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Abstract 19 

Objectives 20 

Drug product performance might be affected in Crohn’s disease (CD) patients compared to 21 

healthy subjects due to pathophysiological changes. Since a low number of clinical studies is 22 

performed in this patient population, physiologically-based pharmacokinetic (PBPK) models 23 

with integrated results from biorelevant in vitro dissolution studies could be used to assess 24 

differences in the bioavailability of drugs. Using this approach, budesonide was used as model 25 

drug and its performance in healthy subjects and CD patients was predicted and compared 26 

against observed pharmacokinetic data. 27 

The in vitro release tests, under healthy versus CD conditions, revealed a similar extent of drug 28 

release from a controlled-release budesonide formulation in the fasted state, whereas in the fed 29 

state a lower extent was observed with CD. Differences in the physiology of CD patients were 30 

identified in literature and their impact on budesonide performance was investigated with a 31 

PBPK model, revealing the highest impact on the simulated bioavailability for the reduced 32 

hepatic CYP3A4 enzyme abundance and lower human serum albumin concentration. For CD 33 

patients, a higher budesonide exposure compared to healthy subjects was predicted with a 34 

PBPK population adapted to CD physiology and in agreement with observed pharmacokinetic 35 

data. 36 

Budesonide performance in the fasted and fed state was successfully predicted in healthy 37 

subjects and CD patients using PBPK modeling and in vitro release testing. Following this 38 

approach, predictions of the direction and magnitude of changes in bioavailability due to CD 39 

could be made for other drugs and guide prescribers to adjust dosage regimens for CD patients 40 

accordingly. 41 

Keywords: Inflammatory Bowel Disease, pharmacokinetic modeling, physiologically based 42 

pharmacokinetics, absorption, bioavailability   43 
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1. Introduction 44 

Crohn’s disease (CD) is, along with ulcerative colitis (UC), one of the main types of 45 

inflammatory bowel disease (IBD). It is estimated that 3.7 million persons in Europe are 46 

affected by IBD, whereof CD is estimated to affect 1.6 million persons (Burisch et al., 2013). 47 

CD is to date a non-curable disease and therefore, lifelong medical treatment adapted to the 48 

disease state (relapse or remission) is required (Lichtenstein et al., 2004). In addition to 49 

medication specifically prescribed for the treatment of CD, it has been shown that the use of 50 

various other medications such as antidepressants, cardiovascular medication or non-steroidal 51 

analgesics was increased in IBD patients compared to control subjects (Haapamaki et al., 52 

2013).  53 

The oral drug delivery route is important for IBD patients not only for local drug therapy but 54 

also for the medical treatment of concomitant conditions. Since oral drug delivery relies on the 55 

physiological conditions in the gastrointestinal (GI) tract, pathophysiological changes could 56 

affect drug product performance in CD patients. In the worst case, the drug release from a 57 

formulation can be impeded and the formulation can accumulate in the GI tract, as recently 58 

reported for mesalamine pills in the medium ileum of a CD patient (Martinez Huertas et al., 59 

2017). Reported changes in CD patients that could affect drug product performance include 60 

e.g., differences in GI transit time, in the composition of gastrointestinal fluids and in the 61 

abundance of metabolizing enzymes (Effinger et al., 2019). Apart from the GI tract, CD also 62 

presents systemic symptoms such as a decreased human serum albumin concentration with 63 

potential to alter a drug’s pharmacokinetics (PK). Moreover, pharmacodynamic effects can 64 

differ between healthy subjects and CD patients as suggested in the cases of alfentanil and 65 

verapamil (Gesink-van der Veer et al., 1993; Sanaee et al., 2011). This highlights the need to 66 

test medications in CD patients. However, expensive clinical trials investigating drug product 67 

performance in patient populations are rarely performed, especially for drugs for the treatment 68 
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of concomitant diseases. The use of in vitro and in silico tools to identify drugs at risk of altered 69 

performance in CD patients could be a less expensive and time-saving alternative. 70 

Drug release from pharmaceutical formulations and drug dissolution in the GI fluids has been 71 

successfully simulated using in vitro dissolution testing with the USP IV apparatus (flow-72 

through cell) (Fotaki et al., 2009; Fotaki et al., 2005a, b). For poorly-soluble compounds, the 73 

use of biorelevant dissolution media, simulating closely the gastrointestinal fluid composition 74 

of healthy subjects, resulted in successful predictions of drug absorption (Berlin et al., 2014; 75 

Dressman and Reppas, 2000; Fotaki and Vertzoni, 2010; Sunesen et al., 2005). This approach 76 

has previously been extended to the pathophysiological conditions of patients with GI diseases 77 

and drug dissolution in CD can be simulated using these biorelevant media (Effinger et al., 78 

