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Abstract

Purpose—cCollagen-induced arthritic (CIA) rats are used commonly for preclinical
pharmacologic research into rheumatoid arthritis (RA). Dexamethasone (DEX), a potent
corticosteroid (CS), remains an important component in combination therapy for RA. Although
sex differences in RA and CS pharmacokinetics/pharmacodynamics (PK/PD) have been
documented in humans, there has been no such comprehensive evaluation of sex differences in
CIA rats.

Methods—Paw size measurements were obtained for males and females from four groups of
animals: healthy controls, non-drug treated arthritic animals, and both 0.225 and 2.25 mg/kg DEX-
treated arthritic animals. A turnover model for disease progression, minimal PBPK model for drug
concentrations, and inhibitory indirect response model were applied using population PK/PD
modeling.

Results—The clearances of DEX were 43% greater in males, but other PK parameters were
similar. The temporal profiles of paw swelling exhibited earlier progression, peak edema times,
and disease remission in females. DEX suppressed paw edema well in both males and females
with similar capacity (/25 values (=1.0), but DEX potency was less in females with higher /Csq
values (0.101 versus0.015 ng/mL).

Conclusions—The pharmacology of DEX was well characterized in CIA rats. This study
addresses knowledge gaps about sex differences and can be a guide for more mechanistic
assessment of sex, drug, and disease differences in RA.
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INTRODUCTION

Rheumatoid arthritis (RA) is a common inflammatory auto-immune disease affecting 0.5-
1.0% of the adult population in developed countries with an approximately two-fold greater
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occurrence in women [1]. The disease produces pain, stiffness and edema of joints, cartilage
degradation, and bone erosion, which are associated with continuous synovitis and systemic
and local levels of inflammation and autoantibody production [1]. RA primarily targets
synovial tissues, which results in permanent joint damage and potential disability [1,2]. The
major cause is the production of pro-inflammatory mediators including cytokines,
chemokines and prostaglandins secreted by activated immune and other relevant cells [3,4].
Current treatment options for RA include rapid-acting nonsteroidal anti-inflammatory drugs
(NSAIDs), corticosteroids (CS), slow-acting disease-modifying drugs (DMARDS) such as
methotrexate, and biologics such as infliximab [2,5].

DEX, a clinically used therapeutic CS, exhibits potent anti-inflammatory and
immunosuppressive properties. DEX binds to cytosolic glucocorticoid receptors and after
CSI/GR translocation into the nucleus inhibits nuclear factor kB (NF-xB), activator protein-1
(AP-1) and MAPK signaling. This inhibition diminishes the production and biological/
pathological effects of downstream pro-inflammatory mediators, including tumor necrosis
factor (TNF)-a., interleukin (IL)-1pB, and IL-6, resulting in a dampening of immunological
functions [6,7]. In addition, non-genomic interactions of DEX with signaling molecules and
membrane-associated receptors may contribute to its rapid therapeutic effects [8,9].

Although sex differences in the prevalence, disease risk factors and progression as well as
prognosis in RA patients have been documented [10-12], exploration of underlying
mechanisms is needed [13,14]. Sex differences in corticosteroid PK/PD have been found in
healthy subjects [15] and sex differences in human or murine immune systems have been
reviewed [11,16,17] The CIA rat and mouse models are commonly used in preclinical RA
research for physiological and pharmacological evaluation [18-21].

A small-scale PK/PD/disease (DIS) systems model was developed to assess DEX effects on
paw edema at the transcriptional level in male CIA rats, but female rats were not included
[21-23]. Female CIA rats may show a different timeline of disease progression and different
temporal profiles of major pro-inflammatory cytokines [24,25]. The purpose of the current
study is to compare disease progression and DEX pharmacokinetics/pharmacodynamics
(PK/PD) in female and male CIA rats.

MATERIALS AND METHODS

Reagents and Chemicals

Animals

Dexamethasone sodium phosphate solution (pharmaceutical grade) was purchased from
Bimeda Pharmaceuticals (Dublin, Ireland). Type Il porcine collagen was supplied by
Chondrex Inc. (Redmond, WA). Incomplete Freund’s adjuvant (IFA) and all other chemicals
were purchased from Sigma-Aldrich (St Louis, MO).

