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List of abbreviations: %inh_score: percent inhibition of the ankle histopathology score ; AD: 

ankle diameter; ,ADinitial: initial ankle diameter on day 0; AHSS: ankle histopathology summed 

scored; AIA: adjuvant-induced arthritis; AUCankle: area under the ankle diameter time profile; C: 

concentration; CIA: collagen-induced arthritis; Css: steady-state concentration; Emax: maximum 

%inh_score; EC50: concentration of at which the %inh_score is at ½ the maximum value; E: 

constant describing a linear component of the relationship between concentration and %inh_score; 

kin: rate of increase in ankle diameter; I: constant that relates the test agent concentration with 
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IAS; IC50: concentration of the test agent where IAS is 50% of Imax; IAS: rate constant describing the 

reduction of ankle swelling by the drugs used in the AIA and CIA studies; Imax: maximum value 

of IAS. 
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ABSTRACT 

The ability of rodent immune-mediated arthritis models to quantitatively predict therapeutic activity 

of anti-arthritis agents is poorly understood.  Two commonly used preclinical model of arthritis are 

adjuvant-induced arthritis (AIA) and collagen-induced arthritis (CIA) in rats.  The objective of the 

current study is to investigate the relationship between efficacy in AIA and CIA in rats, and clinical 

efficacy in rheumatoid arthritis patients using translational PK-PD analysis.  A range of doses of 

indomethacin (a nonsteroidal anti-inflammatory drug), and three disease-modifying anti-rheumatic 

drugs (DMARD), methotrexate, etanercept, and tofacitinib, were evaluated in AIA and CIA rats.  

Dexamethasone was included in this study as a positive control.  Ankle diameter AUC (AUCankle) 

and ankle histopathology summed scores (AHSS) were used as efficacy endpoints for activity 

against disease symptoms (joint inflammation) and disease progression (joint damage), 

respectively.  Translational PK-PD analysis was performed to rank-order preclinical efficacy 

endpoints at clinically relevant concentrations.   For each drug tested, inhibition of both AUCankle 

and AHSS scores were generally comparable in both magnitude and rank order.  Overall, based on 

both AUCankle and the AHSS inhibition, the rank ordering of preclinical activity for the DMARDs 

evaluated was tofacitinib > etanercept ≥ methotrexate.  This ranking of preclinical efficacy was 

consistent with reported clinical efficacy.  Of interest, indomethacin showed equal or often better 

efficacy than the three DMARDs evaluated on inhibiting AHSS despite having limited ability to 

prevent joint damage clinically in patients.  The translational value of performing PK-PD 

analysis of arthritis models in rats is discussed. 
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INTRODUCTION 

High attrition rates plague the drug discovery and development process with Phase II clinical trial 

success rates being <20% (Arrowsmith and Miller, 2013).  By far, the most prominent reason for 

failure is lack of efficacy (>50% for both Phase II and Phase III) highlighting a need for to 

improve the predictability of “preclinical disease models” used aid in the identification of drug 

candidates.  Rheumatoid arthritis (RA) is a chronic debilitating autoimmune disorder causing 

inflammation of many joints including those of the hands and feet.  Finding treatments for RA 

remains a challenge as it is heterogeneous in nature and the biological mechanisms causing the 

disease are not well understood (Kollias et al., 2011).  Rodent models of immune mediated 

arthritis remain a common and valuable approach for evaluation of mechanisms of inflammatory 

joint disease and relative efficacy of anti-arthritic agents (Kannan et al., 2005; Hegen et al., 

2008; Bolon et al., 2011; Caplazi et al., 2015).  Qualitatively, these models have characteristics 

that display both similarities and difference to RA in patients.  Two of the most commonly used 

rodent models to evaluate existing or investigative therapies for rheumatoid arthritis are 

adjuvant-induced arthritis (AIA) and collagen-induced arthritis (CIA) in rats (Hegen et al., 2008; 

Bolon et al., 2011).   

 The first model of rheumatoid arthritis described was AIA in rats (Pearson, 1956).  AIA 

is induced by a single injection of complete Freund adjuvant in Lewis rats and characterized by 

rapid disease onset, severe polyarticular inflammation, bone resorption and perosteal bone 

proliferation.  Disease progression onset occurs 10 days after adjuvant injection and usually lasts 

less than one month.  AIA in rats is a T-cell and neutrophil dependent disease that is complement 

independent, and has no documented role for B-cells (Hegen et al., 2008).  Similar to human 

disease, AIA results in swelling and loss of function of joints, cartilage damage, and lymphocyte 
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infiltration.  However, bone resorption is more prominent in AIA rats compared to both CIA rats 

and human RA.  In addition, unlike human RA, the gastrointestinal and genitourinary tracts, the 

skin, and the eyes are affected in AIA.   CIA in rats was first described by Trentham and 

coworkers (Trentham et al., 1977) and has similarity to human rheumatoid arthritis in that 

females are more susceptible to arthritis in this model.  Arthritis onset is rapid, usually 

developing 10–13 days after immunization with homologous or heterologous type II collagen, 

peaking at about days 15-20 and then gradually declining.  The resulting polyarthritis is 

characterized by marked cartilage destruction associated with immune complex deposition on 

articular surfaces, bone resorption, periosteal proliferation, and moderate to marked synovitis and 

periarticular inflammation (Bendele, 2001). Collagen-specific T and B cells are both required for 

disease induction, and CIA can be transferred with serum from diseased animals into recipient 

strains. Rat CIA differs from human RA in that it is self-limiting and not characterized by 

exacerbations and remissions. Further, the inflammatory cell infiltrate in rat CIA consists 

predominantly of polymorphonuclear cells, whereas a high proportion of mononuclear cells are 

seen in human RA (Hegen et al., 2008).  CIA in rats differs from AIA in that in that it is less 

severe, complement dependent, and there is involvement of B-cells.  Despite the broad use of 

AIA and CIA rats for the evaluation of new RA therapies, there has been no detailed 

characterization of drug concentration-effect relationships limiting the understanding of the 

translatability of findings in these preclinical models to humans. 

 Preclinical pharmacokinetic-pharmacodynamic (PK-PD) analysis can play an important role 

in the drug discovery and development process by providing an integrated assessment of the 

relationships between drug concentrations in the body and efficacy (Liu, 2011, Wong et al., 2012a, 

Wong et al., 2012b; Shuck et al., 2015; Wong et al., 2017).  In particular, PK-PD analysis allows for 
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the quantitative translation of species differences in pharmacokinetics and/or in vivo drug potency.  

The primary objective of the current study was to perform a detailed PK-PD analysis of the effect of 

drugs commonly used to treat RA in therapeutic AIA and CIA rats.  The PK-PD analysis will 

provide a detailed understanding of drug concentration-effect relationships and facilitate translation 

of preclinical efficacy in therapeutic AIA and CIA rats to clinical efficacy.  Such information is 

currently lacking making it difficult to understand how the performance of new drug candidates in 

these efficacy models will translate to clinical efficacy in rheumatoid arthritis patients.  The four 

drugs tested were indomethacin (a nonsteroidal anti-inflammatory drug [NSAID]), methotrexate (a 

standard of care disease-modifying anti-rheumatic drug [DMARD]), etanercept (an anti-TNF 

biologic), and tofacitinib (a recently approved oral Janus kinase [JAK] inhibitor).  Dexamethasone 

(a corticosteroid) which is delivered in humans by local injection was included as it serves as a 

common positive control in both preclinical models.
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MATERIALS AND METHODS 

Adjuvant-Induced Arthritis (AIA) 
 
Efficacy: Male Lewis rats (Charles River Laboratories, Wilmington, MA) weighing 204-262 

grams (average weight = 230 grams) were used for AIA studies.  Rats (n= 8 per group for 

arthritis efficacy groups; n=4 per group for normal control rats; and n=3 per group for supporting 

pharmacokinetic satellite groups) were anesthetized with isoflurane and injected with 100 μl of 

Freund’s Complete Adjuvant (Sigma-Aldrich, St. Louis, MO) containing lipoidal amine (60 

mg/ml, Bolder BioPATH, Inc., Boulder, CO) at the base of the tail on day 0.  On study days 8–9, 

onset of arthritis occurred.  Ankle caliper measurements were made with a Digitrix II micrometer 

(Fowler & NSK).  On study day 9 (day 1 of established disease), rats were randomized into 

treatment groups with each group having balanced mean ankle diameters.  Randomization was 

performed after ankle joint swelling was established and there was good evidence of bilateral 

disease.  Rats with outlier ankle measurements (i.e., low or high scores) were kept for supporting 

pharmacokinetic (PK) satellite groups.  Dosing was initiated upon enrollment (day 1 of 

established disease), and the doses and dosing regimen of various test agents is indicated in 

Table 1.  Animals in the main efficacy groups were euthanized following end of study on day 8 

of established disease.   Area under the ankle diameter time profile (AUCankle) for each treatment 

group was determined using the trapezoid rule (Gibaldi and Perrier, 1982).  Percent inhibition of 

AUCankle was determined using equation 4 as described below in the PK-PD Analysis of Ankle 

Swelling section.  This basic study design and animal usage was approved by Bolder BioPATH’s 

Institutional Animal Care and Use Committee (IACUC) for compliance with regulations prior to 

study initiation. 
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Pharmacokinetics:  Supporting pharmacokinetic information the AIA studies was 

gathered at doses (n=3 rats per group) covering the range of doses used for each agent used (see 

Table 1).  AIA rats in the PK satellite groups were dosed similarly to the main efficacy groups 

and whenever possible pharmacokinetic assessments were taken on the last day of study (day 7 

of established disease).  The pharmacokinetic assessment for the high dose groups for 

indomethacin (6 mg/kg) was taken following the first dose on day 1 of established disease due to 

potential tolerability concerns at these doses.  Etanercept pharmacokinetic assessments were 

made on both day 1 and day 7 of established disease to assess any potential changes in etanercept 

exposure following multiple doses resulting from anti-therapeutic antibodies.  On the day of the 

pharmacokinetic assessment plasma (indomethacin, methotrexate, tofacitinib, dexamethasone) or 

serum (etanercept) samples were taken at 0.25, 0.5, 1, 3, 6, 9, 12 and 24 hours post-dose.  