2020). 79 

The experimentally obtained dissolution profiles can be integrated in physiologically-based 80 

pharmacokinetic (PBPK) models. PBPK models are mathematical models that predict a drug’s 81 

PK plasma profile by integrating various ADME (absorption, distribution, metabolism, 82 

excretion) processes and considering the physiology of the study subject, the physicochemical 83 

properties and in vitro or in silico ADME information of the drug and the trial design. 84 

Considering the physiology of the subject, pathophysiological differences can be accounted for 85 

by developing a virtual patient population in the PBPK model. This approach has resulted in 86 

improved predictions of drug product performance in patients with liver cirrhosis (Edginton 87 

and Willmann, 2008),  critically septic patients (Radke et al., 2017), chronic kidney disease 88 

(Hsueh et al., 2018) and patients after post-bariatric surgery (Darwich et al., 2012; Darwich et 89 

al., 2013) or in the perioperative setting (Bjorkman et al., 2001). 90 

Budesonide is a locally-acting corticosteroid due to its high ratio of topical to systemic activity 91 

and is indicated for the treatment of asthma after pulmonary administration or for the treatment 92 

of inflammatory bowel diseases (IBD) after oral administration (Szefler, 1999). To deliver 93 
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budesonide to the affected regions in the gastrointestinal tract of IBD patients, available 94 

formulations on the market include multi-particulate controlled-release formulations such as 95 

Entocort® (Tillotts Pharma UK Ltd., Wellingore, UK) with a triggering pH of 5.5 or 96 

Budenofalk (Dr. Falk Pharma, Freiburg, Germany) with a triggering pH of 6.4 and a 97 

multimatrix monolithic formulation with time-dependent release (Uceris, Santarus, San Diego, 98 

CA, USA) (Iborra et al., 2014). Both multi-particulate formulations aim to deliver budesonide 99 

to the terminal ileum and ascending colon, the region most often affected in CD patients. 100 

Budesonide can be grouped as drug with intermediary hepatic extraction ratio (0.3 < EH < 0.7), 101 

due to its high intestinal extraction ratio of at least 0.50 contributing to the low bioavailability 102 

in the range of 9% in the fasted state and 12% in the fed state in healthy subjects (Edsbacker et 103 

al., 2003a; Seidegard et al., 2008). In CD patients, a higher bioavailability after oral budesonide 104 

administration has been reported in several studies (Edsbacker et al., 2003a; Naber et al., 1996; 105 

Wilson et al., 2017). 106 

The aim of the present study is to develop an in vitro biorelevant dissolution methodology and 107 

a PBPK model to predict the performance of budesonide in healthy subjects and CD patients. 108 

Therefore, the release of budesonide from the controlled-release formulation Entocort® is 109 

simulated with the USP IV dissolution apparatus in healthy and CD conditions. A PBPK model 110 

for budesonide is developed for healthy subjects considering intravenous and oral 111 

administration. The effect of pathophysiological differences in CD patients on budesonide 112 

performance is investigated with parameter sensitivity analysis (PSA) and a population 113 

representative of CD patients is developed and used to predict budesonide performance in CD. 114 

2. Materials and Methods 115 

2.1. Materials 116 

Acetic acid HPLC grade, pepsin from porcine gastric mucosa, sodium oleate, α-D-glucose, 117 

budesonide and sodium hydroxide were purchased from Sigma-Aldrich Company Ltd, Dorset, 118 
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England. Methanol HPLC grade, acetonitrile HPLC grade and cholic acid sodium salt were 119 

purchased from VWR International Ltd, Lutterworth, UK. 120 

Tris(hydroxymethyl)aminomethane, hydrochloric acid 36.5–38.0%, sodium chloride, 121 

trifluoroacetic acid (TFA), potassium dihydrogen orthophosphate and maleic acid were used 122 

from Fisher Scientific UK Ltd, Loughborough, England. Other chemicals used included 123 

sodium taurocholate (Prodotti Chimici Alimentari S.P.A., Basaluzzo, Italy), egg lecithin–124 

Lipoid EPCS (Lipoid GmbH, Ludwigshafen, Germany) and glyceryl monooleate–Rylo Mg 19 125 

(Danisco, Brabrand, Denmark). Water was ultra-pure (Milli-Q®) laboratory grade. Entocort® 126 

CR 3 mg capsules were used from Tillotts Pharma UK Ltd., Wellingore, UK. 127 

2.2. Methods 128 

2.2.1. In vitro release tests 129 

A flow-through cell dissolution apparatus (Sotax CE7 smart, Sotax, Aesch, Switzerland), 130 

equipped with cells with a diameter of 22.6 mm and connected to a piston pump (Sotax CP7, 131 