Male and female Lewis rats were purchased at 5-6 weeks from Envigo (Indianapolis, IN)
with initial body weights around 160 g (males) and 120 g (females). All rats were housed
individually with free access to food and water in the University Laboratory Animal Facility
and acclimated for 7 days before experimentation. The study design and research protocol
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followed the Guide for the Care and Use of Laboratory Animals (National Research
Council, 2011) and were approved by the University at Buffalo Institutional Animal Care
and Use Committee.

Experimental Design/Procedures

Studies involved four groups of animals: healthy controls to assess natural growth, non-drug
treated arthritic animals to assess disease progression, and 0.225 and 2.25 mg/kg DEX-
treated arthritic animals. Animal manipulations (arthritis induction, daily paw
measurements, and drug administration) were carried out between 8 and 10 AM, which
corresponds to a time at which endogenous corticosterone is at its nadir. The induction of
CIA using porcine collagen injected intradermally in IFA was described in detail in a
previous publication from our lab [21]. Edema of the hind paw was evaluated by measuring
cross-sectional areas of the forefoot and the ankle by digital calipers (VWR Scientific,
Rochester, NY). A pilot study showed that paw edema peaked on day 16 post-induction for
females and on day 21 for males. Paw measurements were therefore performed every 2-3
days immediately after induction, and more frequently after swelling became significant
(day 11 for females and day 17 for males). Disease penetrance was approximately 60% for
males and 80% for females. Therefore, paw edema evaluated on day 15 for female rats and
day 20 for male rats was used as selection criteria for successful arthritis induction: only rats
with at least a 50% increase in at least one hind paw were selected for inclusion in studies.
For DEX treated animals, a single dose of drug was administered at peak edema: day 16 for
females and day 21 for males. The DEX dosing solution was prepared fresh through dilution
with phosphate-buffered saline (PBS) to achieve final concentrations of 0.225 or 2.25
mg/ml. DEX was injected subcutaneously (SC) at the nape of the neck with injection
volumes of 1 ml/kg. For DEX PD studies, paw edema was further assessed at 1, 2, 4, 6, 8,
12, 24, 36, 48 h post-dosing and then daily for an additional 7 days. For PK studies, serial
blood sampling from the saphenous vein was performed on 3—4 rats per dose group. Details
for blood sampling, plasma processing, and LC/MS assay for plasma DEX were described
previously [26].

PK/PD Models

DEX PK Modeling and Simulation—The basic mPBPK model shown in Fig. 1 [27] was
employed to characterize the plasma DEX concentration-time profiles. Detailed model
descriptions and assumptions are provided by Li et al. [26].

The mathematical equations and initial conditions:

dA,
dr

= —k,- Ay, Ay(0) =Dosep - F (@)

dc, G
i = [ka Aa+ fa- Qoo |5 = Co| = CLp- G|V () = 0 @
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with physiological restrictions of f; <1 and V), + V;= Body weight, where A indicates the
amount of DEX at the absorption site, &, represents the first-order absorption rate constant,
Cpand Cyare total DEX concentrations in Vj,and V;(plasma and tissue volumes), K, is the
tissue/plasma partition coefficient, 7;is the fraction of drug in Q.. entering V4, CL, is the
systemic clearance, and Fis the bioavailability of DEX (0.86) in rats [28,29].

The PK parameters of DEX were previously obtained by using this model to fit DEX plasma
profiles in healthy male and female rats after 2.25 mg/kg dosing [26] and the model was
used to simulate total tissue concentrations of DEX (Cp) in arthritic rats receiving 0.225 and
2.25 mg/kg DEX, based on dose linearity and no influence from inflammation in CIA rats
[28,29]. The unbound fraction of DEX in interstitial fluid (ISF) (£,,s2) was calculated from:

B 1
SursF = 1+(E/P)(1 —fup)/fup ;

where E/Pis the ratio of protein concentrations in ISF and plasma [30] and 0.9 was used for
arthritic rats as described previously [26]. Unbound DEX concentrations in ISF (C;sp) were
calculated from C,;se= C; - f,;s Parameter values used for PK simulations are listed in
Table I.