Plasma/serum samples were stored frozen until concentrations were assessed.  The 

concentrations of indomethacin (Sigma-Aldrich, St. Louis, MO), methotrexate (Sigma-Aldrich, 

St. Louis, MO), tofacitinib (Genentech, South San Francisco, CA), and dexamethasone (Vedco 

Inc., Saint Joseph, MO) in plasma were determined by LC/MS/MS.   Etanercept (Amgen, 

Thousand Oaks, CA) serum concentrations were determined by enzyme-linked immunosorbent 

assays.  Rats used for pharmacokinetic assessment were euthanized after the final 24 hour 

sampling on day 1 or 7.  Estimated pharmacokinetic parameters for AIA rats are shown in 

Supplemental Table 6. 

Ankle Histopathology: Preserved and decalcified (5% formic acid) ankle joints were cut 

in the sagittal plane into 2 approximately equal halves and processed for paraffin embedding, 

sectioned, and stained with Toluidine Blue.  Tissues were examined microscopically, and 

adjuvant arthritic ankles are given scores of 0-7 for inflammation, bone resorption, cartilage 
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damage and pannus where a score of 0 represents normal with increasing numbers representing 

increasing severity of disease.  Detailed description of criteria for scores is listed in 

Supplemental Table 1.  Summed inflammation, pannus, bone and cartilage scores were derived 

and group means compared using a one-way analysis of variance (ANOVA) with significance 

set at p <0.05.  

 

Collagen-Induced Arthritis (CIA) 

Efficacy: Female Lewis rats (Charles River Laboratories, Wilmington, MA) weighing 156-189 

grams (average weight = 172 g) were used for CIA studies.  Rats (n= 8 per group for arthritis 

efficacy groups; n=4 per group for normal control rats; and n=3 per group for supporting 

pharmacokinetic satellite groups) were anesthetized with isoflurane and injected with 300 μl of 

Freund’s Incomplete Adjuvant (Difco, Detroit, MI) containing 2 mg/ml bovine type II collagen 

(Elastin Products, Owensville, Missouri) at the base of the tail and at 2 sites on the back on days 

0 and 6.  Ankle caliper measurements were made with a Digitrix II micrometer (Fowler & NSK).  

By study day 10 (day 1 of established disease), onset of arthritis occurred and rats were 

randomized into treatment groups with each group having balanced mean ankle diameters.  

Randomization was performed after ankle joint swelling was established and there was good 

evidence of bilateral disease.  Rats with outlier ankle measurements (i.e., low or high scores) 

were kept for supporting pharmacokinetic (PK) satellite groups (see below).  Dosing was 

initiated upon enrollment (day 1 of established disease), and the doses and dosing regimen of 

various test agents is indicated in Table 1.   Animals in the main efficacy groups were euthanized 

following the end of study on day 8 of established disease.  AUCankle and percent inhibition of 

AUCankle was as described for the AIA model above.  This basic study design and animal usage 
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was approved by Bolder BioPATH’s Institutional Animal Care and Use Committee (IACUC) for 

compliance with regulations prior to study initiation. 

Pharmacokinetics:  Supporting pharmacokinetics for CIA studies were evaluated in a 

similar manner as described for the AIA studies above.  Estimated pharmacokinetic parameters 

for CIA rats are shown in Supplemental Table 6. 

Ankle Histopathology: Preserved and decalcified (5% formic acid) ankle joints were cut in 

half longitudinally, processed through graded alcohols and a clearing agent, infiltrated and 

embedded in paraffin, sectioned, and stained with Toluidine Blue. The tissues were examined 

microscopically. Collagen arthritic ankles were given scores of 0-5 for inflammation, pannus 

formation, cartilage damage and bone resorption where a score of 0 represents normal with 

increasing numbers representing increasing severity of disease.  A detailed description for scores is 

listed in Supplemental Table 2. 

 

Pharmacokinetic-Pharmacodynamic (PK-PD) Analysis 

Pharmacokinetic Analysis: Pharmacokinetic parameters for each test agent in rats from 

pharmacokinetic satellite groups were estimated using SAAM II (Saam Institute, University of 

Washington, Seattle, WA).  Estimated parameters were used to simulate systemic concentrations 

of test agents for the various doses/ regimens in the AIA and CIA studies described below during 

the PK-PD modeling process of ankle swelling. 

 

PK-PD Analysis of Ankle Swelling: The PK-PD analysis of ankle swelling was a naïve averaged 

analysis.  Briefly, longitudinal ankle diameter data for each dose level from the AIA and CIA 
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efficacy studies was averaged.  The longitudinal average ankle diameter values were fitted to an 

indirect response model  (Figure 1A) as described by the following differential equation. 

 

)()(
initialASin ADADIk

dt
ADd

−−=    (Equation 1) 

 

AD (inches) is defined as the ankle diameter, ADinitial (inches) is the initial ankle diameter on day 

0, t (day) is time, kin (inches×day-1) is the rate of increase in ankle diameter, and IAS (day-1) is the 

rate constant describing the reduction of ankle swelling by the drugs used in the AIA and CIA 

studies.  

 

For studies where the anti-ankle swelling effect of the agent of interest was saturable, IAS was 

defined by Equation 2.  

 

CIC
CI

I AS +
×

=
50

max       (Equation 2) 

 

Imax (day-1) is defined as the maximum value of IAS, C is the concentration of the test agent, and 

IC50 is the concentration of the test agent where IAS is 50% of Imax. 

 

For studies where the anti-ankle swelling effect was linear, IAS was defined by Equation 3:    

 

CII AS ×=       (Equation 3) 
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I (µM-1×day-1) is defined as a constant that relates the test agent concentration with IAS. 

 

The choice of using a saturable effect (Equation 2) versus a linear effect (Equation 3) was based 

on reduction of fitting statistics such as the objective function, Akaike information criterion, and 

the Schwarz-Bayesian information criterion.  Both models assume that drug action works to 

decrease the rate of increase of ankle swelling which is consistent to what is known about the 

drugs that are modeled.  Pharmacodynamic parameters are presented as the estimate followed by 

the coefficient of variation (CV) in parentheses (Supplemental Table 3).  Species differences in 

plasma protein binding were not considered in the PK-PD analysis as plasma protein binding of 

the drugs evaluated were comparable based on published literature. 

 Simulations of clinical regimens/exposures were performed using the PK-PD model and 

pharmacodynamic parameter estimates from AIA and CIA studies in combination with human 

pharmacokinetic parameters obtained from the literature (see Supplemental Table 4) as described 

in Figure 1B.  As we are quantitatively evaluating the clinical translatability of AIA and CIA 

efficacy to clinical activity in patients, the PD parameters estimated from AIA and CIA studies 

were used in the clinical simulations.  In the simulations, clinically relevant doses and 

pharmacokinetics were used to simulate the effect of each test agent on the area under the ankle 

diameter time profile (AUCankle).  AUCankle for mean ankle diameter vs time data from vehicle 

and treatment groups were determined using the trapezoid rule (Gibaldi and Perrier, 1982) and 

were assessed from study day 1 to 8.  Percent inhibition of AUCankle was determined using 

equation 4. 

 

%100_% ×
−
−

=
normalvehicle

treatmentvehicle
ankle AUCAUC

AUCAUC
AUCinhibition   (Equation 4) 
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where %inhibition_AUCankle is the percent inhibition of AUCankle, AUCvehicle is the AUCankle for 

the vehicle control arthritic group, AUCtreatment is the AUCankle for the treatment group, and 

AUCnormal is the AUCankle for the normal control group (i.e. rats without arthritis receiving 

vehicle). 

 

PK-PD Analysis of Ankle Histopathology: Individual (i.e. inflammation, pannus, cartilage damage, 

bone resorption) or summed ankle histopathology scores for each treatment group were normalized 

to vehicle control scores and converted to a percent inhibition using Equation 5. 

 

%100100_% ×







−=

vehiclescore
scorescoreinh    (Equation 5) 

 

where %inh_score is the percent inhibition of the ankle histopathology score, score is the 

histopathology score as described in the ankle histopathology section for AIA and CIA rats, and 

scorevehicle is the ankle histopathology score for vehicle control rats.   

 The relationship between the steady-state concentrations of each agent tested and individual 

or summed ankle histopathology scores in rat CIA or AIA were defined by fitting ankle 

histopathology score vs concentration data to either a standard Emax equation (Equation 6) or an Emax 

equation with a linear effect component (Equation 7). 