Sotax, Aesch, Switzerland), was used in open mode and maintained at a temperature of 37 ⁰C. 132 

A 5 mm rubi bead was placed at the bottom of the cell, followed by 6 g glass beads with a 133 

diameter of 1 mm to fill the conical part of the cell. The investigated capsules were placed on 134 

top of the glass beads and a tablet holder was reversely positioned to avoid the floating of the 135 

capsules. Glass fibre filters (GF/D with a diameter of 2.7 μm and GF/F with a diameter of 136 

0.7 μm) were placed on top of the cell. Different setups were used to simulate the fasted and 137 

fed state and healthy and CD conditions (Sections 2.2.1.1 and 2.2.1.2). Samples were collected 138 

every 30 min and analysed by HPLC/UV. All experiments were performed in triplicate. 139 

2.2.1.1. Healthy conditions 140 

2.2.1.1.1. Biorelevant media 141 

For healthy subjects, the passage through the GI tract was simulated with biorelevant media in 142 

the fasted state [Fasted-State Simulated Gastric Fluid (FaSSGF), Fasted-State Simulated 143 
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Intestinal Fluid-Version 2 (FaSSIF-V2) and Fasted-State Simulated Colonic Fluid (FaSSCoF)] 144 

and fed state [Fed-State Simulated Gastric Fluid (FeSSGF), Fed-State Simulated Intestinal 145 

Fluid-Version 2 (FeSSIF-V2) and Fed-State Simulated Colonic Fluid (FeSSCoF)], mimicking 146 

closely the composition and properties of the gastric fluid, the small intestinal fluid and the 147 

ascending colon fluid, respectively (Jantratid et al., 2008; Markopoulos et al., 2015; Vertzoni 148 

et al., 2010; Vertzoni et al., 2005). Biorelevant media were prepared as previously described 149 

(Jantratid et al., 2008; Vertzoni et al., 2010). 150 

2.2.1.1.2. Hydrodynamics 151 

The GI hydrodynamics are expressed by the flow rate and duration of exposure to the specific 152 

medium in the USP IV apparatus. For the healthy conditions, the hydrodynamics were defined 153 

based on a previously published method, confirmed with literature data of the GI passage of 154 

Entocort® (measured with scintigraphy) and modified according to recent literature data on 155 

gastric fluid volumes (Edsbacker et al., 2003a; Edsbacker et al., 2002; Fotaki et al., 2005a, b; 156 

Grimm et al., 2018). An overview of the experimental setup is given in Table 1. 157 

Table 1: Healthy experimental conditions for in vitro release tests with the USP IV dissolution 158 

apparatus. 159 

 Fasted state Fed state 

GI 

compartment 

Medium T

i

m

e

 

f

r

o

m

 

s

t

a

r

t

min] 

Flow rate 

[mL/min] 

Medium T

i

m

e

 

f

r

o

m

 

s

t

a

r

t

min] 

Flow rate 

[mL/min] 

Stomach FaSSGF 60 6 FeSSGF   

Small 

intestine 

FaSSIF-

V2 

6

0

270 

4 FeSSIF-

V2 
  

Colon FaSSCoF 2

7

0

420 

 FeSSCoF 5

 

 

2.2.1.2. CD conditions 160 

2.2.1.2.1. Biorelevant media 161 

To reflect the differences in the composition of the gastrointestinal fluids of CD patients 162 

compared to healthy subjects, previously developed biorelevant media adapted to CD 163 
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conditions were used for the in vitro release tests and prepared using the same method as for 164 

biorelevant media based on healthy subjects (Effinger et al., 2020). Since the development of 165 

CD biorelevant media followed a Design of Experiment (DoE) approach to reflect 166 

interindividual variability, several media have been developed for one prandial state and 167 

gastrointestinal compartment with different levels of the investigated factors in the DoE.  168 

A reduced size of the bile acid pool, about 43% of the size in healthy subjects, was observed 169 

in CD patients.(Nishida et al., 1982; Rutgeerts et al., 1979; Vantrappen et al., 1977) Therefore, 170 

the bile acid concentration was included as a factor in the DoE for all CD biorelevant media 171 

and the low level was set to 43% of the respective concentration in healthy biorelevant media 172 

