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Abstract

A mechanism-based model was developed to characterize the crosstalk between
proinflammatory cytokines, bone remodeling biomarkers, and bone mineral den-
sity (BMD) in collagen-induced arthritic (CIA) rats. Male Lewis rats were divided
into five groups: healthy control, CIA control, CIA receiving single 0.225 mg kg~
subcutaneous (SC) dexamethasone (DEX), CIA receiving single 2.25 mg kg™ ' SC
DEX, and CIA receiving chronic 0.225 mg kg~ ' SC DEX. The CIA rats underwent
collagen induction at day 0 and DEX was injected at day 21 post-induction. Disease
activity was monitored throughout the study and rats were sacrificed at different
time points for blood and paw collection. Protein concentrations of interleukin
(IL)-1p, IL-6, receptor activator of nuclear factor kappa-B ligand (RANKL), osteo-
protegerin (OPG), and tartrate-resistant acid phosphatase 5b (TRACP-5b) in paws
were measured by enzyme-linked immunosorbent assays (ELISA). Disease progres-
sion and DEX pharmacodynamic profiles of IL-1f, IL-6, RANKL, and OPG were
fitted simultaneously and parameters were sequentially applied to fit the TRACP-
5b and BMD data. The model was built according to the mechanisms reported in
the literature and modeling was performed using ADAPT 5 software with naive
pooling. Time profiles of IL-1 and IL-6 protein concentrations correlated with
their mRNAs. The RANKL and OPG profiles matched previous findings in CIA
rats. DEX inhibited the expressions of IL-1f3, IL-6, and RANKL, but did not alter
OPG. TRACP-5b was also inhibited by DEX. Model predictions suggested that
anti-IL-1f therapy and anti-RANKL therapy would result in similar efficacy for
prevention of bone loss among the cytokine antagonists.
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density; CIA, collagen-induced arthritic; COX, cyclooxygenase; CST, corticosterone;
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Introduction

Bone remodeling is a tightly controlled dynamic process
that is regulated by many different factors. Two major cell
types that are responsible for bone homeostasis are osteo-
blasts and osteoclasts. Osteoblasts are bone-forming cells
that synthesize the bone matrix and mineralization.
Osteoclasts are responsible for bone resorption (Tanaka
et al. 2005). When the activity of osteoblasts exceeds that
of osteoclasts, bone formation dominates as is the case
during the growth period in childhood. In bone-related
disease conditions such as osteoporosis and rheumatoid
arthritis (RA), the activity of osteoclasts becomes domi-
nant; active bone resorption occurs and leads to bone
destruction. To understand the pathogenesis of bone loss
in RA, it is important to study the mediators and path-
ways controlling the activities of osteoblasts and osteo-
clasts.

One of the major mechanisms governing the balance
between osteoblasts and osteoclasts is the RANK/
RANKL/OPG system. RANK (~67 kDa) is expressed on
osteoclast precursors, and its activation is required for
maturation of osteoclast precursors to active osteoclasts.
This activation is mediated by the binding between
RANK and RANKL (~35 kDa), which is a member of
the tumor necrosis factor (TNF)-family of cytokines and
is produced by osteoblasts. Upon maturation of osteo-
clasts, they can elicit their bone-resorbing activity and
initiate the bone breakdown process. This process is
counter-regulated by the action of OPG (~120 kDa as a
homodimer), which is a natural decoy receptor for
RANKL synthesized primarily by osteoblasts (Nelson
et al. 2012). In healthy conditions, this system is at
steady-state and is responsible for maintaining normal
bone metabolism. However, in bone-related diseases,
especially in immune diseases such as RA, the compo-
nents in this system are under the influence of other
immune stimulants, resulting in the disruption of the
osteoblast/osteoclast balance.

Rheumatoid arthritis is characterized as a chronic
inflammatory condition that is mediated mainly by
immune cells such as macrophages and fibroblasts, as well
as proinflammatory cytokines TNF-o, IL-1f, and IL-6
(Choy and Panayi 2001). The immune cascade caused by
cytokines results in two parallel processes: joint inflamma-
tion and joint destruction. Joint inflammation is primar-
ily driven by the cytokines and leads to pain and swelling.
Joint destruction is partly driven by the inflammation
process and has a more complicated pathology. It
involves the effects of cytokines, the RANK/RANKL/OPG
system, together with other factors such as metallopro-
teinases (MMPs) (Klareskog et al. 2009). Our laboratory
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previously published a mechanism-based model that
described the dynamics and the interplay between
DEX, endogenous corticosterone (CST), glucocorticoid
receptor (GR), proinflammatory cytokines (TNF-a, IL-1p,
and IL-6), and their regulation of disease endpoints (paw
swelling and bone mineral density) in rats with collagen-
induced arthritis, which is a common animal model of
RA (Earp et al. 2008a,b). The current study aimed to fur-
ther expand this model with added information regarding
the temporal changes of the components in the RANK/
RANKL/OPG pathway and osteoclast activity, and thus
provide better insights into bone destruction in RA.

Many mathematical models were published exploring
the dynamics of bone remodeling with the incorporation
of the RANK/RANKL/OPG signaling pathway (Pivonka
et al. 2008, 2010; Peterson and Riggs 2010, 2012; Sch-
midt et al. 2011; Post et al. 2013). Most were built
according to literature findings and focused on the
effects of calcium and hormones such as parathyroid
hormone (PTH) and transforming growth factor (TGF)-
f on bone remodeling. They adequately predict BMD
progression under different situations such as aging,
osteoporosis, and sustained glucocorticoid therapy, and
are also useful in making recommendations for thera-
peutic interventions that may lead to desirable clinical
outcomes. However, to our knowledge, no such model
has been developed for RA. Our current study develops
a similar mechanism-based model for RA and includes
experimental data regarding RANKL and OPG disease
progression. The model presented in this study is a
combination of our Earp et al. model developed for
CIA disease progression and the bone remodeling model
developed by Lemaire et al. (2004). The model as a
whole characterizes the crosstalk between the immune
cascade, the RANK/RANKL/OPG pathway, as well as
BMD during RA disease progression.

Materials and Methods

Animals

Male Lewis rats (6-9 weeks old) were purchased from
Harlan (Indianapolis, IN) with weights of 150-175 g.
The rats were housed individually in the University
Laboratory Animal Facility and acclimatized for 1 week
under constant temperature (22°C), humidity (72%),
and 12-h light/12-h dark cycle. Rats had free access to
rat chow and water. All protocols followed the Princi-
ples of Laboratory Animal Care (Institute of Laboratory
Animal Resources, 1996) and were approved by the
University at Buffalo Institutional Animal Care and Use
Committee.

© 2015 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.



H.-K. Lon et al.

Induction of collagen-induced arthritis in
Lewis rats

The induction of collagen-induced arthritis (CIA) in
Lewis rats followed protocols and reagents supplied by
Chondrex, Inc. (Redmond, WA). The day of first collagen
induction was regarded as day O in the study. Detailed
procedures of the collagen induction were described pre-
viously (Earp et al. 2008b; Lon et al. 2011).

Experimental design

A number of rats were assigned as healthy controls and
did not undergo collagen induction. One or two healthy
control rats were sacrificed on days 9, 15, 19, 21, 23, 30,
and 34 for baseline assessment. For CIA rats, paw edema
and body weights were monitored throughout the entire
study starting from day 0. Paw sizes were determined
using digital calipers with details described previously
(Earp et al. 2008a,b, 2009; Liu et al. 2011; Lon et al.
2011). Edema was indicated by the sum of the paw and
ankle area measurements for each hind foot. On day 20
post-induction, rats with paw volume increases of at least
50% in one or two paws were selected and randomly
assigned to four groups: vehicle control group, SC low-
dose group which received 0.225 mg kg ' subcutaneous
(SC) DEX on day 21, SC high-dose group which received
2.25 mg kg~' SC DEX on day 21, and SC multiple-dose
group which received once a day doses of 0.225 mg kg™
SC DEX on days 21-27. For the CIA control group, one
to four rats were sacrificed on days 9, 15, 19, 21, 23, 30,
34, and 40. For the DEX groups, three or four rats were
sacrificed at each time point. For rats in the SC low-dose
and high-dose groups, these times points were at 1, 2, 4,
6, 8, 12, 24, 36, 48, 96, 216, and 336 h after dosing, while
for SC multiple-dose rats, time points were at 36, 84, 132,
180, 264, and 336 h after the first dose.