 

ss

ss

CEC
CE

scoreinh
+
×

=
50

max_%    (Equation 6) 
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ss
ss

ss EC
CEC
CE

scoreinh ×
+
×

=
50

max_%   (Equation 7) 

 

where Emax is the maximum %inh_score, EC50 is the concentration of at which the %inh_score is at 

½ the maximum value, E is a constant describing a linear component of the relationship between 

concentration and %inh_score, and Css is the steady-state concentration.  Steady-state 

concentrations for each dose level in rat AIA and CIA studies were determined by dividing steady-

state AUC of the drug concentration-time profile by the dosing interval.  In cases where supporting 

pharmacokinetic data was not collected for a specific treatment group, linear interpolation was 

performed to estimate a Css.  This was performed with reasonable confidence as supporting 

pharmacokinetic data was gathered for treatment groups that were chosen to specifically cover the 

entire range of doses (see Table 1).  The choice of using an Emax equation with (Equation 7) or 

without (Equation 6) a linear effect component was determined by selection of the particular 

equation that best minimized the sum of squares of residuals and the standard error of parameter 

estimates.  Fitting of data from AIA or CIA studies was performed using for GraphPad Prism V4.02 

(GraphPad Software Inc., San Diego, CA).  Estimated pharmacodynamic parameters for ankle 

histopathology summed scores (AHSS) are presented in Supplemental Table 5. 

 Following fitting of the ankle histopathology score vs concentration data from AIA and CIA 

studies, percent inhibition of ankle histopathology scores at clinically active concentrations of the 

various test agents was determined.  In brief, estimated parameters from fitting of  ankle 

histopathology-concentration data were fixed, clinically relevant steady-state concentrations for 

each test agent were obtained from literature (see Table 2), and equations 6 or 7 were used to 

interpolate the %inh_score at the clinically relevant steady-state concentrations.  Analysis of 

individual histopathology scores in rat CIA or AIA provided nearly identical conclusions to analysis 
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of summed ankle histopathology scores.  Therefore, only the analysis of AHSS is presented in this 

manuscript. 
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RESULT 

Characterization of Dose-Efficacy Relationship in Preclinical Rat Arthritis Models 

A range of doses of indomethacin, methotrexate, etanercept, tofacitinib, and dexamethasone were 

administered to AIA and CIA rats with established disease.  Normal control rats treated with vehicle 

were included in all studies but showed no appreciable change in ankle diameter over the course of 

the study (Figures 2-6).  The detailed results of these studies are described in the following sections 

for each drug. 

 

Indomethacin: AIA – Figure 2A is a representative ankle diameter vs time plot for diseased animals 

treated with indomethacin (vehicle, 0.1, 0.3, 1, 3, and 6 mg/kg PO) on days 1 to 7 of established 

disease.  Daily ankle diameter measurements were significantly (p<0.05) reduced toward normal for 

AIA rats given 0.1 mg/kg (days 5 to 8), 0.3 mg/kg (days 3 to 8), 1 mg/kg (days 3 to 8), and 3 mg/kg 

(days 2 to 8) of indomethacin when compared to vehicle control rats.  AIA rats treated with 6 mg/kg 

of indomethacin had significantly (p<0.05) reduced ankle diameter measurements (on days 2 to 5) 

prior to being euthanized on day 5 due to intolerability.  AUCankle was significantly (p<0.05) and 

dose responsively reduced toward normal for AIA rats treated with 0.1 mg/kg (22% reduction), 0.3 

mg/kg (46% reduction), 1 mg/kg (59% reduction), and 3 mg/kg (66% reduction) indomethacin 

when compared to vehicle controls.  AUCankle was not determined for the 6 mg/kg dose as the dose 

was tolerated only until day 5.   Indomethacin treatment resulted in a dose dependent decrease in 

ankle histopathology scores in AIA rats (see Figure 2B).  All individual ankle histopathology 

parameters (inflammation, pannus, cartilage damage, bone resorption) were significantly (p<0.05) 

reduced relative to the vehicle control for AIA rats treated with 3 and 6 mg/kg of indomethacin.   

AIA rats treated with 1 mg/kg Indomethacin had significantly (p<0.05) reduced ankle inflammation 
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(44% reduction), cartilage damage (41% reduction), and bone resorption (54% reduction).  At 0.3 

mg/kg, only the decrease in ankle inflammation (30%) was significant.  Accordingly, the effect of 

indomethacin on summed ankle histopathology scores relative to the vehicle control AIA rats was 

dose dependent across the entire range of doses tested, and significant (p<0.05) at doses of 1 (47% 

reduction), 3 (66% reduction) and 6 mg/kg (86% reduction) of indomethacin.   

CIA – Figure 2C is a representative ankle diameter vs time plot for diseased animals treated 

with indomethacin (vehicle, 0.1, 0.3, 1, 3, and 6 mg/kg PO) on days 1 to 7 of established disease.  

Daily ankle diameter measurements were significantly (p<0.05) reduced toward normal for CIA rats 

given 0.1 mg/kg (days 4 to 8), 0.3 mg/kg (days 2 to 8), 1 mg/kg (days 2 to 8), and 3 mg/kg (days 2 

to 8) of indomethacin when compared to vehicle control rats.  CIA rats treated with 6 mg/kg of 

indomethacin had significantly (p<0.05) reduced ankle diameter measurements (on days 2 to 5) 

prior to being euthanized on day 5 due to intolerability.  AUCankle was significantly (p<0.05) and 

dose responsively reduced toward normal for CIA rats treated with 0.1 mg/kg (25% reduction), 0.3 

mg/kg (46% reduction), 1 mg/kg (66% reduction), and 3 mg/kg (92% reduction) indomethacin 

when compared to vehicle controls.  AUCankle was not determined for the 6 mg/kg dose as the dose 

was tolerated only until day 5.  Indomethacin treatment resulted in a dose dependent decrease in 

ankle histopathology scores in CIA rats (see Figure 2D).  All individual ankle histopathology 

parameters (inflammation, pannus, cartilage damage, bone resorption) were significantly (p<0.05) 

reduced relative to the vehicle controls for CIA rats treated with 1, 3, and 6 mg/kg of indomethacin.   

CIA rats treated with 0.3 mg/kg indomethacin had significantly (p<0.05) reduced ankle pannus 

(54% reduction), and bone resorption (54% reduction).  Accordingly, the effect of indomethacin on 

summed ankle histopathology scores relative to the vehicle control AIA rats was dose dependent 

and significant (p<0.05) at doses of 0.3 (39% reduction), 1 (55% reduction), 3 (85% reduction) and 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 2, 2019 as DOI: 10.1124/jpet.118.255562

 at A
SPE

T
 Journals on A

pril 9, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 255562 19 

6 mg/kg (96% reduction) of indomethacin.  Effects of indomethacin were slightly more pronounced 

at similar doses in CIA rats when compared to AIA rats (Figure 2). 

 

Methotrexate: AIA – Figure 3A is a representative ankle diameter vs time plot for diseased animals 

treated with methotrexate (vehicle, 0.1, 0.3, and 1 mg/kg PO) on days 1 to 7 of established disease.  

Daily ankle diameter measurements were significantly (p<0.05) reduced toward normal for AIA rats 

given 0.3 mg/kg (days 6 to 8) and 1 mg/kg (days 5 to 8).  AUCankle was significantly (p<0.05) and 

dose responsively reduced toward normal for AIA rats treated with 0.3 mg/kg (14% reduction) and 

1 mg/kg (27% reduction) methotrexate when compared to vehicle controls.  Treatment with 1 

mg/kg methotrexate to AIA rats resulted in significantly (p<0.05) reduced ankle inflammation (41% 

reduction) (see Figure 3B).  The effect of methotrexate on summed ankle histopathology scores 

relative to the vehicle control AIA rats was significant (p<0.05) only at a dose of 1 mg/kg (28% 

reduction) of methotrexate. 

CIA – Figure 3C is a representative ankle diameter vs time plot for diseased animals treated 

with methotrexate (vehicle, 0.1, 0.3, and 1 mg/kg PO) on days 1 to 7 of established disease.  No 

significant changes in daily ankle diameter measurements or AUCankle were observed.  The effect of 

methotrexate on ankle histopathology scores in CIA rats is shown in Figure 3D.  No significant 

effects of methotrexate on ankle histopathology were observed.  Overall, methotrexate had less of 

an effect on CIA rats when compared to AIA rats. 

 

Etanercept: AIA – Figure 4A is a representative ankle diameter vs time plot for diseased animals 

treated with etanercept (vehicle, 0.3, 1, 3, 10, and 30 mg/kg) by subcutaneous injection days 1, 4, 

and 7 of established disease.  Daily ankle diameter measurements were significantly (p<0.05) 
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reduced toward normal for AIA rats given 1 mg/kg (days 6 to 8), 3 mg/kg (days 4 to 8), 10 mg/kg 

(days 4 to 8), and 30 mg/kg (days 4 to 8) of etanercept when compared to vehicle control rats.  

AUCankle was significantly (p<0.05) and dose responsively reduced toward normal for AIA rats 

treated with 1 mg/kg (14% reduction), 3 mg/kg (17% reduction), 10 mg/kg (20% reduction), and 30 

mg/kg (24% reduction) etanercept when compared to vehicle controls.  Etanercept treatment 

resulted in a dose dependent decrease in ankle histopathology scores in AIA rats (see Figure 4B).  

AIA rats treated with 10 mg/kg etanercept had significantly (p<0.05) reduced ankle inflammation 

(26% reduction).  At 30 mg/kg, etanercept significantly reduced both ankle inflammation (25% 

reduction) and bone resorption (49% reduction).  The effect of etanercept on summed ankle 

histopathology scores relative to the vehicle control AIA rats was dose dependent and significant 

(p<0.05) at doses of 10 (25% reduction) and 30 mg/kg (32% reduction) of etanercept. 