DEX Pharmacodynamics—The PD model shown in Fig. 1 was utilized to characterize
disease (DIS) progression in CIA rats, as well as anti-inflammatory effects of DEX. Detailed
model description and assumptions are the same as in Li ef al. [26].

The mathematical equations, and initial conditions are:
Natural growth of paw in all groups before disease onset:

dPaw
dt

Paw
Pawgg

= kg - Paw - (1 - ),t < tonserPaw(0) = Pauw® (5)

After disease onset, disease progression in CIA rats without DEX treatment are

Paw

d Paw
Pawg,

a =kg-Paw'(1—

) + kin(t) = kour - Paw, 1 2 topserPaw(0) = Paw® ©)

dkiy,

dt = - kdg - kin, kln(o) = k?n @)

For DEX-treated CIA rats, drug effects were modeled mechanism-based indirect response
model I (IDR 1) to count for the inhibition of DEX on paw swelling [31,32].
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dPaw
dt

= tonsetpaw(o) = PawO

Iax - C
=kg.Paw-(1 —ﬂ)+km(t)-(1 L)—k,,u,-Paz,u,z

Pawy, ~ ICs50+C ®)

where Paw is paw size measurements obtained by digital calipers; Pawy is the paw size at
the beginning of the study; Paw,is the paw size at steady-state following logistic natural
growth; Ay is the first-order growth rate constant of paw size in healthy rats; Zys is the time
when disease progression is reflected by paw size; kj, (9 represents the production rate of
paw edema after disease onset as a function of time; kg is a first-order rate constant in the
ki, function accounting for the observed remission of CIA; &, is the first-order rate
constant for the loss of edema; /4y is the maximum inhibitory effect of DEX on production
of paw edema and /Cs is the unbound ISF concentration (C,sp) of DEX required for 50%
of maximal effect.

Model Fitting—The PK parameter estimates were fixed for concentration-time profiles
simulations in the PD analysis in CIA rats (Table I). Data for male CIA rats from previous
studies were also used in model development [21,23]. Population PK/PD modeling was
performed using the first-order conditional estimation with interaction (FOCE-I)
implemented in NONMEM 7.3 [33]. NONMEM was utilized with Perl-speaks-NONMEM
(PsN, version 4.7.0), Xpose (version 4), Pirana (version 2.9.6) [34,35] and data manipulation
and plotting were done using R (version 3.4.3) [36] and SigmaPlot (version 12.5, Systat
Software, San Jose, CA). The inter-individual variability (11VV) was modeled with an
exponential form and proportional function was used for residual variability (RV) modeling.
The addition of fixed and random effect parameters was determined when successful
minimization and a decrease of 3.84 (a commonly used threshold in population analysis) in
the objective function value (OFV) was achieved (P< 0.05, df = 1) when Chi-squared
distribution reflects statistical significance. Backward elimination of parameters with dOFV
smaller than 10.83 (P < 0.001, df = 1) was conducted. The final model was evaluated based
on the objective function, diagnostic plots, and precision of parameter estimates.

PK/PD of DEX in CIA Rats

Plasma DEX concentrations after 2.25 mg/kg DEX dosing in healthy male and female rats
and simulated tissue concentration-time profiles of DEX in CIA rats for 2.25 and 0.225
mg/kg doses as well as calculated unbound ISF concentration are shown in Fig. 2. The
simulated DEX profiles were comparable to previous results [26]. The unbound ISF
concentrations of DEX were used to control drug effects in the PD model as only unbound
DEX is assumed to penetrate cell membranes and bind to GR mediating its
immunosuppressive properties. The simulated ISF free DEX area under the curve (AUC)
from 0 to 24 h at 2.25 mg/kg dosing was 2809 for female and 1968 ng-h/mL for male CIA
rats. For 0.225 mg/kg dosing, corresponding AUC values were 281 and 197 ng-h/mL.