All rats were sacrificed by aortal exsanguinations and
blood was collected in syringes containing EDTA as anti-
coagulant. Blood samples were centrifuged at 2000g for
10 min at 4°C. Plasma was then collected and aliquots
were transferred into microfuge tubes. Paw tissues (above
ankle excluding skin and toenails) were also collected
during the sacrifice and were flash-frozen in liquid nitro-
gen. After collection, all blood and paw samples were
immediately stored at —80°C before further analysis.

Protein extraction from the rat paws

Frozen paw tissue was pulverized with a mortar and pes-
tle under liquid nitrogen. For CIA rats, only swollen paws
(indicated by paw edema measurements) were processed
and included in our analysis. The protein extraction

© 2015 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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buffer was composed of 50 mmol L™' Tris buffer at pH
7.4, 0.1 mol L™' NaCl, and 0.1% Triton X-100 with the
addition of protease inhibitor cocktail from Roche (cOm-
plete, Mini; one tablet per 10 mL buffer, Indianapolis,
IN). The composition of the buffer was reported previ-
ously for protein extraction (Stolina et al. 2008, 2009).
Pulverized paw tissue was weighed in a polypropylene
tube and mixed with the protein extraction buffer. The
mixture was then homogenized using a Kinematica Poly-
tron homogenizer (model PT10-35; Kinematica Inc.,
Newark, NJ) on speed setting at five in an ice-bath for
three 10-sec durations, with a 30-sec interval for cooling.
The homogenization probe was rinsed three times with
double distilled water, chilled with ice, and completely
dried between samples. The homogenate was transferred
to a centrifuge tube and centrifuged at 10,000 rpm for
10 min. The supernatant was collected and aliquots were
stored at —80°C. Total protein concentrations in the
homogenate samples were determined using the micro-
plate procedure with a BCA assay kit (Pierce Biotechnol-
ogy, Rochford, IL).

Measurements of protein concentration by
ELISA methodology

Concentrations of IL-1f8, IL-6, RANKL, OPG, and
TRACP-5b in paw homogenates were determined by
ELISA. For IL-1f, IL-6, and RANKL, undiluted homoge-
nates were added during the ELISA procedure. For
TRACP-5b, homogenates were diluted two- to four-fold
with homogenization buffer before analysis. The assay
results were normalized with the total protein concentra-
tions obtained by the BCA assay. For OPG, protein con-
centrations of the homogenate samples were adjusted to
1 mg mL™" before the procedure to minimize the matrix
effects observed in a preliminary test.

Quantikine Rat Immunoassay kits from R&D Systems,
Inc. (Minneapolis, MN) were used for measuring concen-
trations of IL-1f and IL-6. Quantikine Mouse RANKL
Immunoassay kit from the same company was used for
rat RANKL protein determination. This use is based on
the high (96%) similarity between the mouse and rat
RANKL amino acid sequence (Xu et al. 2000) and its suc-
cessful application reported previously (Stolina et al.
2005). Osteoprotegerin ELISA kit (for mouse/rat OPG)
from Alpco Diagnostics (Salem, NH) was used for mea-
suring OPG. RatTRAP assay kit from Immunodiagnostic
Systems Ltd (IDS Ltd, Fountain Hills, AZ) was used for
TRACP-5b. The assay procedures followed the manufac-
turers’ instructions. All samples were run in duplicate and
quality control (QC) samples were prepared for each plate
for Dbetween-assay variability assessment. Calibration
curves for IL-1f, IL-6, and RANKL were constructed by
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plotting the absorbance of each standard versus its con-
centration on a log/log graph with the best-fitted line
determined by regression analysis. Calibration curves for
OPG and TRACP-5b were built by fitting the standards
and the absorbance readings into a 4-parameter logistic
model. The lower limits of quantification for IL-1f, IL-6,
RANKL, OPG, and TRACP-5b were 31.2, 62.5, 31.2,
62.5 pg mL™', and 0.52 U L™". The between-assay coeffi-
cients of variability were 7.86%, 9.09%, 3.35%, 8.49%,
and 2.01%.

Mechanism-based disease progression
model

Figure 1 displays a schematic of the mechanistic model.
The components describing the dynamics of corticos-
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terone (CST), glucocorticoid receptor (GR) mRNA, and
the three proinflammatory cytokines (TNF-u, IL-1f, and
IL-6) mRNAs utilized our previous model (Earp et al.
2008a,b). Intramuscular (IM) DEX PK characteristics in
both healthy and CIA rats have been investigated (Earp
et al. 2008c), and preliminary study has shown the simi-
larity between IM and SC PK profiles. Thus, the IM PK
model was used for SC DEX. All parameters regarding
these components were fixed in the analysis, except for
o (0.0002894 nmol  GR nmol IL-187") and f,
(0.00001159 ng CST mL™'  GR nmol IL-187"), which
describe the intrinsic activity of IL-1 on GR mRNA and
CST as described in the Earp et al. article. These two
values are close to zero and simulations indicated that
their removal did not alter the model fittings; thus these
two parameters were fixed to 0 for simplicity. The time
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Figure 1. Schematic of the mechanistic model of disease progression of glucocorticoid receptor (GR), proinflammatory cytokines (TNF-z, IL-1p,
and IL-6), RANK/RANKL/OPG system, and bone mineral density (BMD) in collagen-induced arthritic (CIA) rat model. The bone homeostasis-related
components of the model are displayed in colored circles. Black solid lines indicate the interactions described by the previous Earp model. Dashed
lines specify the action of IL-1p (red), IL-6 (blue), and TNF-« (green) on different components of the bone remodeling system. Yellow-dashed lines
indicate the action of DRy on active osteoclasts (AOC) and its activity, and purple dashed lines show the action of active osteoblasts (AOB) and
AOC on BMD. CIA, collagen-induced arthritic; RANKL, receptor activator of nuclear factor kappa-B ligand.
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profiles of IL-1f, IL-6, RANKL, and OPG protein concen-
trations were fitted simultaneously, and the resulting
parameters were fixed and applied to fit the TRACP-5b
and BMD data.

Dynamics of IL-14 and IL-6 proteins

In the Earp model, mRNA concentration-time profiles of
cytokines IL-1§ and IL-6 after arthritis induction were
well described by a series of transduction compartments
with incorporation of the effects of bound CST-GR com-
plex in the nucleus (DRy) and the remission compart-
ment (Rem) (Earp etal. 2008ab). The protein
concentrations of IL-1§ and IL-6 are modeled here as
catenary compartments following the IL-1f and IL-6
mRNA transduction process. The equations for fitting IL-
1/ and IL-6 protein concentration-time profiles in both
CIA and DEX-treated CIA rats are as follows:

dIL-18p . . IL-1By
=k AIL-16y - S) — k . -1L-1
di 1mnyp Bn - S2 1mnyp -1 ﬁpo Bps
IL-1Bp(0) =1IL-1Bp,
(1)
dIL-6 IL-6
P — kingp - IL-6y1 - S5 — kinsp - ———2 . [L-6p,

dr IL-6pg
IL-6p(0) = IL-6p,
(2)

where kinyp and kinsp represent the synthesis rates
of IL-1f and IL-6 proteins (shown as kin ., and
kin ;1 ¢ in Fig. 1), S, and S; are the proportionality
constants between the disease-stimulated IL-1f and IL-6
mRNAs and their protein concentrations, IL-1fy and
IL-6y;p are the baseline mRNA concentrations, and
IL-1fpy and IL-6p, are the baseline protein concentra-
tions (determined by the average values in healthy
rats). The elimination rates of IL-1§ and IL-6 proteins
(shown as kout ;3 and kout . in Fig. 1), are
represented by kinyp - (IL1-fyg0/IL1-fpg) and
kil’lj,p . (IL-GMo/IL-6p0).