CIA – Figure 4C is a representative ankle diameter vs time plot for diseased animals treated 

with etanercept (vehicle, 0.3, 1, 3, 10, and 30 mg/kg) by subcutaneous injection days 1, 4, and 7 of 

established disease.  Daily ankle diameter measurements were significantly (p<0.05) reduced 

toward normal for CIA rats given 3 mg/kg (days 3 to 8), 10 mg/kg (days 2 to 8) and 30 mg/kg (days 

2 to 8) of etanercept when compared to vehicle control rats.  AUCankle was significantly (p<0.05) 

and dose responsively reduced toward normal for CIA rats treated with 3 mg/kg (37% reduction), 

10 mg/kg (56% reduction), and 30 mg/kg (69% reduction) etanercept when compared to vehicle 

controls.  Etanercept treatment resulted in a dose dependent decrease in ankle histopathology scores 

in CIA rats (see Figure 4D).  All individual ankle histopathology parameters (inflammation, pannus, 

cartilage damage, bone resorption) were significantly (p<0.05) reduced relative to the vehicle 

controls for CIA rats treated with 30 mg/kg of etanercept.  CIA rats treated with 10 mg/kg 

etanercept had significantly (p<0.05) reduced ankle pannus (61% reduction), cartilage damage (59% 
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reduction), and bone resorption (61% reduction).  Accordingly, the effect of etanercept on summed 

ankle histopathology scores relative to the vehicle control AIA rats was dose dependent but 

significant (p<0.05) only at a dose of 30 mg/kg (66% reduction) of etanercept.  Effects of etanercept 

were more pronounced in CIA rats when compared to AIA rats (Figure 4). 

 

Tofacitinib: AIA – Figure 5A is a representative ankle diameter vs time plot for diseased animals 

treated with tofacitinib (vehicle, 0.5, 1.5, 5, 15, and 45 mg/kg PO) on days 1 to 7 of established 

disease.  Daily ankle diameter measurements were significantly (p<0.05) reduced toward normal for 

AIA rats given 0.5 mg/kg (days 6 to 8), 1.5 mg/kg (days 3 to 8), 5 mg/kg (days 2 to 8), 15 mg/kg 

(days 2 to 8), and 45 mg/kg (days 2 to 8) of tofacitinib when compared to vehicle control rats.  

AUCankle was significantly (p<0.05) and dose responsively reduced toward normal for AIA rats 

treated with 1.5 mg/kg (19% reduction), 5 mg/kg (34% reduction), 15 mg/kg (47% reduction), and 

45 mg/kg (66% reduction) tofacitinib when compared to vehicle controls.  Tofacitinib treatment 

resulted in a dose dependent decrease in ankle histopathology scores in AIA rats (see Figure 5B).  

All individual ankle histopathology parameters (inflammation, pannus, cartilage damage, bone 

resorption) were significantly (p<0.05) reduced relative to the vehicle control for AIA rats treated 

with 45 mg/kg of tofacitinib.  AIA rats treated with 15 mg/kg tofacitinib had significantly (p<0.05) 

reduced ankle inflammation (51% reduction) and bone resorption (67%).  At 5 mg/kg, only the 

decrease in ankle inflammation (35%) was significant.  The effect of tofacitinib on summed ankle 

histopathology scores relative to the vehicle control AIA rats was dose dependent across the entire 

range of doses tested, and significant (p<0.05) at doses of 5 (33% reduction), 15 (52% reduction) 

and 45 mg/kg (72% reduction) of tofacitinib. 
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CIA – Figure 5C is a representative ankle diameter vs time plot for diseased animals treated 

with tofacitinib (vehicle, 0.5, 1.5, 5, 15, and 45 mg/kg PO) on days 1 to 7 of established disease.  

Daily ankle diameter measurements were significantly (p<0.05) reduced toward normal for CIA rats 

given 0.5 mg/kg (days 6 to 8), 1.5 mg/kg (days 2 to 8), 5 mg/kg (days 2 to 8), 15 mg/kg (days 2 to 

8), and 45 mg/kg (days 2 to 8) of tofacitinib when compared to vehicle control rats.  AUCankle was 

significantly (p<0.05) and dose responsively reduced toward normal for CIA rats treated with 1.5 

mg/kg (42% reduction), 5 mg/kg (77% reduction), 15 mg/kg (92% reduction), and 45 mg/kg (95% 

reduction) tofacitinib when compared to vehicle controls.  Tofacitinib treatment resulted in a dose 

dependent decrease in ankle histopathology scores in CIA rats (see Figure 5D).  All individual ankle 

histopathology parameters (inflammation, pannus, cartilage damage, bone resorption) were 

significantly (p<0.05) reduced relative to the vehicle controls for CIA rats treated with 5, 15, and 45 

mg/kg of tofacitinib.   CIA rats treated with 1.5 mg/kg tofacitinib had significantly (p<0.05) reduced 

ankle pannus (49% reduction), and bone resorption (49% reduction).  Accordingly, the effect of 

tofacitinib on summed ankle histopathology scores relative to the vehicle control CIA rats was dose 

dependent and significant (p<0.05) at doses of 1.5 (40% reduction), 5 (77% reduction), 15 (94% 

reduction) and 45 mg/kg (100% reduction) of tofacitinib.  Effects of tofacitinib were more 

pronounced at similar doses in CIA rats when compared to AIA rats (Figure 5). 

 

Dexamethasone: AIA – Figure 6A is a representative ankle diameter vs time plot for diseased 

animals treated with dexamethasone (vehicle, 0.0125, 0.025, 0.05, 0.1, and 0.2 mg/kg PO) on days 1 

to 7 of established disease.  Daily ankle diameter measurements were significantly (p<0.05) reduced 

toward normal for AIA rats given 0.0125 mg/kg (day 4), 0.025 mg/kg (days 3 to 8), 0.05 mg/kg 

(days 2 to 8), 0.1 mg/kg (days 2 to 8), and 0.2 mg/kg (days 2 to 8) of dexamethasone when 
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compared to vehicle control rats.  AUCankle was significantly (p<0.05) and dose responsively 

reduced toward normal for AIA rats treated with 0.025 mg/kg (27% reduction), 0.05 mg/kg (39% 

reduction), 0.1 mg/kg (58% reduction), and 0.2 mg/kg (82% reduction) dexamethasone when 

compared to vehicle controls.  Dexamethasone treatment resulted in a dose dependent decrease in 

ankle histopathology scores in AIA rats (see Figure 6B).  All individual ankle histopathology 

parameters (inflammation, pannus, cartilage damage, bone resorption) were significantly (p<0.05) 

reduced relative to the vehicle control for AIA rats treated with 0.05, 0.1, and 0.2 mg/kg of 

dexamethasone.   AIA rats treated with 0.025 mg/kg dexamethasone had significantly (p<0.05) 

reduced ankle inflammation (23% reduction), and bone resorption (42% reduction).   The effect of 

dexamethasone on summed ankle histopathology scores relative to the vehicle control AIA rats was 

dose dependent across the entire range of doses tested, and significant (p<0.05) at doses of 0.025 

(30% reduction), 0.05 (52% reduction), 0.1 (62% reduction), and 0.2 mg/kg (83% reduction) of 

dexamethasone. 

CIA – Figure 6C is a representative ankle diameter vs time plot for diseased animals treated 

with dexamethasone (vehicle, 0.0125, 0.025, 0.05, 0.1, and 0.2 mg/kg PO) on days 1 to 7 of 

established disease.  Daily ankle diameter measurements were significantly (p<0.05) reduced 

toward normal for CIA rats given 0.0125 mg/kg (day 3), 0.025 mg/kg (days 2 to 8), 0.05 mg/kg 

(days 2 to 8), 0.1 mg/kg (days 2 to 8), and 0.2 mg/kg (days 2 to 8) of dexamethasone when 

compared to vehicle control rats.  AUCankle was significantly (p<0.05) and dose responsively 

reduced toward normal for CIA rats treated with 0.025 mg/kg (82% reduction), 0.05 mg/kg (92% 

reduction), 0.1 mg/kg (96% reduction), and 0.2 mg/kg (98% reduction) dexamethasone when 

compared to vehicle controls.  Dexamethasone treatment resulted in a dose dependent decrease in 

ankle histopathology scores in CIA rats (see Figure 6D).  All individual ankle histopathology 
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parameters (inflammation, pannus, cartilage damage, bone resorption) were significantly (p<0.05) 

reduced relative to the vehicle controls for CIA rats treated with 0.025, 0.05, 0.1, and 0.2 mg/kg of 

dexamethasone.   Accordingly, the effect of dexamethasone on summed ankle histopathology scores 

relative to the vehicle control CIA rats was dose dependent and significant (p<0.05) at doses of 

0.025 (75% reduction), 0.05 (90% reduction), 0.1 (99% reduction) and 0.2 mg/kg (99% reduction) 

of dexamethasone.  Effects of dexamethasone were more pronounced at similar doses in CIA rats 

when compared to AIA rats (Figure 6). 