DEX was administered on day 16 for females and day 21 for males after induction, because
paw edema peaked at these times and we wished to explore drug PK/PD when symptoms
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were maximal. There were 532 rats with 5380 observations in the four subgroups: healthy
control, vehicle-control CIA rats, 0.225 mg/kg dosed CIA rats, 2.25 mg/kg dosed CIA rats
for both males and females with approximately a 1:1 sex ratio in terms of observation
numbers. Figure 3 compares PD profiles across different subgroups and between the sexes.
Natural growth can be observed for CIA groups before disease onset. After DEX dosing,
paw edema was rapidly suppressed, and drug effects can last for 2-3 days. In non-dosed CIA
animals, natural remission of disease can be observed at later times. Generally, disease onset
and remission occurred earlier in female CIA animals than males. A naive-pooling approach
was first applied in order to obtain initial parameter estimates used in the following
population analysis. Population modeling started with the base model shown in Fig. 1 and
two parameters (Pawg, Pawsg) were recognized as structural components based on the paw
size differences between female and male rats in the beginning of the study and after
entering the natural growth plateau. Then added 11V was tested for each PD parameter with
an assumption that 11V was similar in males and females in order to avoid over-
parameterization. The available data were not informative enough to support the
identification of Eta for more than two parameters. Therefore, we estimated 11V for two

parameters (k% Paug).

For covariate analysis, forward selection was conducted first. The necessity for sex
specificity of three parameters (&g, Ap,rand Imax) was ruled out, but covariate effects of sex

on the other four parameters (k' Kgeg: Tonset and 1C50) were found to be significant (dOFV

>3.84). In addition, the /,,, for males and females were both estimated to be 0.999, so both
were fixed to 1. Then stepwise backward elimination was employed to refine the model.

Elimination of sex for only one parameter (k,o,,) did not result in significantly increased

OFVs, so sex effects on the other three parameters (ke 70nset and 1C50) were retained in
the final assessment.

The final model estimates are shown in Table I1. Parameter estimates with reasonable

precisions were obtained after NONMEM fitting, but the RSE for male /Csg was somewhat

higher. For three shared parameters (k%), kg, Kour), estimates were comparable to those from a

previous study [26]. For kg, a value of 0.0010 (1/h) was found, near to a value of 0.0020
(1/h) as obtained for both sexes previously. Similarly, &,,equaled 0.0088 (1/h) somewhat
smaller than values of 0.015 and 0.012 (1/h) for females and males obtained previously.

Furthermore, k,On was 1.66 (1/h) near to previous values 2.18/1.72 (1/h). The steady-state paw

sizes (Pawsyg) in the current model were 73.1 and 108 (mm?2), which was consistent with the
larger body size of male animals. The 7,,s0; Was estimated to be 256 h (female) and 300 h
(male) similar to reported values from several studies [21,26,37] and reflects the
reproducibility of disease progression in both female and male CIA models. In the current
study, the 11V tended to characterize the variability among batches of rats successfully
instead of giving different initial values of k,o,, and Pawo for different subgroups. For paw
size on day 0, females had an estimate of 57.1 mm? and males 78.1 mm? similar to reported
values [26], consistent with male rats being larger. Unexpectedly, the gy estimate for
females was greater (0.00099 versus 0.00047 mm?/h), which was estimated jointly in our
previous study [26]. For drug efficacy, /Cspvalues were 0.101 ng/mL in females and 0.0146
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ng/mL in males, which was reflected by strong inhibition of paw edema after DEX injection
even at low doses and suggested less efficacy in female CIA rats. Because the male /Cspwas
estimated with high RSE, careful assessment is necessary before accepting the result.
Population predicted paw sizes for each group are shown in Fig. 4 showing the size and
DEX efficacy differences. Figure 5 shows the goodness of fit plot for the final model
estimation. The upper panel shows good agreement between population predictions/
individual predictions and observed data. Symmetrical and even distributions around zero
can be seen in both plots. Therefore, the general model structure and residual variability
equation are appropriate for characterizing the currently available data.