Dynamics of the bone remodeling system in
healthy rats

The RANKL and OPG concentration-time profiles were
fitted in a model expanded from a bone turnover model
proposed by Lemaire et al. to describe the interactions
between osteoblasts and osteoclasts during bone remodel-
ing (Lemaire et al. 2004). This model was developed
based on the effects of PTH and TGF-f5, which are two

© 2015 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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important mediators regulating calcium homeostasis and
bone remodeling, and it incorporates the regulation of the
RANK/RANKL/OPG pathway in osteoblast/osteoclast
activities. The original model, when unaltered, can describe
the steady state and relationships of all the components,
including, responding osteoblasts (ROB, referred as “R” in
the Lemaire model), active osteoblasts (AOB, referred as
“B” in the Lemaire model), active osteoclasts (AOC,
referred as “C” in the Lemaire model), RANKL, and OPG.

In our model, most parameters remain the same as in
the Lemaire model, while some are modified to fit the
experimental data. Under healthy conditions, the dynamics
of ROB, AOB, AOC, RANKL, and OPG are described by

AROB D
= Dy - rgr — —— - ROB, ROB(0) = ROB, (3)
dt TUTGE
dAOB D
=2 .ROB — ks - AOB, AOB(0) = AOB, (4)
dt TTGE

dAOC
= D¢ - — Dy - -AOC
dt C * TRANK A * TUTGF s (5)

AOC(0) = AOC,

where Dy and D are the differentiation rate constants of
osteoblast progenitors and osteoclast precursors, and kg
and D, are elimination rate constants of active osteoblasts
and osteoclasts. Dy is the product of a fixed proportion
(fo) and the differentiation rate constant of responding
osteoblasts (dp). The mrgr and mrank are receptor occu-
pancies of TGF-f and RANK as given by

AOC + fy - AOC®

- 6

TIGE = 700C + AOCS ©
KL k

nRANK:?:k_z’L (7)

where AOCS is half the concentration of active osteoclasts
yielding maximum TGEF-f receptor occupancy, KL is the
concentration of RANK-RANKL complex, K is the con-
centration of RANK, and k; and k, are the binding and
dissociation rate constants of the RANK-RANKL com-
plex. The equation for the pseudo steady-state concentra-
tions of RANKL (L) and OPG (O) are as follows:

kinL -AOB

L:
1+ks/ks-K+1/Kq-O
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kino

0= ko

-ROB )

where kin; (shown as kin gankr in Fig. 1) is the produc-
tion rate constant of RANKL, Ky is the equilibrium disso-
ciation constant of the OPG-RANKL complex, and king
and ko are the production and loss rate constants of
OPG (shown as kin opg and kout gpg in Fig. 1). In the
Lemaire model, productions of RANKL and OPG are
subject to PTH binding and are governed by PTH recep-
tor occupancy (mp). Since experimental data for both
RANKL and OPG were obtained in our study, we esti-
mated their production rate constants. The use of one
parameter (king or king) is for simplicity and to mini-
mize overparameterization. The Ky for the OPG-RANKL
complex is used instead of separate binding and dissocia-
tion rate constants (k,/k;) for the same purpose. Details
of the derivations of equations 7-9 can be found in sup-
porting information Data S1.

Dynamics of the bone remodeling system in CIA
rats

Under arthritic conditions, proinflammatory cytokines are
stimulated and they can affect the bone turnover process
via multiple pathways. The ultimate result of these effects
is bone loss, with is a significant risk in RA. There are
numerous reports in the literature studying the mecha-
nisms by which TNF-o, IL-1f, and IL-6 disrupt the osteo-
blast/osteoclast balance in RA. We aimed to include those
mechanisms that are most commonly recognized and test
their suitability in explaining our experimental data.
The relationships between the inflammatory cytokines and
the important components in bone remodeling and the
model that can best describe our data are delineated below.

TNF-o is often regarded as one of the dominant medi-
ators in RA and is also a potent inducer for other cytoki-
nes (Karmakar et al. 2010). In bone remodeling, TNF-o
has been shown to inhibit the differentiation and matura-
tion of osteoblasts (Gilbert et al. 2000; Nanes 2003), and
stimulate the formation and activity of osteoclasts
through both RANKL-dependent and —independent path-
ways (Goldring 2002; Walsh et al. 2005). TNF-o can
directly increase the numbers of osteoclast precursors
through up-regulation of c-Fms expression (Yao et al.
2006), and promote osteoclast differentiation with IL-1o
(Kobayashi et al. 2000). It can induce the expression of
RANKL in bone marrow cells (Wei et al. 2005) and acti-
vate RANKL signaling pathway (Lam et al. 2000).

IL-1f also stimulates the production of RANKL in
bone. Some studies suggested that the regulation of IL-1f
on RANKL expression may be downstream of the TNF-a-
mediated bone destructive cascade (Wei et al. 2005;
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Zwerina et al. 2007), but there are also other studies that
suggested this mechanism is TNF-a-independent (Ma et al.
2004; Wei et al. 2005). In vitro evidence from Wei et al.
indicated that expressions of IL-1 receptor 1 (IL-1R1) were
up-regulated in osteoclast precursor cells after addition of
TNF-0, and, in turn, IL-1 augmented the osteoclast differ-
entiation via the RANKL pathway. On the other hand, in
IL-1R1 deficient mice, administration of TNF-« resulted in
around 50% reduction in osteoclastogenesis, suggesting
TNF-o can mediate this process without IL-18 (Wei et al.
2005). IL-1f has also been shown to have a direct stimula-
tory effect on osteoclasts (Goldring 2002; Walsh et al.
2005; Lorenzo et al. 2008). In the absence of osteoblasts,
IL-1 can induce the maturation and bone-resorbing activity
of osteoclasts (Jimi et al. 1999).

IL-6 has been shown to regulate bone resorption via the
differentiation and maturation of osteoclasts (Goldring
2002; Lorenzo et al. 2008), and this may be mediated in a
RANKL-independent manner (Kudo et al. 2003). Its effect
on the RANKL-mediated pathway is controversial. Some
studies suggested that it directly or indirectly induces
RANKL expression (Palmqvist et al. 2002; Hashizume
et al. 2008), but there are also studies that had contradic-
tory results (Braun and Zwerina 2011; Suzuki et al. 2011).
Liu et al. investigated the crosstalk between IL-6 and pros-
taglandin E, (PGE,) signaling pathways and how they gov-
ern osteoclastogenesis (Liu et al. 2005), and found that IL-
6 participated in cyclooxygenase (COX)-2 mediated PGE,
synthesis, which can promote osteoclast production
though inhibition of OPG and stimulation of RANKL.
There is also a positive feedback mechanism between
PGE, and IL-6 in bone, by which one can augment the
secretion of the other. The results of the Liu study also
suggested that IL-6/PGE,-mediated osteoclastogenesis is
mainly via the blockade of OPG production, whereas the
increase in RANKL expression is minimal.

Since DEX is a potent immunosuppressant and is effec-
tive in eliciting a broad array of immune responses, it is
difficult to differentiate its specific effects on bone remod-
eling apart from the suppression it causes in cytokines. It
is well known that prolonged use of DEX and other glu-
cocorticoids cause bone loss and fractures (Cooper et al.
1995), but its exact mechanism is not clear. Studies have
suggested that DEX may directly or indirectly stimulate
the production of osteoclasts via the RANKL pathway
(Auphan et al. 1995), and prevent apoptosis of osteoclasts
(Weinstein et al. 2002; Kim et al. 2006). Although the
lifespan and number of osteoclasts may be increased by
DEX, it suppresses the bone-resorbing activity of osteo-
clasts (Kim et al. 2006). The reduction in bone-resorbing
activity is likely due to the disruption of the osteoclast
cytoskeleton mediated by a macrophage colony-stimulat-
ing factor (M-CSF)-dependent pathway (Kim et al. 2006).

© 2015 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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The final effect of DEX on BMD in CIA rats is essentially
the result of these complicated interactions.