 

Anti-inflammatory Activity on Ankle Swelling 

Characterization of anti-inflammatory activity on ankle swelling in AIA and CIA rats of 

systemic concentrations of indomethacin, methotrexate, etanercept and tofacitinib was 

determined through a PK-PD modeling approach.  Dexamethasone AIA and CIA studies were 

not included in this analysis as corticosteroids are typically administered as acute local injections 

making relationships between systemic concentrations and drug effect less clinically relevant.  A 

PK-PD model (Figure 1A) characterizing systemic drug effect (see Methods for details) was 

used to fit ankle diameter data from preclinical studies.  The indirect response PK-PD model 

described in Figure 1A (equation) assumes that drug acts to reduce ankle swelling through 

increasing the rate constant, IAS.  The choice of using an anti-arthritis effect that was described by 

a saturable equation (Equation 2) versus a linear equation (Equation 3) was based on model 

fitting statistics (see Methods).  Inflammation and subsequent ankle swelling appeared to have a 

faster onset rate in AIA rats and is reflected in kin estimates that were approximately two-fold 

higher in AIA compared to CIA rats in all studies (Supplemental Table 3).  There was good 

concordance between the predicted ankle diameter obtained from the PK-PD fits and observed 
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ankle diameters indicating that the PK-PD models used adequately characterize drug effects on 

ankle inflammation in AIA (Figure 7C) and CIA rats (Figure 7D). 

 Direct comparisons of pharmacodynamic parameters reflective of anti-inflammatory activity 

on ankle swelling could not be made across all anti-arthritis agents tested since the PK-PD models 

used to characterize each agent were often not identical (see Supplemental Table 3).  However, 

comparisons of anti-inflammatory activity relative to clinically relevant exposures could be 

accomplished through simulations using the preclinical PK-PD models and clinical 

pharmacokinetics, dose, and regimen (see Figure 1B).  Figure 7A and 7B show a representative CIA 

ankle diameter-time profile and an associated PK-PD model ankle diameter simulation using a 

clinical regimen for indomethacin.  Table 2 summarizes the percent inhibition of ankle diameter 

AUC (AUCankle) following clinical regimen simulations for indomethacin, methotrexate, etanercept 

and tofacitinib.  None of the agents tested inhibited AUCankle completely.  Indomethacin and 

tofacitinib appear to be the most active agents in both preclinical models with maximum inhibition 

of AUCankle being 52 % and 63% in CIA rats, respectively.  Inhibition of AUCankle by indomethacin 

and tofacitinib inhibition was less in AIA rats, 40% and 27%, respectively.  The diminished anti-

inflammatory activity in AIA rats appears to be a consequence of more aggressive inflammation in 

AIA rats as evident by an approximately 2-fold higher kin in AIA compared to CIA rats mentioned 

above.  Inhibition of AUCankle by methotrexate and etanercept at clinically relevant exposures was 

less effective compared to indomethacin and tofacitinib being ≤ 16% in AIA and CIA rats. 

 

Ankle Histopathology at Clinically Relevant Exposures 

Characterization of relationships between ankle histopatholgy summed scores (AHSS) and systemic 

drug concentrations of indomethacin, etanercept and tofacitinib was performed either using either a 
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standard Emax equation (Equation 6) or an Emax equation with a linear effect component (Equation 

7).  Dexamethasone AIA and CIA studies were not included in this analysis as corticosteroids are 

typically administered as acute local injections making relationships between systemic 

concentrations and drug effect less clinically relevant.  Figure 8 shows plots of percent inhibition of 

end of study ankle histopathology summed scores versus steady-state drug concentrations and the 

associated model fitted lines and pharmacodynamics parameters.  Of note, the estimated Emax of 

tofacitinib in CIA (Figure 8F) exceeded 100% (i.e.105%) which is not possible by definition.  As 

this value was an estimation, and was very close to the theoretical Emax maximum of 100%, we 

chose to report the value as the fitted estimated value.  Methotrexate histopatholgy summed scores 

were not modeled due to inadequate dose responsiveness characterization for modeling purposes 

(see Figure 3B and 3D).   

 Estimated pharmacodynamics parameters were used to calculate the % inhibition of AHSS 

at clinical steady-state concentrations and results are presented in Table 2.  For methotrexate, 

percent inhibition of ankle histopathology was approximated by comparing clinical steady state 

concentrations to those estimated for each dose level based on measure pharmacokinetics from 

satellite group.  The estimated steady-state concentration at 0.3 mg/kg dose level in both AIA 

(0.0117 µM) and CIA (0.00832 µM) rats was similar to that estimated in patients (0.0133 µM).  

Therefore, the percent inhibition of ankle histopathology summed scores at clinically relevant 

exposures was approximated to values observed at the 0.3 mg/kg dose in AIA (~8%) and CIA 

(~5%) rats.  Similar to the analysis of anti-inflammatory activity associated with ankle swelling, no 

anti-arthritis agent tested caused complete inhibition of ankle histology at clinically relevant steady-

state concentrations.  Once again, indomethacin and tofacitinib were the most effective in inhibiting 

ankle histopathology in CIA rats resulting in 45% and 56% inhibition of ankle histopathology, 
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respectively.  Both drugs caused less inhibition of ankle histopathology in AIA compared to CIA 

rats which is likely due AIA rats exhibiting more aggressive disease.  Similar to indomethacin and 

tofacitinib, etanercept exhibited more activity on ankle histopathology assessments in CIA rats but 

to a lesser magnitude.  Methotrexate was the least active on ankle histopathology of all agents 

tested. 
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DISCUSSION 

Despite their wide use and their acknowledged importance to drug development, the ability of 

rodent immune-mediated arthritis models to quantitatively predict therapeutic activity of anti-

arthritis agents is poorly understood.  The clinical relevance of rodent immune-mediated arthritis 

models have been investigated and reviewed by others (Bendele et al., 1999; Kannan et al., 2005; 

Hegen et al., 2008).  However, reported investigations provide qualitative or, at best, semi-

quantitative comparisons of preclinical and clinical efficacy as known species differences in 

pharmacokinetics of anti-arthritis agents were not accounted for.  In a recent manuscript 

reviewing the use of translational PK-PD analysis in pharmaceutical industry, a shortage of 

quantitative clinical validation of translatable-preclinical models was reported for autoimmune 

diseases including RA (Wong et al., 2017).  The current work provides a detailed quantitative 

examination of drug exposure-effect relations in rat AIA and CIA using PK-PD analysis in order 

to evaluate preclinical efficacy in context of clinically relevant drug exposures.  Therapeutic 

efficacy rather than prophylactic efficacy in AIA and CIA rats was evaluated since therapeutic 

efficacy has been found to be more predictive of clinical efficacy in human RA patients (Hegen et 

al., 2008). 

The four anti-rheumatic agents that were used in our evaluation include indomethacin, 

methotrexate, etanercept (an anti-TNF biologic), and tofacitinib (a recently approved oral JAK 

inhibitor).  Unlike the other drug evaluated, indomethacin is used to manage symptoms of RA such 

as pain, stiffness, inflammation, and joint swelling at clinically relevant doses (Saul and Korlipara, 

1991; Burke et al., 2006; Combe et al., 2017).  Indomethacin is not considered to be a “disease 

modifying” anti-rheumatic drug and therefore is not expected to stop the progression of disease and 

prevent joint destruction.  In contrast, methotrexate (conventional synthetic DMARD), etanercept 
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(biologic DMARD), and tofacitinib (targeted synthetic DMARD) represent different classes of 

DMARDS that are used clinically to prevent or reduce the risk of RA associated joint damage 

(Chatzidionysiou et al., 2017; Combe et al., 2017; Ramiro et al., 2017).  Finally, dexamethasone (a 

corticosteroid) typically delivered by local injection to RA patients was included as a common 

positive control in both preclinical models. 

The efficacy endpoints used in our analysis were inhibition of AUCankle and inhibition of 

AHSS.  Increases in ankle diameter (assessed as increases in AUCankle) in AIA and CIA rats 

result from edema of the joint and serves as a measure of inflammation.  The AHSS comprised 

of individual histopathology scores (i.e. inflammation, pannus, cartilage damage and bone 

resorption) serves as a measurement of underlying structural changes to the bone caused by 

disease progression.  For each drug tested, inhibition of both AUCankle and AHSS scores were 

generally comparable in both magnitude and rank order (Tables 2).  Of interest, methotrexate 

showed the lowest magnitude of effect on AHSS at clinically relevant drug concentrations 

despite being the standard of care DMARD for the clinical treatment of RA (Combe et al., 2017).  

Overall, based on both the AUCankle and the AHSS inhibition data, the rank ordering of 

preclinical activity was tofacitinib > etanercept ≥ methotrexate.   

Direct comparisons with clinical activity in RA are difficult as assessment of clinical 

anti-rheumatic activity is only pseudo-quantitative in nature.  However, emerging clinical data is 

consistent with our rank ordering of drug activity.   Tofacitinib monotherapy appears to be more 

effective than methotrexate in methotrexate naïve RA patients (patients who have not previously 

received methotrexate or therapeutic doses of methotrexate) in the reduction of RA signs and 

symptoms and inhibiting the progression of structural joint damage (Lee et al., 2014; Strand et 

al., 2016).  Comparisons of the clinical efficacy of etanercept and methotrexate monotherapy 
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were not as clear-cut.  A meta-analysis of clinical efficacy data of four anti-TNF biologics 

including etanercept given as monotherapy compared to methotrexate monotherapy showed that 

while risk ratios (an efficacy metric) favored the anti-TNF biologics, they do not reach statistical 

significance (Aaltonen et al, 2012).  Similarly, differences between etanercept and methotrexate 

activity on AHSS were not entirely consistent with both compounds showing similar efficacy in 

AIA rats, but etanercept having greater efficacy in CIA rats (Table 2).   