DISCUSSION

The CIA rat model is one of the most frequently adopted preclinical disease animal models,
serving as a surrogate to investigate the biological mechanisms of human RA [18]. DEX,
like many other potent synthetic CS, remains an important component in combination
therapy for RA. Carefully-controlled animal studies and comprehensive evaluation of
disease endpoints allow the development of mechanistic mathematical models to reflect
endogenous biological processes and their perturbations in inflammation due to the
induction of CIA and dosing of DEX. The current study attains DEX concentrations that are
similar to human exposures and extends our previous assessments in male rats [21-23,26,29]
to characterize disease progression and DEX effects on paw edema in female and male CIA
rats to explore sex differences through symptom observations and PD parameter
comparisons. Model parameters are generally similar with previous results considering the
much larger data base employed here and use of population rather than naive pooling
approaches.

The PK model in our study was applied to characterize DEX in healthy male and female rats
and showed different systemic clearances [26]. DEX is extensively metabolized by
cytochrome P450 (CYP) 3A family members in both humans and rats [38]. A previous study
showed a significant increase of DEX CL in males compared with ovariectomized female
rats with and without estradiol replacement therapy [39]. This may be attributed to the fact
that Cyp3a2 is a male-specific isozyme in rats [40,41]. DEX plasma concentrations were
captured well and our mPBPK model allows insights into tissue profiles by simulations to
calculate the unbound ISF drug concentrations in controlling subsequent pharmacologic
effects. A similar approach worked well for naproxen (NPX) in providing unbound ISF
concentrations that corresponded well with direct measurements from other studies [42].

The PK was fixed when the PD model was used to capture DIS and drug effect parameters
on paw edema in CIA rats. The physiological basis of the PD model was described in detail
previously. The logistic function (ky, Pawss and Paw) was used for natural growth of rats
because of the existence of a plateau for rat growth. It is assumed that both paw edema due
to CIA and natural growth contribute to the increased paw sizes, where paw edema was
characterized by a turnover process with a first-order dissipation constant (4, and a zero-
order rate constant (4j, () which also declined with time (k) accounting for the observed
remission of paw swelling at later times. The 7,,s.; parameter accommodates the delay
between disease induction and the appearance of symptoms.
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The present disease progression profiles in male and female CIA rats are consistent with
previous observations from several studies [21,26,37]. However, model parameter estimates
reveal both similarities and differences between the sexes. In terms of natural paw growth,
females and males seem to have similar growth rates (similar kg rate constant estimates),
although the initial paw sizes differ. Incorporation of 11V into initial paw sizes suggests that
individual rats may have some variability because rats naturally differ in size. Interestingly,
disease onset in female CIA rats occurs earlier than males, suggesting that female rats may
have a more responsive immune system. This is consistent with the fact that there are more
female RA patients and they have more reactive immune system [1,43]. Sex effects on

disease production rate (k%)) were unexpectedly found not significant as determined by
backward model parameter elimination, which differs from our previous study [26]. In
addition, experimental observations indicated that female CIA rats developed arthritis faster
and the symptoms were usually much more severe. One possible explanation could be the
application of 11V on k,o,,, in the current model, which masks possible covariate effects.
Another explanation could be that sex effects on Ay, may have an overlapping influence
with k?,,, in characterizing PD profiles. Interestingly, there is a sex difference in kygg, Which

indicates that the underlying biological mechanism for disease progression may be different.
Further studies of pro-inflammatory cytokines in male and female CIA rats may show
different temporal profiles that may help to account for sex differences in kg The time for
peak edema is around day 16 for females and day 21 for males. The earlier peak time was
also seen by others [24], suggesting that underlying inflammation starts earlier in female
CIA rats and temporal profiles of pro-inflammatory processes may be inherently different
between sexes. In our experiments, DEX administration substantially diminished the paw
swelling within a very short time and the duration of drug effects lasted for two to three days
after a single injection, which indicates that DEX is very potent in terms of
immunosuppression. The /,,,, for the two sexes were equal to 1 indicating the ability of
DEX to fully suppress paw edema while the /Cspvalue was greater in female rats. Although
males appear more sensitive to DEX, clearance of DEX in males is greater leading to less
exposure of DEX and so the overall drug effect in the two sexes is similar. The /4
estimates are comparable to results of previous modeling and /n vitro assay [26]. For /Csp,
there were less accurate estimates (larger %RSE) that may only serve as a rough indicator
for comparing drug effects. Detailed mechanistic studies are needed to fill in this knowledge

gap.