Taking all of these findings into consideration, the
selected model was constructed with the change in each
cytokine or DRy from its baseline affecting the compo-
nents in the Lemaire model. It should be noted in the
model, TNF-a (TNF-o;) represents mRNA concentra-
tions as described in the Earp et al. article, whereas IL-1f
(IL-18p) and IL-6 (IL-6p) represent protein concentra-
tions as described in equations 1 and 2. The equations
are as follows:

, kinL . AOB/

maxy,

Dexamethsone Effects on Bone in Arthritic Rats

Receptor occupancies (nrgp and 7rank’), RANKL (L),
and OPG (O’) in CIA rats were modeled as follows:

AOC' + f, - AOC®

= 13
TG = TA0C + AOCS (13)
k
TRANK = k—3 U (14)
4

" 1+k/k K+1/K;- O

dROPB'
dt

= Dg - mrgp
( (TNF-oiy; — TNF-tnpgo) )

~ ICINF* 4 (TNF-opf — TNF-onyo)
Dy

. ROB',
TTGF
ROB (0) = ROB,
(10)

N SINE=2 . (TNF-op; — TNF-01pp0)
SCI ™ + (TNF-o — TNF-ovo) - SCls ¥ 4+ (IL-1fp — IL-1p)

Sﬁ;(iﬂ : (IL'lﬁP - IL_lﬁPO) ) (15)

(IL-6p — IL-6pg)

o kino _ (16)
IC° + (IL-6p — IL-6p9)

O’—-ROB’-(I

ko

where S;I;If;“ and Sg;;(iﬁ reflect the stimulation of RANKL
production by TNF-o and IL-1p, SCE&?F’“ and SCISI()ZM
are sensitivity constants, and ICIS%)E(’ is the sensitivity con-

stant for inhibition of OPG production by IL-6.

Dynamics of TRACP-5b

TRACP-5b is derived from osteoclasts and is a marker for
bone resorption (Halleen et al. 2000). In our model,
TRACP-5b concentrations are linked to active osteoclasts
(AOC), by which the ratio change controls the progres-

S”"‘/{.(IL-1ﬁP*IL_1ﬁP°)

maxg

dAOB" D
=" .ROB' — ks - AOB’, AOB'(0) = AOB,
dt TTGF
(11)
S:;I:I:714(TNF-06M7TNF-O<M0)
. - e
dAdgc’ De - mran (1+SC;})\ICMJr(TNF-aM7TNF-txMo)

- - Sng L6, 1L-6w)
SCh (L6, -1L-610)

where ROB/, AOB’, and AOC' are the concentrations of
responding osteoblasts, active osteoblasts, and active
osteoclasts after CIA induction, ICE(I)\;F’“ is the sensitivity
constant of the inhibition by TNF-a on osteoblast pro-
. TNF—2 QIL—1 L6 : :
duction, S % SmaXCﬂ and S, reflect stimulation of
production of osteoclasts by cytokines TNF-o, IL-1f,
and IL-6, while SCE(TF_“, SC%_U; , and SC@%‘6 are the
C C C
respective sensitivity constants, and IEEE and IC%EN are
the parameters regarding the effect of DRy on osteoclast
apoptosis.
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) — Dy - mrgp - AOC' - (1 e

SC{L’]/{+(IL'lﬁP*IL_lﬁPO)

50c
i (DRy-DRy) ) ,AOC'(0) = AOC, (12)
ICo™+(DRy~DRyo)

50¢

sion of TRACP-5b. The equation for TRACP-5b in CIA
rats and its temporal changes after DEX is as follows:

ATRACP-5b AOC
S L ke ()G
dt inr- (o,
oy Imay - (DRy - DRyo)"™""
(ICERNY™T 4 (DRy — DRy )"
kinT
— =T (TRACP-5b),
TRACP-5b, ( )

TRACP-5b (0) = TRACP-5b,
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where kiny is the production rate constant of TRACP-5b
(shown as kin tpacpsp in Fig. 1), yc is the amplification
factor IEE,I: , and ICIS)OIEN are the capacity and sensitivity con-
stants for inhibition of TRACP-5b by DRy, and ypr is the
Hill function for the inhibition. The elimination process
(koutr, shown as kout tracpsp in Fig. 1) is given by (kiny)/
(TRACP-5b,). TRACP-5b, is the baseline concentration

and is the average value in healthy rats.

Dynamics of bone mineral density

Bone mineral density (BMD) data were obtained previously
(Earp et al. 2008a,b). BMD is determined by the balance
between osteoblasts and osteoclasts. In our model, the pro-
duction of bone turnover is linked to the ratio change in
active osteoblasts (AOB), and the bone breakdown process
is connected to the ratio change in active osteoclasts
(AOC). Since the model was built to describe the whole
bone system at the steady state, the profiles of AOB and
AOC in healthy rats are flat and the ratio changes remain 1.
Thus, in healthy animals the effect of AOB or AOC on
BMD is not turned on and the equations are as follows:

dBMDix . kin g
Tk —— . (BMD
dt MR = S Dy (PMPLR)
BMDyr (18)
Kuow - BMDpg - [ 1 — ———R )
+ gro’ LR < BMDLRSS)
BMDi(0) = BMDyo
AdBMDrg . kintg
YT fingg — —F(BMD
dt N~ E Dy (oMP1e)
BMDry (19)
k -BMDpg- (1 ———
+ grow TF < BMDTFSS)’
BMDr5(0) = BMDrpo
dBMDpp . kinpg
EDF  kinpg — ——2F . (BMD
dr OF = BN Doy (BMPor)
BMDpr ) (20)
+ Kyron - BMDpg - (1—7 ,
& b BMDprss
BMDp(0) = BMDpyo
dBMDMF . kil’lMF
POVIME _ fingg — —— M (BMD
dt E = B Dy (EMPME)
BMDyr (21)
Kevow - BMDyp - [ 1 — ——2ME )
+ gro MEF ( BMDMFSS)

BMDyy(0) = BMDyo
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dBMDEF . klIlEF
—— =k —— - (BMD
dt e~ S MDyyy (PMPer)
BMDgr (22)
korow - BMDgp - (1 — ———— ],
+ gro EF ( BMDEFSS)

BMDg;(0) = BMDggo

A logistic function was used in each bone region to
describe the natural growth (with rate constant kgq,,) of
the bone. Parameters kin; g, kintg, kinpg, kinygg, and kingg
are the production rate constants of lumbar vertebrate
regions 1-4 (LR), total femur (TF), diaphyseal femur
(DF), metaphyseal femur (MF), and epiphyseal femur
(EF). The BMDiro, BMDygo, BMDpro, BMDyro, and
BMDgg, are the baseline values of BMD in the respective
regions, and BMDjgss, BMDtgss, BMDpgrss, BMDygss,
and BMDggss are the steady-state BMD values at the end
of the experiment.

For CIA rats, the ratio changes of AOB and AOC dur-
ing natural disease progression and after DEX are incor-
porated in the equations as follows:

dBMDyx AOB'\ "Bix
———— =kinpy -
dt R\ AOB,

. ,C
klnLR AOC/ TR
— % (BMDn) - [ ———
BMDy o (BMDyr) (Aoc0 (23)
BMD,
kgrow - BMDpgr - [ 1 — ——
+ grow LR ( BMDLRSS)

BMD, (0) = BMDygo

dBMDry: AOB' Bre
—— =kin R
dt T\ AOB,

ity ) A0C Cre
BMDrro T\ A0G, (29)
BMDrp
Kero - BMDpp - [ 1 — ——— 1)
+ gro TF ( BMDTFSS)
BMD1p(0) = BMDryo
! VBDF
dBMDpp AOB
abMbor .
dt PE\ AOB,
. Ne
kinpg AOC N\ "+PF
— 2 (BMDpp) - [ —=
BMDpyo (BMDpr) (AOC0
BMDpp
Kerow - BMDppr - 1 — ——2F )
s or ( BMDDFSS>

BMDpy (0) = BMDpyo
(25)
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/ }'BMF
dBMDyr AOB
AOVIME i | 2
dr MET{AOB,
. +C
kinyg AOCH "™Mr
~ IME BMDyp) -
BMDyro (BMDyir) (AOC0
BMDyp
krow'BMD R B ’
the ME ( BMDMFSS)
BMDyp (0) = BMDyro
(26)
dBMDgr: _ AOB' 7Ber
AOVEE e - [
dt 7\ AOB,
kinee i - (AOC 1Car
BMDrro 7\ aoG
BMDgp
+ kgrow : BMDEF’ : (1 - 7}31:)7
BMDggss
BMDyr (0) = BMDggo
(27)

where yBig, YBrp YBpp YBwmr and yBgg are the amplifica-
tion factors of the effects of AOB on the production of
BMD in the five bone regions, and yCir, YCrg YCpp YCump
and yCgr are the amplification factors of the effects of AOC
on the loss of BMD in the respective bone regions. This por-
tion of the model resembles the equation used previously to
model the progression of lumbar spine BMD in humans
after treatment with denosumab (Peterson and Riggs 2012).