As a note of caution, despite the apparent concordance of our preclinical efficacy data for 

DMARDs to clinical efficacy, the predictive value of preclinical efficacy in AIA and CIA rats is 

not without flaw.  Of note, indomethacin showed equal or often better efficacy than other 

DMARDs on inhibiting structural joint damage in AIA and CIA rats (as assessed by inhibition of 

AHSS) despite having limited ability to prevent joint damage clinically in RA patients.  The 

comparable efficacy of indomethacin on both AUCankle and the AHSS serves as a clear example 

of an inability of AIA and CIA rats to provide differentiation between treatment of disease 

symptoms (joint inflammation) and disease progression (joint damage) that is observed 

clinically.  Despite this, applications of translational PK-PD modeling of preclinical efficacy in 

AIA and CIA rats does have value in drug development.  The translational value of PK-PD 

analyses can be grouped into two broad categories; 1) rank ordering of new anti-arthritis 

therapies in context of relevant clinical concentrations and 2) characterization of quantitative 

relationships of biological pathways important to RA. 

 

Rank ordering of new anti-arthritis therapies in context of relevant clinical concentrations 

A central theme of our work described in the current manuscript is the ability of PK-PD analysis 

to normalize species difference in pharmacokinetics in order to properly context preclinical 
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activity to clinically relevant drug concentrations in humans.  In theory, this would allow a fair 

comparison of efficacy of new therapies to existing drugs on the market.  The current study 

suggests that the clinical activity of anti-rheumatic drugs can be rank ordered based on 

preclinical activity despite the confounding results with indomethacin.  Ideally, rank ordering of 

compound efficacy is best performed with the following two considerations.  First, the 

appropriate choice of model is important for meaningfully ranking compounds. Since RA is a 

heterogeneous disease and is likely manifested by different pathological pathways, RA patients 

show varying responses to any particular drug therapy that normally interferes one or few 

biological pathways. Thus, the preclinical evaluation of a novel compound’s efficacy should be 

performed in models sharing the appropriate pathological pathways in human RA.  Animal 

model selection in such a manner would provide a biologically plausible rational for improved 

efficacy when comparing new drug candidates to either marketed drugs or more advanced 

compounds targeting the same biological pathway.  Second, testing in more than one model is 

preferred whenever possible to evaluate the contribution of different genetic backgrounds and 

inflammatory conditions.  An example of a rank ordering approach is described in a case study 

from recent manuscript from pharmaceutical industry where preclinical PK-PD analysis of 

efficacy data in AIA rats was used to rank order and select second-generation drug candidates 

with anticipated improved efficacy compared to an advanced competitor compound sharing the 

same mechanism of action (Wong et al., 2017).  As a final note, rank ordering of efficacy is 

likely more reliable when comparing drugs/compounds that share the same biological target.  

Further, preclinical models of arthritis differ from human RA in that these models have a more 

aggressive form of the disease and contributions from various biological drivers of preclinical 

disease may differ from human RA.  For example, the inflammatory stimuli or pathways, which 
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triggered leukocyte influx, joint swelling, and bone damage, in these models may differ from 

those in human RA.   Thus, the quantitative assessment of preclinical efficacy endpoints may 

only be useful for the rank ordering of those relevant pathways in the selected models.  For 

instance, our PK-PD modeling results with methotrexate and etanercept show that at clinically 

relevant concentrations the preclinical activity in therapeutic AIA and CIA rats is rather low for 

these two clinically effective DMARDs (Tables 2), suggesting the pathogenic contributions of 

TNF-α pathway in these models may not be as high as those in human RA.    

 

Characterization of quantitative relationships of biological pathways important to RA 

A second aspect of the translational value of PK-PD analysis of preclinical arthritis models 

involves the quantitative characterization of biological pathways central to the disease through 

the development of mechanistic PK-PD models.   These mechanistic PK-PD models offer a 

means to evaluate a). the degree of importance of biological pathway to an immune mediated 

disease in an in vivo setting, b) assessment of in vitro to in vivo correlation of drug potency, c) 

exploration of new biomarkers that quantitatively assess their modulation with an efficacy 

outcome, and d) assessment of synergism following inhibition of more than one biological 

pathway.  Some of these applications have been reported and used in pharmaceutical industry 

(Wong et al., 2017).   Finally, the resultant mechanistic PK-PD models can be used to influence 

design of early clinical trials including setting of pharmacodynamic biomarker endpoints, 

generating therapeutic and toxicity indexes, and providing insights into therapeutic mechanisms 

related to efficacy. 
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In summary, the current work describes a comprehensive effort to provide clinical validation of 

therapeutic AIA and CIA in rats using translational PK-PD analysis.  Based on our work, PK-PD 

analysis of preclinical efficacy data can be used to rank order the clinical efficacy of new 

therapies for RA.  In addition, we propose that PK-PD modeling of preclinical efficacy data 

improves the quantitative understanding of biological pathways involved in RA and can provide 

value in the search for new and novel therapies.  Finally, the described approach to clinically 

validate therapeutic AIA and CIA in rats can be applied to other animal models of autoimmune 

disease. 
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FOOTNOTES 

 

Send reprint requests to: Dr. Harvey Wong, The University of British Columbia, 2405 Wesbrook 

Mall, Vancouver, BC, Canada. V6T 1Z3.  E-mail: harvey.wong@ubc.ca.
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LEGENDS FOR FIGURES 

 
Figure 1  The PK-PD modeling and simulation process used to translate preclinical ankle joint 

swelling measurements is depicted.  Ankle joint swelling in AIA or CIA rats was 

described using a standard indirect response model (A).  AD (inches) is defined as the 

ankle diamater, kin (inches×day-1) is the rate of increase in ankle diameter, and IAS (day-

1) is the rate constant describing the anti-ankle joint swelling effect of the agents used 

in the AIA and CIA studies.  The simulation process integrating human 

pharmacokinetics is described in B.  Pharmacodynamic parameters relating drug 

concentration to anti-ankle joint swelling effect are estimated for each drug tested in 

AIA and CIA rats following fitting of the indirect response model to ankle diameter 

measurements using rat pharmacokinetics.  Simulations of clinical regimen were 

carried out using the pre-clinical PK-PD model, the estimated pharmacodynamics 

parameters from preclinical AIA or CIA studies and human pharmacokinetics from the 

literature (see Supplemental Table 1) 

 

Figure 2  Ankle diameter vs time profile in AIA (2A) and CIA (2C) rats given 0.1, 0.3, 1, 3 or 6 

mg/kg indomethacin PO daily on days 1 to 7 of established disease.  Corresponding 

end of study ankle histopathology scores in AIA (2B) and CIA (2D) rats following 

indomethacin treatment.  Each histology parameter (inflammation, pannus, cartilage 

damage, and bone resorption) is scored from 0 to 7 for AIA rats and 0 to 5 for CIA 

rats, and is represented by patterned bars indicated by the figure legend.  Total height 

of each bar represents the mean summed ankle histopathology score for the specific 
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dose group that can have a maximum value of 28 for AIA rats and 20 for CIA rats.  

Error bars in plots represent standard error of the mean. 

 

Figure 3  Ankle diameter vs time profile in AIA (3A) and CIA (3C) rats given 0.1, 0.3, 1, 3 or 

10 mg/kg methotrexate PO daily on days 1 to 7 of established disease.  Corresponding 

end of study ankle histopathology scores in AIA (3B) and CIA (3D) rats following 

methotrexate treatment.  Each histology parameter (inflammation, pannus, cartilage 

damage, and bone resorption) is scored from 0 to 7 for AIA rats and 0 to 5 for CIA 

rats, and is represented by patterned bars indicated by the figure legend.  Total height 

of each bar represents the mean summed ankle histopathology score for the specific 

dose group that can have a maximum value of 28 for AIA rats and 20 for CIA rats.  

Error bars in plots represent standard error of the mean 

 

Figure 4  Ankle diameter vs time profile in AIA (4A) and CIA (4C) rats given 0.3, 1, 3, 10 or 30 

mg/kg etanercept via subcutaneous injection every third day on days 1, 4, and 7 of 

established disease.  Corresponding end of study ankle histopathology scores in AIA 

(4B) and CIA (4D) rats following etanercept treatment.  Each histology parameter 

(inflammation, pannus, cartilage damage, and bone resorption) is scored from 0 to 7 

for AIA rats and 0 to 5 for CIA rats, and is represented by patterned bars indicated by 

the figure legend.  Total height of each bar represents the mean summed ankle 

histopathology score for the specific dose group that can have a maximum value of 28 

for AIA rats and 20 for CIA rats.  Error bars in plots represent standard error of the 

mean 
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Figure 5  Ankle diameter vs time profile in AIA (5A) and CIA (5C) rats given 0.5, 1.5, 5, 15 or 

45 mg/kg tofacitinib PO daily on days 1 to 7 of established disease.  Corresponding 

end of study ankle histopathology scores in AIA (5B) and CIA (5D) rats following 

tofacitinib treatment.  Each histology parameter (inflammation, pannus, cartilage 

damage, and bone resorption) is scored from 0 to 7 for AIA rats and 0 to 5 for CIA 

rats, and is represented by patterned bars indicated by the figure legend.  Total height 

of each bar represents the mean summed ankle histopathology score for the specific 

dose group that can have a maximum value of 28 for AIA rats and 20 for CIA rats.  

Error bars in plots represent standard error of the mean 

 

Figure 6. Ankle diameter vs time profile in AIA (6A) and CIA (6C) rats given 0.0125, 0.025, 

0.05, 0.1 or 0.2 mg/kg dexamethasone PO daily on days 1 to 7 of established disease.  

