329. https://doi.org/10.1371/journal.pone.0097329 PMID: 24892866; PubMed Central PMCID:
PMCPMC4043664.

Della Beffa C, Slansky E, Pommerenke C, Klawonn F, Li J, Dai L, et al. The relative composition of the
inflammatory infiltrate as an additional tool for synovial tissue classification. PloS one. 2013; 8(8):
€72494. Epub 2013/08/21. https://doi.org/10.1371/journal.pone.0072494 PMID: 23951325; PubMed
Central PMCID: PMCPMC3738641.

Rosenberg JH, Rai V, Dilisio MF, Agrawal DK. Damage-associated molecular patterns in the pathogen-
esis of osteoarthritis: potentially novel therapeutic targets. Mol Cell Biochem. 2017; 434(1-2):171-9.
Epub 2017/05/06. https://doi.org/10.1007/s11010-017-3047-4 PMID: 28474284; PubMed Central
PMCID: PMCPMC5671379.

Lieberthal J, Sambamurthy N, Scanzello CR. Inflammation in joint injury and post-traumatic osteoarthri-
tis. Osteoarthritis and cartilage / OARS, Osteoarthritis Research Society. 2015; 23(11):1825-34.
https://doi.org/10.1016/j.joca.2015.08.015 PMID: 26521728; PubMed Central PMCID:
PMCPMC4630675.

Grainger DJ, Wakefield L, Bethell HW, Farndale RW, Metcalfe JC. Release and activation of platelet
latent TGF-beta in blood clots during dissolution with plasmin. Nat Med. 1995; 1(9):932—7. PMID:
7585220.

Wakefield LM, Smith DM, Flanders KC, Sporn MB. Latent transforming growth factor-beta from human
platelets. A high molecular weight complex containing precursor sequences. The Journal of biological
chemistry. 1988; 263(16):7646-54. PMID: 3163692.

Cimmino MA, Parodi M. Risk factors for osteoarthritis. Semin Arthritis Rheum. 2005; 34(6 Suppl 2):29—
34. Epub 2005/10/07. PMID: 16206954.

Sitruk-Ware R, Nath A. The use of newer progestins for contraception. Contraception. 2010; 82(5):410—
7. Epub 2010/10/12. https://doi.org/10.1016/j.contraception.2010.04.004 PMID: 20933114.

Shah K, McCormack CE, Bradbury NA. Do you know the sex of your cells? Am J Physiol Cell Physiol.
2014; 306(1):C3-18. Epub 2013/11/08. https://doi.org/10.1152/ajpcell.00281.2013 PMID: 24196532;
PubMed Central PMCID: PMCPMC3919971.

Orlowsky EW, Kraus VB. The role of innate immunity in osteoarthritis: when our first line of defense
goes on the offensive. The Journal of rheumatology. 2015; 42(3):363—71. https://doi.org/10.3899/
jrheum.140382 PMID: 25593231; PubMed Central PMCID: PMC4465583.

Horrigan LA, Kelly JP, Connor TJ. Immunomodulatory effects of caffeine: friend or foe? Pharmacology
& therapeutics. 2006; 111(3):877-92.

PLOS ONE | https://doi.org/10.1371/journal.pone.0209582 December 31, 2018 22/23


https://doi.org/10.1016/j.abb.2016.02.008
http://www.ncbi.nlm.nih.gov/pubmed/26874194
https://doi.org/10.1016/j.fertnstert.2003.10.027
http://www.ncbi.nlm.nih.gov/pubmed/15136083
http://www.ncbi.nlm.nih.gov/pubmed/12649034
https://doi.org/10.1002/jor.22208
https://doi.org/10.1002/jor.22208
http://www.ncbi.nlm.nih.gov/pubmed/22886741
http://www.ncbi.nlm.nih.gov/pubmed/7964163
https://doi.org/10.1016/j.joca.2012.08.027
https://doi.org/10.1016/j.joca.2012.08.027
http://www.ncbi.nlm.nih.gov/pubmed/22960092
https://doi.org/10.4049/jimmunol.1303188
http://www.ncbi.nlm.nih.gov/pubmed/25681337
https://doi.org/10.1371/journal.pone.0097329
http://www.ncbi.nlm.nih.gov/pubmed/24892866
https://doi.org/10.1371/journal.pone.0072494
http://www.ncbi.nlm.nih.gov/pubmed/23951325
https://doi.org/10.1007/s11010-017-3047-4
http://www.ncbi.nlm.nih.gov/pubmed/28474284
https://doi.org/10.1016/j.joca.2015.08.015
http://www.ncbi.nlm.nih.gov/pubmed/26521728
http://www.ncbi.nlm.nih.gov/pubmed/7585220
http://www.ncbi.nlm.nih.gov/pubmed/3163692
http://www.ncbi.nlm.nih.gov/pubmed/16206954
https://doi.org/10.1016/j.contraception.2010.04.004
http://www.ncbi.nlm.nih.gov/pubmed/20933114
https://doi.org/10.1152/ajpcell.00281.2013
http://www.ncbi.nlm.nih.gov/pubmed/24196532
https://doi.org/10.3899/jrheum.140382
https://doi.org/10.3899/jrheum.140382
http://www.ncbi.nlm.nih.gov/pubmed/25593231
https://doi.org/10.1371/journal.pone.0209582

o @
@ : PLOS | ONE Sex hormone effects on post-injury synovial inflammation

54. Pedersen BK. Anti-inflammatory effects of exercise: role in diabetes and cardiovascular disease. Euro-
pean journal of clinical investigation. 2017; 47(8):600—11. https://doi.org/10.1111/eci.12781 PMID:
28722106

55. Szabo G, Saha B. Alcohol’s effect on host defense. Alcohol research: current reviews. 2015; 37(2):159.

56. Salamonsen LA. Current concepts of the mechanisms of menstruation: a normal process of tissue
destruction. Trends in endocrinology and metabolism: TEM. 1998; 9(8):305-9. PMID: 18406294.

57. Edd SN, Favre J, Blazek K, Omoumi P, Asay JL, Andriacchi TP. Altered gait mechanics and elevated
serum pro-inflammatory cytokines in asymptomatic patients with MRI evidence of knee cartilage loss.
Osteoarthritis and cartilage / OARS, Osteoarthritis Research Society. 2017; 25(6):899-906. https://doi.
org/10.1016/j.joca.2016.12.029 PMID: 28064033.

PLOS ONE | https://doi.org/10.1371/journal.pone.0209582 December 31, 2018 23/23


https://doi.org/10.1111/eci.12781
http://www.ncbi.nlm.nih.gov/pubmed/28722106
http://www.ncbi.nlm.nih.gov/pubmed/18406294
https://doi.org/10.1016/j.joca.2016.12.029
https://doi.org/10.1016/j.joca.2016.12.029
http://www.ncbi.nlm.nih.gov/pubmed/28064033
https://doi.org/10.1371/journal.pone.0209582