Model fitting and data analysis

The area under the effect curves (AUEC) of concentra-
tion-time profiles of the IL-1f, IL-6, RANKL, OPG, and
TRACP-5b in healthy, CIA, and DEX-dosed CIA rats
were statistically compared by the two-sided Bailer-Sat-
terthwaite method (Bailer 1988; Nedelman et al. 1995),
and the t-statistic was calculated as follows:

- AUECc — AUEC,
V/$2(AUECc) + s2(AUEC,)

Tobs (28)

where AUEC: and AUEC, are the AUEC of the control
rats and CIA rats, and s> (AUEC) is the variance of the
AUEC. The profiles were considered statistically different
if tops > 2.58, which is the Bonferroni-corrected critical
value (z.;) in this analysis.

Model fittings were performed by nonlinear regression
analysis using the maximum likelihood algorithm in the
ADAPT 5 program (D’Argenio et al. 2009). Profiles of nat-
ural disease progression and all DEX dosing groups were
fitted simultaneously and data from all the animals were
naive-pooled. The IL-1f, IL-6, RANKL, and OPG protein
concentration-time profiles were fitted first, and the result-
ing parameters were fixed and applied to fit the TRACP-5b
and BMD data. The variance model used is as follows:
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Vi= (0,40, V)’ (29)

where V; represents the variance of the ith data point, g,
and o, are variance model parameters, and Y; is the ith
model prediction. A separate variance model was applied
for each biomarker or disease endpoint. The final model
was selected based on the success of minimization, mod-
eling fittings, and reasonability and precision of parameter
estimation.

Results

Measurements of protein concentrations in
paw extracts

Our initial interest was to measure the protein concentra-
tions of the three cytokines assessed in the Earp model
(TNF-o, IL-1f, and IL-6) and incorporate them into the
current model. We successfully measured and imple-
mented the profiles of IL-1f8 and IL-6 protein concentra-
tions in rat paws. However, preliminary experiments
showed that the TNF-o protein concentration was not
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Figure 2. Disease progression of IL-18 and IL-6 mRNA and protein
concentrations in CIA rats. Mean mRNA and protein concentrations at
each time points were normalized with their respective baseline
concentrations obtained on the first sacrifice time (day 9, 216 h post-
induction). Solid and open circles depict normalized mRNA and
protein profiles, and accompanying lines are normalized model
predictions.

2015 | Vol. 3 | Iss. 5 | e00169
Page 9



Dexamethsone Effects on Bone in Arthritic Rats

detectable, and hence it was not included in our model
development. Instead, mRNA concentrations of TNF-«
was included in the modeling analysis of this study.

Dynamics of IL-18 and IL-6 proteins

Comparison of IL-1§ and IL-6 mRNA and protein dis-
ease progression profiles is shown in Figure 2. The cyto-
kine mRNA profiles were adopted from our previous
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Figure 3. Disease progression and PD of DEX for IL-18 and IL-6
protein concentrations in CIA rats. The gray areas indicate the range
of baseline concentrations (mean #+ SD) in healthy animals.
Symbols and lines depict data from CIA control (A, long dashed line),
CIA receiving single 0.225 mg kg~' dose (O, short dashed line),
CIA receiving single 2.25 mg kg~" dose (¢, dotted line), and CIA
receiving chronic doses of 0.225 mg kg~" groups (O, long dashed-
dotted line). Model predictions for the respective groups are depicted
by accompanying lines. CIA, collagen-induced arthritic; DEX,
dexamethasone; PD, pharmacodynamic.
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study (Earp et al. 2008b). It appeared that the mRNA
and protein concentration profiles for both IL-1f and IL-
6 correlated well, and the disease-state stimulation of
mRNA was much higher than for the protein products.
The disease onset times for mRNA and protein were sim-
ilar, and the protein profiles of both cytokines generally
followed the tendencies of their mRNA expressions (Earp
et al. 2008b), where the concentration reached a steady
state for IL-1f3, and rose and fell off for IL-6 after disease
onset.

Figure 3 depicts the profiles of IL-1f and IL-6 proteins
in rat paws during CIA natural disease progression and
DEX dosing. DEX caused a rapid drop in the protein
concentrations of both cytokines in a manner similar to
its effects to mRNA (Earp et al. 2008a). Chronic DEX
effectively suppressed both cytokines to their baseline
concentrations during the dosing period and the profiles
returned to predose state after dosing is terminated.

Comparisons of AUEC revealed that CIA rats had sig-
nificantly higher expressions of IL-1§ (7.47 pmol
mg_protein ' h) and IL-6 (2.11 pmol mg_protein ' h)
than in healthy rats (1.06 and 1.17 pmol mg_pro-
tein~' h). After dosing, the AUEC of IL-1f in CIA rats
receiving single 0.225 mg kg~ ', single 2.25 mg kg~ ', and
chronic 0.225 mg kgfl SC DEX are 3.41, 2.57, and
1.52 pmol mg_protein ' h and were statistically lower
than in CIA control rats and were significantly different
from each other. For IL-6, the AUECs after dosing were
1.56, 1.09, and 0.704 pmol mg_plrotein_1 h, respectively.
The chronic dosing group exhibited significantly lower
IL-6 than the CIA control and single-dose groups. No dif-
ference was found between the CIA control and CIA sin-
gle-dose rats for IL-6.

The proposed model provided reasonable fittings of the
profiles of both cytokines in CIA natural disease progres-
sion and under DEX dosing (Figs. 2, 3). There was a
slight underestimation of protein concentrations of IL-1f
during the rising phase in the CIA rats, (Fig. 3), which
corresponds to the overestimation at the plateau phase in
the normalized profiles in Figure 2. However, it was

Table 1. Model parameter estimates for the dynamics of IL-1f and IL-6 proteins.

Parameter (Units) Definition Estimate VvV %

kinze (pmol h~" nmol_mRNA™") Synthesis rate constant for IL-1f protein 3.94 x 10°° 7.45

S, Proportionality constant of disease-stimulated 0.454 0.674
IL-18 mRNA and protein

IL-18p0 (pmol mg_protein~") IL-18 protein baseline 0.00129 FIXED

kinsp (pmol h™" nmol_mRNA™") Synthesis rate constant for IL-6 protein 1.63 x 1074 38.2

S3 Proportionality constant of disease-stimulated 0.00332 533
IL-6 mRNA and protein

IL-6p0 (pmol mg_protein~") IL-6 protein baseline 0.00116 FIXED

CV %, coefficient of variation.
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acceptable, given that there are considerable variabilities
among the CIA animals and the plateau phase was ade-
quately captured. The parameter estimates for IL-1f and
IL-6 proteins are listed in Table 1. The synthesis rate con-
stants for IL-1f and IL-6 were 3.94 x 107° and
1.63 x 10°* pmol mg_protein71 h™! nmol_mRNA"},
reflecting the slow translation process from mRNA to
protein. The proportionality constants (S, and S;)
between mRNA and protein concentrations for IL-1f and
IL-6 were 0.454 and 0.00332.

Dynamics of the bone remodeling system

The predicted profiles of ROB, AOB, and AOC under
healthy and CIA conditions are presented in Figure 4. In
healthy animals, ROB, AOB, and AOC are at homeostasis
and the model predictions showed that the profiles of the
three components remained flat throughout the study
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Figure 4. Model predicted concentration-time profiles of responding
osteoblasts, active osteoblasts, and active osteoclasts under healthy
(solid lines) and CIA disease (long dashed lines) conditions. CIA,
collagen-induced arthritic.