Corresponding end of study ankle histopathology scores in AIA (6B) and CIA (6D) 

rats following dexamethasone treatment.  Each histology parameter (inflammation, 

pannus, cartilage damage, and bone resorption) is scored from 0 to 7 for AIA rats and 

0 to 5 for CIA rats, and is represented by patterned bars indicated by the figure legend.  

Total height of each bar represents the mean summed ankle histopathology score for 

the specific dose group that can have a maximum value of 28 for AIA rats and 20 for 

CIA rats.  Error bars in plots represent standard error of the mean 

 

Figure 7. An example of a PK-PD analysis of ankle swelling from a rat arthritis model study is 

shown.  Figure 7A shows a representative plot of mean ankle diameter (AD) versus 
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time for dosing ranging study with indomethacin in rat CIA up to study day 6.  Figure 

7B shows a representative simulation of clinical regimen of indomethacin using 

human pharmacokinetics as described in Figure 1B.  Figure 7C shows plots of PK-PD 

model predicted mean AD vs. observed AD in AIA rats given indomethacin, 

methotrexate, etanercept, and tofacitinib.  Figure 7D shows plots of PK-PD model 

predicted mean AD vs. observed AD in CIA rats given indomethacin, methotrexate, 

etanercept, and tofacitinib.  Error bars in plots represent standard error of the mean 

 

Figure 8. Plots of ankle histology summed scores (AHSS) vs steady-state plasma concentrations 

(Css) for indomethacin (A and D), etanercept (B and E), and tofacitinib (C and F).  The 

squares represent mean observed data.  The solid line represents the model predicted 

curve.
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Table 1.  Study Design Information for Anti-Arthritis Agents Tested in AIA and CIA Rats 
 
Drug Efficacy: Dose and Regimen Supporting Pharmacokinetics: Doses and 

Assessment Times 
Indomethacin Vehicle (CMC), 0.1, 0.3, 1, 3 or 6 mg/kg indomethacin was 

given PO daily on days 1 to 7 of established disease. 
0.1, 1, and 6 mg/kg PO indomethacin on day 1 (6 mg/kg) 
or day 7 (0.1 and 1 mg/kg) of established disease. 

Methotrexate Vehicle (CMC), 0.1, 0.3, or 1 mg/kg methotrexate was 
given PO daily on days 1 to 7 of established disease. 

0.1 and 1 mg/kg PO methotrexate on day 7 of established 
disease. 

Etanercept Vehicle (sterile water), 0.3, 1, 3, 10 or 30 mg/kg etanercept 
was given via subcutaneous (SC) injection every third day 
on days 1, 4, and 7 of established disease. 

0.3, 1, 3, 10, and 30 mg/kg SC on day1 and day 7 of 
established disease. 

Tofacitinib Vehicle (MCT), 0.5, 1.5, 5, 15 or 45 mg/kg tofacitinib was 
given PO daily on days 1 to 7 of established disease. 

0.5, 5, and 45 mg/kg PO tofacitinib on day 7 of established 
disease. 

Dexamethasone Vehicle (CMC), 0.0125, 0.025, 0.05, 0.1 or 0.2 mg/kg 
dexamethasone was given PO daily on days 1 to 7 of 
established disease. 

0.0125, 0.05, and 0.2 mg/kg PO dexamethasone on day 7 
of established disease. 

PO – oral route 
SC – subcutaneous route 
CMC - 1% carboxymethylcellulose 
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Table 2.  Therapeutic Dose, Percent Inhibition of AUCankle Following Simulations Using Clinical Regimens, Steady-State 

Concentration and Corresponding Percent Inhibition of Ankle Histopathology Summed Scores (AHSS). 
 

Drug Therapeutic Dose 
% Inhibition of AUCankle 

Css ave 
% Inhibition AHSS 

AIA CIA AIA CIA 

Indomethacin 25 mg three times daily 40% 52% 1.12 µMa 41% 45% 

Methotrexate 7.5 mg once weekly 8% 7% 0.0133 µMb ~8% ~5% 

Etanercept 50 mg once weekly 5% 16% 1.77 µg/mLc 14% 29% 

Tofacitinib 5 mg twice daily 27% 63% 0.0580 µMd 22% 56% 
a From Helleberg L, 1981 
b Calculated using AUC/τ using data from Godfrey et al., 1998. 
c Calculated using AUC/τ using data from Keystone et al., 2004. 
d Determined by simulating a 5 mg twice daily dose using data from Cohen et al., 2010.  
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 8
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Supplemental Table 1 – Ankle Histopathology Scores for AIA Rats 
 
Histopathology Score Criteria 

INFLAMMATON 

0 
Normal (dorsal to ventral skin measures 90–100 units on 16X, 5670–6300 µm) (Measurements taken from dorsal skin 
surface [in flexion angle] to ventral skin surface [across tarsal joints].  Corrections are made for any artifactual tissue 
separation) 

0.5 Very minimal generally focal infiltration of inflammatory cells in periarticular tissues (dorsal to ventral skin measures 
approx. 80–100 units on 16X, 5040–6300 µm) 

1 Minimal infiltration of inflammatory cells in periarticular tissue (dorsal to ventral skin measures 90–120 units on 16X, 
5670–7560 µm). 

2 Mild infiltration of inflammatory cells in periarticular tissue (dorsal to ventral skin measures 90–120 units on 16X, 
5670–7560 µm) 

3 Moderate infiltration with moderate edema (dorsal to ventral skin measures 121–130 units on 16X, 7523–8190 µm) 
4 Marked infiltration with marked edema (dorsal to ventral skin measures 131–140 units on 16X, 8253–8820 µm) 

5 Severe infiltration with severe edema and may have focal to multifocal microabscesses, periarticular tissue expansion 
(dorsal to ventral skin measures 141–150 units on 16X, 8883–9450 µm) 

6 Very severe infiltration with severe edema and may have numerous microabscesses, periarticular tissue expansion 
(dorsal to ventral skin measures 151–160 units on 16X, 9513–10080 µm) 

7 Very severe infiltration with severe edema, periarticular tissue expansion and may have numerous microabscesses 
(dorsal to ventral skin measures >160units on 16X, >10080 µm) 

BONE RESORPTION 
 
 

0 Normal 

0.5 
Very minimal = score reserved for those that are normal on low magnification but have the earliest hint of small areas of 
resorption in the metaphysis with no resorption in the tarsal bones, or if prior resorption has occurred, new medullary 
bone has totally filled in areas of resorption. 

1 
Minimal = small definite areas of resorption in distal tibial trabecular or cortical bone, or in the tarsal bones, not readily 
apparent on low magnification, rare osteoclasts, or if prior resorption has occurred, new medullary bone has near totally 
filled in areas of resorption but some defects remain. 

2 
Mild = more numerous areas (≤25% loss of bone in growth plate area) of resorption in distal tibial trabecular or cortical 
bone and tarsals apparent on low magnification, osteoclasts more numerous, or if prior resorption has occurred, new 
medullary bone has partially filled in areas of resorption but mild defects (criteria above) remain 

3 

Moderate = obvious resorption of medullary trabecular and cortical bone without full thickness defects in both distal 
tibial cortices, loss of some medullary trabeculae with a possible 26–50% loss across growth plate and cortices, some 
loss (26–50%) in some but not all tarsal bones, lesion apparent on low magnification, osteoclasts more numerous, or if 
prior resorption has occurred, new medullary bone has partially filled in areas of resorption but moderate (criteria 
above) defects remain 

4 

Marked = full or near full thickness defects in both distal tibial cortices, often with distortion of profile of remaining 
cortical surface, marked loss of medullary bone of distal tibia (50–100% loss across growth plate area and cortices and 
may have minor loss in small tarsals) but good retention of architecture, numerous osteoclasts, or if prior resorption has 
occurred, new medullary bone has partially filled in areas of resorption but moderate (criteria above) defects remain 



 

 3 

5 

Severe = full thickness defects in both distal tibial cortices with >75% loss across growth plate and both cortices and 
may have up to 50% loss in some tarsals, severe loss of medullary bone of distal tibia but overall architecture is still 
evident, numerous osteoclasts, or if prior resorption has occurred, new medullary bone has partially filled in areas of 
resorption but moderate (criteria above) defects remain 

6 

Very severe = full thickness defects in both distal tibial cortices and in most tarsal bones, distortion of profile of ankle 
but still able to identify basic structure, marked loss of medullary bone of distal tibia, numerous osteoclasts, or if prior 
resorption has occurred, new medullary bone has partially filled in areas of resorption but moderate (criteria above) 
defects remain 

7 

Near total destruction = full thickness defects in both distal tibial cortices and in most tarsal bones, severe distortion of 
profile of ankle may be difficult to identify basic structure, severe loss of medullary bone of distal tibia, numerous 
osteoclasts, or if prior resorption has occurred, new medullary bone has partially filled in areas of resorption but 
moderate (criteria above) defects remain 

CARTILAGE 
DAMAGE 
 
 

0 Normal 
0.5 Very minimal, focal or only few marginal zones affected 
1 Minimal multifocal, generally marginal zone proteoglycan loss. 
2 Mild marginal zone proteoglycan loss with small areas of surface erosion 
3 Moderate, one cartilage surface/joint with up to 50% loss of matrix 
4 Marked, two to three cartilage surfaces/ joints with at least 50–100% loss of matrix 
5 Severe, four cartilage surfaces/ joints with at least 50–100% loss of matrix 
6 Very severe, five cartilage surfaces/joints with at least 50–100% loss of matrix 
7 Near total destruction, most cartilage surfaces/joints with at least 75–100% loss of matrix 