CONCLUSIONS

Effects of single doses of DEX (at two dose levels) in female and male CIA rats were well
described by DIS and PK/PD models. A population approach allows statistical confirmation
of sex differences in physiological and drug efficacy parameters based on the study design
and large number of data points employed. The current DIS and response profiles can serve
as a guide for design of further preclinical RA studies utilizing female CIA rats. Future
studies quantifying pro-inflammatory biomarkers, such as IL-6 and other cytokines, in
female paw tissues as was done in male rats [22,23] will allow the development of more
mechanistic PK/PD/DIS models to explore sex differences in RA.
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ABBREVIATIONS
AUC Area under the curve
CS Corticosteroids
CIA Collagen-induced arthritis
DEX Dexamethasone
DIS Disease
GR Glucocorticoid receptor
v Inter-individual variability
IL Interleukin
| SF Interstitial fluid
mPBPK Minimal physiologically-based pharmacokinetic
ORV Objective function value
PD Pharmacodynamics
PK Pharmacokinetics
RA Rheumatoid arthritis
SC Subcutaneous
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Fig. 1.
Schematic of the PK/PD/DIS progression model for effects of DEX on paw edema in CIA

rats. Parameters are defined in the text and in Tables | and I1.
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Upper panel: PK model fitting of DEX plasma profiles in healthy female and male rats that
received 2.25 mg/kg doses (Solid lines: model predictions; dots: observed data). Middle and
lower panel: Simulated total tissue (dashed lines) and unbound ISF concentrations (dotted
lines) of DEX in female and male arthritic rats that received 0.225 or 2.25 mg/kg SC DEX
based on the PK model in Fig. 1 and parameters listed in Table I.
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Fig. 3.

Pa?/v size values and mode fittings shown as VPC plots. The 95th, median, and 5th
percentiles of predicted paw sizes are represented by upper blue lines, red lines and lower
blue lines. The red-shaded area depicts the 95% confidence interval for the median
predictions, whereas the upper and lower blue-shaded areas depict the 95% confidence
intervals for the 95th and 5th percentiles of predicted concentrations. Disease induction on
days 0 and 7 are marked by line arrows and DEX dosing for females (day 16) and males
(day 21) are indicated by block arrows.
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Population prediction profiles of paw edema measurements versus time for female and male
rats. Insert indicates sex and treatment groups.
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Goodness-of-fit plots of DEX PD model in CIA rats showing individual model predictions
versus observed paw edema (upper left); population model predictions versus observed paw
edema values (upper right); conditional weighted residuals with interaction versus
population predictions (lower left); conditional weighted residuals with interaction versus
time after induction. Lines are the identity lines for upper panels and zero slope lines for
lower panels.
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Table |
Pharmacokinetic Parameter Values for DEX

Parameter (units) Definition Estimates
Ky (1/h) Absorption rate constant of DEX 2.09 b
fy Fraction of cardiac plasma flow of DEX 1 b
CLp Females (mL/h/kg)  Clearance of DEX in female rats 137.8 b
CLy mates (ML/h/kg) Clearance of DEX in male rats 197.7 b
Ko Tissue partition coefficient of DEX 0.63 b
V4 (mL/kg) Plasma volume 32364
Vi (mL/kg) Tissue volume 967.6 ¢
Qso (ML/h/kg) Cardiac plasma flow 7650 4

aPhysioIogicaI parameter values obtained from Ref (44)

bPK parameter values of DEX obtained from Ref (26)
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