© 2015 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
British Pharmacological Society and American Society for Pharmacology and Experimental Therapeutics.

Dexamethsone Effects on Bone in Arthritic Rats

period. Under the arthritic conditions, the simulations
indicated that both ROB and AOB gradually declined and
reached new steady states, whereas AOC demonstrated a
rise and fall profile similar to IL-6.

Figure 5 shows the disease progression and PD of DEX
for RANKL and OPG proteins. The profile of RANKL
disease progression in CIA rats exhibited a similar pattern
to IL-6, where it rose around day 14 (336 h) post-induc-
tion, peaked at around day 21 (504 h), and then gradu-
ally declined. Analysis of AUEC showed that RANKL was
significantly higher in CIA rats (4.10 pmol mg_pro-
tein"' h) than in healthy rats (1.25 pmol mg_pro-
tein~' h). DEX rapidly decreased RANKL expression after
administration, and there was a small rebound of RANKL
concentration after dosing ceased. Chronic DEX caused a
sustained suppression of RANKL during the dosing per-
iod, and the reduction caused RANKL to drop below the
baseline concentration (as shown in Fig. 5). Postdose

0.1

RANKL (pmol/mg protein)

le=2 1

le-3 {

le-4

OPG (pmol/mg protein)

le-5 T T T !
200 400 600 800 1000

Time (hours post-induction)

Figure 5. Disease progression and PD of DEX for RANKL and OPG
protein concentrations in CIA rats. The gray areas indicate the range
of baseline concentrations (mean + SD) in healthy animals. Symbols
and lines depict data from CIA control (A, long dashed line),
CIA receiving single 0.225 mg kg~ dose (O, short dashed line),
CIA receiving single 2.25 mg kg~' dose (¢, dotted line), and CIA
receiving chronic doses of 0.225 mg kg™" groups (O, long dashed-
dotted line). CIA, collagen-induced arthritic; DEX, dexamethasone; PD,
pharmacodynamic; OPG, osteoprotegerin.
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Table 2. Model parameter estimates for the bone remodeling system.

Parameter (Units) Definition Estimate CV %
Dg (pmol L~ 'h™") Differentiation rate of osteoblast progenitors 292 x 10°° FIXED
fo Fixed proportion 0.05 FIXED
AOC® (pmol L™ Value of C to get half differentiation flux 5x 1073 FIXED
dg (h™1) Differentiation rate of responding osteoblasts 0.0292 FIXED
kg (™1 Elimination rate of active osteoblasts 7.88 x 1073 FIXED
ks (pmol L=" h~T) Rate of RANK-RANKL binding 242 x 107° FIXED
ks (h7T) Rate of RANK-RANKL dissociation 7.08 x 107% FIXED
ko (W™ Elimination rate of OPG 0.0146 FIXED
Da(h™" Osteoclast apoptosis rate due to TGF-f8 0.0292 FIXED
K (pmol L™ Concentration of RANK 10 FIXED

ROB, (pmol L)
AOBg (pmol L)
AOCq (pmol L7
kin, (pmol mg_protein~" h~" pmol L™")

Responding osteoblast baseline
Active osteoblast baseline
Active osteoclast baseline
Production rate constant of RANKL 46.5 73.8

7.73 x 1074 FIXED
7.28 x 1074 FIXED
9.13 x 107* FIXED

K4 (pmol mg_protein~") Dissociation rate constant of RANKL-OPG 1.21 x 1074 76.4
kino (pmol mg_protein™" h~" pmol L") Production rate constant of OPG 0.0224 29.0
Dc (pmol L™" h™") Differentiation rate of osteoclast precursors 0.0757 41.7
S Stimulation of RANKL via TNF 0.0554 130
S Stimulation of osteoclasts via TNF 0.0231 327
Shanl Stimulation of RANKL via IL-14 457 28.9
Shax Stimulation of osteoclasts via IL-1f 0.0198 122
S#;fc Stimulation of osteoclasts via IL-6 0.0599 252
IPRN . Inhibition of osteoclasts by DRy 0.423 46.0
ICI ™ (pmol mg_RNA™) Sensitivity of TNF inhibition on osteoblasts 0.0138 457
SChy * (pmol mg_RNA™") Sensitivity of TNF stimulation on RANKL 0.0659 234
SChy. * (pmol mg_RNA-1) Sensitivity of TNF stimulation on osteoclasts 0.00425 485
SC'SL(;L”’ (pmol mg_protein™") Sensitivity of IL-1f stimulation on RANKL 0.0137 49.6
SCs,."” (pmol mg_protein™") Sensitivity of IL-18 stimulation on osteoclasts 7.20 x 10°* 280
SCk.° (pmol mg_protein™") Sensitivity of IL-6 stimulation on osteoclasts 7.02 x 1074 77.8
IC‘SLO’O6 (pmol mg_protein™") Sensitivity of IL-6 inhibition on OPG 0.0294 82.5
ICZN (nmol L) Sensitivity of DRy inhibition on osteoclasts 549 x 1077 310

CV %, coefficient of variation; RANKL, receptor activator of nuclear factor kappa-B ligand; OPG, osteoprotegerin.

AUECs of RANKL were 1.86, 1.63, and 1.19 pmol mg "
protein”' h  after  single 0.225 mg kg™',  single
2.25 mg kg~', and chronic 0.225 mg kg~' DEX, and sta-
tistical analyses showed that these are all significantly
lower than CIA control rats. The AUEC values also dif-
fered among all the treatment groups.

OPG, as a decoy receptor of RANKL, showed an oppo-
site profile compared to RANKL after CIA induction. At
around the time (day 14 post-induction) that concentra-
tions of cytokines and RANKL began to rise, OPG started
to drop and then reached a new steady state around day
21 (504 h). This decrease is statistically significant with
AUECs of 0.833 and 0.552 pmol mg protein™' h for
healthy and CIA rats. The effects of DEX on OPG disease
progression appeared to be modest and no significant dif-
ference was revealed when comparing the AUEC of the
CIA control rats with any of the dosing groups. However,
there seemed to be a slightly increasing trend observed in
the chronic dosing group (Fig. 5).
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The parameter estimates of the system are listed in
Table 2. All fixed parameters were adapted from the
Lemaire model. The two parameters reflecting the activity
of osteoblasts and osteoclasts that were estimated are Ky
(dissociation rate constant of the RANKL-OPG complex)
as 1.21 x 10~* pmol mg_protein™ ' and D (differentiation
rate of osteoclast precursors) as 0.0757 pmol L' h™".
The estimate for the production rate constant of RANKL
(king) was 46.5 pmol mg_protein' h™' pmol L' and
was 0.0224 pmol mg_protein~' h™! pmol L™ for OPG
(king). Estimates of S, revealed that IL-1f (4.57) had a
stronger effect on the production of RANKL than TNF-u«
(0.00554). The effect of IL-6 (0.0599) on the stimulation of
osteoclasts was higher than both TNF-o (0.0231) and IL-1
(0.0198). Estimates of ICsy and SCs, suggested that all three
cytokines had sensitive effects on osteoclasts. The SCsy of
TNE-o on osteoclasts was 0.00425 pmol mg RNA™',
which is lower than its effect on osteoblasts (IC5, = 0.0138
pmol mg_RNAfl) and on RANKL (SCsy = 0.0659 pmol

© 2015 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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Figure 6. Disease progression and PD of DEX for TRACP-5b in CIA
rats. The closed circles (@) depict healthy animals. The gray area
indicates the range of baseline concentrations (mean + SD) in healthy
animals. Symbols and lines depict data from CIA control (A, long
dashed line), CIA receiving single 0.225 mg kg’1 dose (O, short
dashed line), CIA receiving single 2.25 mg kg™ dose (¢, dotted line),
and CIA receiving chronic doses of 0.225 mg kg~ groups (O, long
dashed-dotted  line). CIA,  collagen-induced  arthritic;c ~ DEX,
dexamethasone; PD, pharmacodynamic; TRACP-5b, tartrate-resistant
acid phosphatase 5b.