PANNUS 
 
 

0 Normal 
0.5 Very minimal, focal or only few marginal zones affected 
1 Minimal infiltration of pannus in cartilage and subchondral bone, primarily affects marginal zones. 
2 Mild infiltration (<1/4 width of tibia and/or most tarsals at marginal zones) 
3 Moderate infiltration (1/4 to 1/3 width of tibia and/or most small tarsals at marginal zones) 
4 Marked infiltration (1/2–3/4 width of tibia and/or most tarsals affected at marginal zones and extending to central areas) 
5 Severe infiltration (>3/4 width of tibia and/or most tarsals affected at marginal zones and extending to central areas) 

6 
Very severe infiltration (>3/4 width of tibia and/or most tarsals affected at marginal zones and extending into central 
areas of bone, moderate distortion of overall architecture due to infiltration of pannus into bone with accompanying 
destruction) 

7 Severe infiltration (>3/4 width of tibia and/or tarsals affected at marginal zones and extending into central areas of bone, 
severe distortion of overall architecture due to infiltration of pannus into bone with accompanying destruction) 

 
  



 

 4 

Supplemental Table 2 – Ankle Histopathology Scores for CIA Rats 
 
Histopathology Score Criteria 

INFLAMMATON 

0 Normal 
0.5 Minimal focal inflammation 
1 Minimal infiltration of inflammatory cells in synovium/periarticular tissue 
2 Mild infiltration 
3 Moderate infiltration with moderate edema 
4 Marked infiltration with marked edema 
5 Severe infiltration with severe edema 

BONE RESORPTION 
 
 

0 Normal 
0.5 Minimal resorption affects only marginal zones and affects only a few joints. 

1 Minimal = small areas of resorption, not readily apparent on low 
magnification, rare osteoclasts 

2 Mild = more numerous areas of resorption, not readily apparent on low magnification, osteoclasts more numerous, 
<1/4 of tibia or tarsals at marginal zones resorbed 

3 
Moderate = obvious resorption of medullary trabecular and cortical bone without full thickness defects in cortex, loss 
of some medullary trabeculae, lesion apparent on low magnification, osteoclasts more numerous, 1/4 to 1/3 of tibia 
or tarsals affected at marginal zones 

4 Marked = full thickness defects in cortical bone, often with distortion of profile of remaining cortical surface, marked 
loss of medullary bone, numerous osteoclasts, 1/2 to 3/4 of tibia or tarsals affected at marginal zones 

5 
Severe = full thickness defects in cortical bone, often with distortion of profile of remaining cortical surface, marked 
loss of medullary bone, numerous osteoclasts, >3/4 of tibia or tarsals affected at marginal zones, severe distortion of 
overall architecture 

CARTILAGE 
DAMAGE (emphasis on 
small tarsals) 
 
 

0 Normal 
0.5 Minimal decrease in T blue staining, affects only marginal zones and affects only a few joints 
1 Minimal = minimal to mild loss of toluidine blue staining with no obvious chondrocyte loss or collagen disruption 
2 Mild = mild loss of toluidine blue staining with focal mild (superficial) chondrocyte loss and/or collagen disruption 

3 Moderate = moderate loss of toluidine blue staining with multifocal moderate (depth to middle zone) chondrocyte 
loss and/or collagen disruption, smaller tarsals affected to 1/2 to 3/4 depth with rare areas of full thickness loss 

4 Marked = marked loss of toluidine blue staining with multifocal marked (depth to deep zone) chondrocyte loss 
and/or collagen disruption, 1 or 2 small tarsals surfaces have full thickness loss of cartilage 

5 Severe = severe diffuse loss of toluidine blue staining with multifocal severe (depth to tide mark) chondrocyte loss 
and/or collagen disruption affecting more than 2 cartilage surfaces 

PANNUS 
 
 

0 Normal 

0.5 Minimal infiltration of pannus in cartilage and subchondral bone, affects only marginal zones and affects only a few 
joints 

1 Minimal infiltration of pannus in cartilage and subchondral bone, primarily affects marginal zones 
2 Mild infiltration (<1/4 of tibia or tarsals at marginal zones) 



 

 5 

3 Moderate infiltration (1/4 to 1/3 of tibia or small tarsals affected at marginal zones) 
4 Marked infiltration (1/2 to 3/4 of tibia or tarsals affected at marginal zones) 
5 Severe infiltration (>3/4 of tibia or tarsals affected at marginal zones, severe distortion of overall architecture) 
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Supplemental Table 3 – Pharmacodynamic Parameter Estimates for Ankle Swelling for Agents Used to Treat Rheumatoid Arthritis 
 

 Indomethacin Methotrexate Etanercept Tofacitinib 

Parameter AIAa 

(%CV) 

CIAb 

(%CV) 

AIAb 

(%CV) 

CIAb 

(%CV) 

AIAa 

(%CV) 

CIAa 

(%CV) 

AIAa 

(%CV) 

CIAb 

(%SE) 

kin (inches×day-1) 0.0245 (1.94) 0.0127 (3.59) 0.0266 (10.7) 0.0124 (21.6) 0.0229 (0.210) 0.0113 (4.46) 0.0277 (0.046) 0.0135 (1.82) 

Imax (day-1) 0.891 (9.42) − − − 0.0813 (2.32) 1 (fixed) 1 (fixed) − 

IC50
 (µM) c 1.04 (21.5) − − − 3.36 c (8.70)c 15.9 c (23.6) 0.270 (4.58) − 

I (µM-1×day-1) − 0.390 (13.9) 4.35 (22.6) 0.975 (20.5) − − − 11.2 (8.11) 

 
a Data fitted to indirect response PK-PD model with a saturable anti-ankle swelling effect. 
b Data fitted to indirect response PK-PD model with a linear anti-ankle swelling effect. 
c IC50 units is reported as µg/mL for etanercept.  
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Supplemental Table 4 - References for Human Pharmacokinetics 
 

Drug References for Human Pharmacokinetics 

Indomethacin Alvan et al., 1975 

Methotrexate Godfrey et al., 1998 

Etanercept Lee et al., 2003 

Tofacitinib Cohen et al., 2010 
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Godfrey C, Sweeney K, Miller K, Hamilton R, and Kremer J (1998) The population 
pharmacokinetics of long-term methotrexate in rheumatoid arthritis.  Br J Clin Pharmacol. 
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pharmacokinetic and pharmacodynamic modeling of etanercept using logistic regression 
analysis.  Clin Pharmacol Ther. 73:348-365.
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Supplemental Table 5 – Pharmacodynamic Parameter Estimates Ankle Histopathology Summed Scores (AHSS) for Agents Used to 

Treat Rheumatoid Arthritis 
 

 Indomethacin Etanercept Tofacitinib 

Parameter 
AIAb CIAb AIAb CIAa AIAb CIAa 

Emax (%) 58.5 68.4 24.6 64.0 47.7 105 

EC50
 (µM) c 0.646 0.671 1.46 c 2.15 0.0726 0.0512 

E (%×µM-1) c 3.34 2.03 0.246 − 18.6 − 

 
a Data fitted to Emax model (Equation 6). 
b Data fitted to Emax model with a linear effect component (Equation 7). 
c IC50 units is reported as µg/mL for etanercept.  E units is reported as %×µg-1mL for etanercept. 
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Supplemental Table 6 – Pharmacokinetic Parameters Estimated in CIA and AIA Rats for Agents Used to Treat Rheumatoid Arthritis 
 
Drug AIA Rats 

 
CIA Rats 

Indomethacin Model: : 1 compartment extravascular (PO) 
ka – 0.59 hr-1 
ke – 0.12 hr-1 
V/F – 0.63 L/kg 
 

Model: : 1 compartment extravascular (PO) 
ka – 0.72 hr-1 
ke – 0.13 hr-1 
V/F – 0.34 L/kg 

Methotrexate Model: : 1 compartment extravascular (PO) 
ka – 1.5 hr-1 
ke – 0.32 hr-11 
V/F – 10 L/kg 
 

Model: : 1 compartment extravascular (PO) 
ka – 1.5 hr-1 
ke – 0.32 hr-11 
V/F – 10 L/kg 

Etanercept Model : 1 compartment extravascular (SC) 
ka – 0.16 hr-1 
ke – 0.026 hr-1 
V/F – 0.38 L/kg 
 

Model : 1 compartment extravascular (SC) 
ka – 0.17 hr-1 
ke – 0.039 hr-1 
V/F – 0.21 L/kg 

Tofacitinib Model : 2 compartment extravascular (PO) 
ka – 1.5 hr-1 
ke – 0.84 hr-1 
V/F – 5.0 L/kg 
kpc – 0.24 hr-1 

kcp – 0.094 hr hr-1  
 

Model : 2 compartment extravascular (PO) 
ka – 5.8 hr-1 
ke – 0.46 hr-1 
V/F – 11 L/kg 
kpc – 0.32 hr-1 

kcp – 0.31 hr-1 

Dexamethasone Model : 1 compartment extravascular (PO) 
ka – 0.55 hr-1 
ke – 0.15 hr-1 
V/F – 2.9 L/kg 

Model : 1 compartment extravascular (PO) 
ka – 1.4 hr-1 
ke – 0.16 hr-1 

V/F – 2.7 L/kg 
ka - absorption rate constant. 
ke - elimination rate constant. 
V/F - apparent volume of distribution following extravascular dosing. 
kcp - rate constant from central to peripheral compartment. 
kpc - rate constant from peripheral to central compartment. 
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