Table 3. Model parameter estimates for the dynamics of TRACP-5b.

Parameter (Units) Definition Estimate CV %

kinf(UL"h™") Synthesis rate constant 0.0918 34.6
for TRACP-5b

TRACP-584 (U L’1) TRACP-5b baseline 0.570 FIXED

yC Amplification factor of 1.38 4.31
osteoclasts on TRACP-5b

RN Inhibition of TRACP-5b 0.678 220
by DRy

|c'§gj“ (nmol L) Sensitivity constant of DRy~ 31.1 8.29
inhibition on TRACP-5b

Vo1 Hill function of the DRy 10 FIXED

inhibition on TRACP-5b

CV %, coefficient of variation; TRACP-5b, tartrate-resistant acid phos-
phatase 5b.

mg_RNAfl). The stimulation of IL-1f on osteoclasts
(SCso = 7.20 x 104 pmol mg_proteinfl) was more sensi-
tive than its effect on RANKL (SCso = 0.0137 pmol
mg_protein '). The sensitivity of IL-6 on osteoclasts was
7.02 x 10~* pmol mg_protein~', which is also much lower
than its sensitivity on OPG inhibition (ICsq =
0.0294 pmol mg_protein™').

Dynamics of TRACP-5b

Concentration-time profiles, the TRACP-5b, and pre-
dicted profiles of active osteoclasts (AOC) after DEX

© 2015 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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dosing are shown in Figure 6. Disease progression of
TRACP-5b after CIA induction exhibited a profile similar
to that of RANKL or IL-6 and had the typical pattern of
delay, rise to peak, and then fall off (Fig. 6). Statistical
analysis indicated that the AUEC of TRACP-5b expres-
sion in CIA rats (1444 U g_protein™ "-h) was significantly
higher than in healthy rats (356 U g_protein~'-h). DEX
dosing effectively decreased TRACP-5b concentrations,
and all DEX dosing groups had a significantly lower
AUEC (608, 433, and 527 U g_protein~ "h after single
0.225 mg kg ', single 2.25mgkg ', and chronic
0.225 mg kg ' doses) than the CIA control rats after
drug administration at day 21. No differences were
revealed among the DEX dosing groups.

Since TRACP-5b is a marker of bone resorption, it was
of interest to compare its progression with that of the
bone-resorbing osteoclasts. The proposed model assumed
that DEX not only affected the apoptosis of osteoclasts
(i.e. Ig&}i and IC?OIEN), but also inhibited their activity(i.e.
IE&E and IC?&N ) and hence decreased the production of
TRACP-5b. Model fittings (Fig. 6) indicated that the
model well captured the rapid drop of TRACP-5b con-
centrations after DEX, reflecting the suitability of this
model to explain the PD of DEX on TRACP-5b disease
progression. The parameter estimates are listed in
Table 3. All parameters were estimated with good preci-
sion (low CV %). The maximum inhibition on TRACP-
5b production by DEX (IPRN) was estimated to be 67.8%,

maxr

with ICISDO}iN of 31.1 nmol L%

Dynamics of bone mineral density

The profiles of BMD in the five bone areas (lumbar verte-
brate 1-4, total femur, diaphyseal femur, metaphyseal
femur, and epiphyseal femur) are shown in Figure 7. In
healthy rats, there were gradual increases in BMD of all
five bone regions during the experiment period, and the
logistic model well captured these behaviors. In CIA rats,
bone loss began at around 420 h after disease induction,
and BMD stayed low throughout the rest of experiment.
DEX chronic dosing at 0.225 mg kg~ ' did not seem to
have strong protective effects against bone loss, and in
most cases the profiles after DEX largely overlap with the
natural disease progression profiles. By linking the bone
formation process with the osteoblasts and the bone
breakdown process with the osteoclasts, our proposed
model could reasonably describe the BMD during disease
progression and DEX effects in all five bone regions.
Parameter estimates (in Table 4) showed that kin values
for all bone regions have small (about
1 x 107" g cm™? h™"), reflecting the slow bone turnover
process. The AOB and AOC appeared to have various
degrees of contribution toward the five bone regions,

values
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Figure 7. Profiles of BMD in different bone regions in healthy (@)
and CIA rats. Symbols depict data from CIA control (A) and CIA rats
receiving chronic doses of 0.225 mg kg~' DEX (O). Lines depict
model predictions in corresponding groups. BMD, bone mineral
density; CIA, collagen-induced arthritic; DEX, dexamethasone; RANKL,
receptor activator of nuclear factor kappa-B ligand.

which are reasonable considering the differences in
their bone compositions. It is also interesting that the
estimates of the amplification factors (yBigr = 0.170
and yCrg = 0.0542) for lumbar vertebrate 1-4 (LR) are
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surprisingly close to the values reported by Peterson and
Riggs for lumbar spine (yop = 0.0739 and yoc = 0.0679)
(Peterson and Riggs 2012).

Discussion

In this study, we aimed to incorporate as many
biomarkers as possible in order to construct a more
comprehensive model for RA. We also attempted to
measure TNF-o protein, but it could not be detected in
the paws of either healthy or CIA rats. This is consistent
with findings in a previous study (Stolina et al. 2008).
The joint damage caused by TNF-a may be further
mediated by IL-1 (Zwerina et al. 2007), where IL-1 aug-
ments the TNF-a-activated RANKL up-regulation (Walsh
et al. 2005; Karmakar et al. 2010). Our model seemed to
support these findings. The estimated sensitivity con-
stants for RANKL induction  were SCEé\iF_“ =
0.0659 pmol mg RNA™' (4.40-fold from the baseline
value  0.0150 pmol mg RNA™') for TNF-z, and
SC?@:W =0.0137 pmol mg_protein~' (10.6-fold from the
baseline value 0.00129 pmol mg_protein~') for IL-1p.
This indicated that TNF-o responded to RANKL activa-
tion faster than IL-1f. Our results also showed that the
maximum effects on RANKL induction by TNF-a
(SITHIZ)}:L’“) and IL-1p (S}TLla’leﬁ) were 0.0554 and 4.57, which
is consistent with the findings that IL-1f was the main
mediator for RANKL induction.

TNF-o0 appeared to be the most sensitive in its
stimulation of osteoclast production (SCE&F’“ =
0.00425 pmol mg_RNA™") compared with its effects on
osteoblasts (ICE(I)\I]{F’“‘ =0.0138 pmol mg_RNA™')  and
RANKL (SCI* = 0.0659 pmol mg RNA™"), and this is
true for both IL-1f and IL-6 as well. These results suggest
that the immune cascade in RA primarily affects osteoclasts
in the regulation of bone loss and emphasizes the impor-
tance of osteoclasts. Other studies also found that osteo-
clasts are the primary driver for bone loss in RA, whereas
osteoblasts indirectly modulate the process (Walsh et al.
2005; Karmakar et al. 2010).

The disease progression of IL-15 and IL-6 proteins
appeared consistent with previous studies (Stolina et al.
2008). It also appeared that their protein concentrations
corresponded well with the mRNA profiles, which is
consistent with the findings in a CIA mouse model (Rioja
et al. 2004). The PD effects of DEX on IL-1f and IL-6
proteins resembled observations of their mRNA profiles,
and such relationships allowed the use of a simple pro-
portionality constant to link the mRNA and protein pro-
files. These suggested that IL-1f and IL-6 mRNAs are
good surrogates for assessing the dynamics of their pro-
tein concentrations in CIA rats, and the assumptions
which the Earp model applied were valid.

© 2015 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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Table 4. Model parameter estimates for bone mineral density.

Dexamethsone Effects on Bone in Arthritic Rats

Parameter (Units) Definition Estimate CV %
Kgrow (9 cm™> h™ 1) Natural growth rate of BMD 543 x 1073 15.8
Lo (g cm™) Lumbar vertebrate 1-4 initial BMD 0.110 FIXED
TFo (9 cm?) Total femur initial BMD 0.135 FIXED
DFo (g am?) Diaphyseal femur initial BMD 0.135 FIXED
MF, (g cm™) Metaphyseal femur initial BMD 0.140 FIXED
EFo (g cm™2) Epiphyseal femur initial BMD 0.100 FIXED
LRs (g cm™2) Lumbar vertebrate 1-4 steady-state BMD 0.129 12.4
TR (g cm™2) Total femur steady-state BMD 0.183 2.82
DF (g cm™2) Diaphyseal femur steady-state BMD 0.195 7.13
MFg (g cm™2) Metaphyseal femur steady-state BMD 0.233 13.9
EFs (g cm™?) Epiphyseal femur steady-state BMD 0.162 20.9
king (@ cm™2 h™") Production rate constant of lumbar vertebrate 1-4 BMD 1.98 x 1074 360
kine (g cm™2 h™") Production rate constant of total femur BMD 8.24 x 107° 80.1
kinpe (@ cm™2 h™T) Production rate constant of diaphyseal femur BMD 1.54 x 1074 124
kinge (@ cm™2 h™") Production rate constant of metaphyseal femur BMD 4.05 x 1074 68.4
king (g am 2 h) Production rate constant of epiphyseal femur BMD 2.83 x 1074 126
vBir Amplification factor of osteoblast on lumbar vertebrate 0.170 437
B¢ Amplification factor of osteoblast on total femur 3.19 151
vBor Amplification factor of osteoblast on diaphyseal femur 1.02 293
7Bme Amplification factor of osteoblast on metaphyseal femur 0.00643 373
yBer Amplification factor of osteoblast on epiphyseal femur 0.746 232
vCir Amplification factor of osteoclast on lumbar vertebrate 0.0542 480
vGre Amplification factor of osteoclast on total femur 0.528 136
vCor Amplification factor of osteoclast on diaphyseal femur 0.119 259
7Cuir Amplification factor of osteoclast on metaphyseal femur 0.588 46.0
vCer Amplification factor of osteoclast on epiphyseal femur 0.0827 225

CV %, coefficient of variation.

The disease progression profiles of RANKL and OPG
in CIA rat paws agreed with previous findings, where the
two progressed in the opposite direction and then reached
the steady state as time proceeded (Stolina et al. 2008). In
our study, RANKL:OPG ratios in CIA rats increased over
time and remained elevated at the end of the study,
which suggested the presence of active bone resorption.
Our model assumptions about the cytokine regulation of
RANKL, OPG, osteoblasts, and osteoclasts were all
obtained from the literature, and the modeling results
revealed that connecting these mechanisms together can
adequately explain the progression of RANKL and OPG
in RA and, surprisingly, also capture the PD effects of
DEX dosing.

Our results regarding the disease progression profile of
TRACP-5b confirmed the previous findings that TRACP-
5b is significantly raised after disease onset slightly later
than RANKL (Stolina et al. 2005). It was suggested that
secreted TRACP-5b represents the number of osteoclasts
(Alatalo et al. 2004; Rissanen et al. 2008). Thus, in our
model, we first attempted to link the ratio changes of the
AOC compartment directly to TRACP-5b, and it func-
tioned well in describing its disease progression. However,
DEX caused a much faster drop in TRACP-5b concentra-

© 2015 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,

tions than in the simulated AOC compartment, which
suggested there may be undescribed inhibitory pathways.
The inhibition described by Kim et al. regarding the DEX
effect on osteoclast function was then applied to fit the
data (Kim et al. 2006), and it appeared to capture the
profiles of TRACP-5b well.

By incorporating the ratio changes of AOB and AOC
into the formation and elimination processes of bone
turnover, our modeling well captured CIA disease pro-
gression and DEX PD profiles of the BMD in all five bone
regions. Although DEX could effectively suppress cytokine
expressions, it appeared that it only had modest effects
on BMD. This is likely because DEX can simultaneously
modulate the activity of osteoblasts and osteoclasts, and it
can shift the balance in both directions. This bidirectional
nature is the reason why dosages and dosing regimens are
critical for DEX monotherapy, and dose optimization is
important for DEX therapy to attain therapeutic benefits
and prevent bone loss.

We performed simulations to predict scenarios where
individual mediators (IL-1f, IL-6, or RANKL) are com-
pletely inhibited (Fig. 8). The effect of inhibition of IL-1/
or RANKL seems to be similar, resulting in comparable
degree of improvement in the BMD profiles and RANKL:
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Figure 8. Model predictions of time profiles of lumbar BMD, total femur BMD, active osteoblasts, active osteoclasts, and the RANKL:OPG ratios
under different potential therapeutic approaches. Therapeutic interventions were assumed to start at 504 h (21 days) post-induction and continue
to 1000 h. Solid and long-dashed lines depict the profiles in healthy and CIA rats. Lines show profiles under complete inhibition of indicated

agents. BMD, bone mineral density; CIA, collagen-induced arthritic;

osteoprotegerin.

OPG ratios. On the contrary, inhibition of IL-6 appears
to be the least effective in obviating bone loss. It was
shown that tocilizumab (anti-IL-6 antibody) may induce
OPG expression but not RANKL (Kanbe et al. 2012).
Although this matches our model predictions, it is impor-
tant to consider that the efficacy of anti-IL-6 therapy
against bone loss may be related to the Wnt signaling
pathway (Corrado et al. 2013), which was not included in
our model. The efficacy of tocilizumab toward bone loss
is likely to be resulted from both mechanisms.

It should be noted that there are limitations in our
model. One caveat is that some assumptions may be
oversimplified. An example is that simple additive rela-
tionships were assumed for processes where several medi-
ators simultaneously come into effect. This might not be
true considering the tight regulations among the cyto-
kines. For instance, TNF-o. and IL-1 may be synergistic
for their induction of RANKL (Wei et al. 2005). Another
point to keep in mind is the exclusion of other RA
pathological pathways or signals in our model. We
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RANKL, receptor activator of nuclear factor kappa-B ligand; OPG,

assumed that effects of hormones PTH and TGF-f on
bone were minimal compared with cytokines in RA, and
this is because most reports emphasize the roles of
cytokines and there have been controversies regarding the
roles of PTH (Af Ekenstam et al. 1990; Rossini et al.
2011) and TGF-f§ (Lorenzo et al. 2008; Rico et al. 2010)
in RA. There is also evidence that others pathways, such
as the Wnt signaling pathway and the IL-17 cytokine
family, are critical in RA but were not described in our
model. Owing to the model complexity, making such
assumptions is essential to describe our experimental data
together.

To fully appreciate the interplay between these cytoki-
nes, biomarkers, and the bone turnover process, disease
progression and dynamic profiles of all involved media-
tors under the condition where only one single compo-
nent is in effect or inhibited (for example, by the use of
specific inhibitors such as TNF-g, IL-1, IL-6, or RANKL
antagonists) would be necessary. This type of information
is essential for better assessment of the interactions

© 2015 The Authors. Pharmacology Research & Perspectives published by John Wiley & Sons Ltd,
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between different mediators, in the same manner that
PK/PD information for the individual drugs is required
in drug-drug interaction studies. Incorporation of other
signaling pathways is critical for better understanding of
the entire mechanisms governing RA and bone destruc-
tion. Subsequent studies may be designed and help in
resolving these relationships.

Conclusions

A mechanism-based systems model is developed to
describe the immune pathways involved in bone destruc-
tion during disease progression in CIA rats. The interplay
between GR, proinflammatory cytokines (TNF-uo, IL-1p,
IL-6), RANK/RANKL/OPG system, and BMD is charac-
terized. The disease progressions of RANKL, OPG,
TRACP-5b, and BMD are shown to be controlled by the
disease progressions of cytokines and endogenous CST.
DEX suppresses the expressions of cytokines and RANKL
after dosing and subsequently modulates the activities of
bone-forming osteoblasts and bone-resorbing osteoclasts.
Although the model only describes a simple version of
probable bone remodeling processes and there are proba-
bly other crucial pathways that may require considera-
tion, it allows the characterization of all measured
biomarkers under CIA disease progression and the inter-
vention of DEX. Future experiments may be conducted
to study the crosstalk between the cytokines, the RANK/
RANKL/OPG system, and other mediators such as the
Wnt signaling family, PTH, and calcium and investigate
how they function on the bone remodeling process in
RA.
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