(high level: concentration in the corresponding healthy biorelevant medium). Additionally, the 173 

ratio of bile salts to lecithin in all CD media was set to the same ratio as in healthy biorelevant 174 

media to reflect the mixed micelles in GI fluids. Stomach pH in CD patients was in the range 175 

of pH 1.5 to 4.1 and a reduction of gastric acid secretion was observed in CD patients (Ewe et 176 

al., 1999; Press et al., 1998; Winter et al., 2004). Thus, stomach pH was included as a factor in 177 

the CD-FaSSGF with the observed range as low and high level. The faecal osmolality in CD 178 

patients was increased to 141% of the value in healthy subjects (Schilli et al., 1982; Vernia et 179 

al., 1988). Therefore, the osmolality was included as factor in the DoE for CD colonic 180 

biorelevant media and the high level was set to 141% of the respective concentration in healthy 181 

biorelevant media (low level: concentration in the corresponding healthy biorelevant medium). 182 

For the gastric fasted state CD media, the integrated factors were the pH and bile salt/lecithin 183 

concentration. For the fasted and fed state intestinal CD media, only the bile salt/lecithin 184 

concentration was used as factor. Considering the fasted and fed state colonic CD media, the 185 

osmolality and bile salt/lecithin concentration were integrated in the DoE. Details of the CD 186 

biorelevant media with integrated factors and their two levels, low and high, are presented in 187 

Table 2. For the current study, two different approaches were selected with one approach 188 
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including all media with the low level of all factors and one approach with the high level of all 189 

factors.  190 

Table 2: CD biorelevant media used for in vitro release studies. 191 

  Factor Low level High level 

Fasted state Stomach Bile salt/lecithin 

concentration [mM] 

0.035/0.008 0.08/0.02 

pH 1.5 4.1 

Intestine Bile salt/lecithin 

concentration [mM] 

1.29/0.09 3.00/0.20 

Colon Bile salt/lecithin 

concentration [mM] 

0.07/0.13 0.15/0.30 

Osmolality 

[mOsm/kg] 

196 278 

Fed state Intestine Bile salt/lecithin 

concentration [mM] 

4.30/0.86 10.00/2.00 

Colon Bile salt/lecithin 

concentration [mM] 

0.26/0.22 0.60/0.50 

Osmolality 

[mOsm/kg] 

207 294 

2.2.1.2.2. Hydrodynamics 192 

The experimental setup simulating conditions in CD patients in the fasted and fed state is 193 

described in Table 3. In the fasted state, the time in the gastric compartment was reduced to 194 

0.5 h as reported in vivo and the flow rate was increased to 12 mL/min, since no difference in 195 

gastric volume has been reported. The small intestinal phase was increased by 0.5 h in CD 196 

conditions compared to healthy conditions as indicated for active disease state (Fischer et al., 197 

2017). For the colonic phase, no adjustments to the healthy setup were made considering the 198 

hydrodynamics. 199 

In the fed state, the time in the gastric compartment was prolonged by 1.0 h according to in 200 

vivo data and the flow rate was reduced to 4 mL/min, since no difference in gastric fluid volume 201 

is expected. For the small intestinal phase, the time was reduced by 0.5 h as reported in vivo 202 

(Edsbacker et al., 2003a). For the colonic phase, the same hydrodynamics as in healthy 203 

conditions were used. 204 
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Table 3: Crohn’s disease experimental conditions for in vitro release tests with the USP IV 205 

apparatus. 206 

 Fasted state 

GI 

compartment 

Medium T

i

m

e

 

f

r

o

m

 

s

t

a

r

t

min] 

Flow rate 

[mL/min] 

In vivo transit times 

[h] 

Stomach CD-FaSSGF 

1) Low level 

2) High level 

 – 30 12 

0.6  (Niv et al., 2014) 

Small 

intestine 

CD-FaSSIF  

1) Low level 

2) High level 

30 – 300  4 5.6 (Niv et al., 2014), 

4.2 (active CD)/ 

3.1(inactive CD) 

[Healthy 3.6] (Fischer 

et al., 2017) 

Colon CD-FaSSCoF 

1) Low level 

2) High level 

300 – 450   -  

 Fed state 

GI 

compartment 
Medium T

i

m

e

 

f

r

o

m

 

s

t

a

r

t

min] 

Flow rate 

[mL/min] 

In vivo transit times 

[h] 

Stomach 
FeSSGF – 180  4 

4.0 [Healthy 3.0] 

(Edsbacker et al., 

2003a)  

Small 

intestine 

CD-FeSSIF 

1) Low level 

2) High level 

8

– 360  

 

2.4 [Healthy 3.0] 

(Edsbacker et al., 

2003a)  

Colon CD-FeSSCoF 

1) Low level 

2) High level 

6

– 480  

 

8.1 [Healthy 15.5] 

(Edsbacker et al., 

2003a) 

 207 

2.2.2. HPLC/UV analysis of budesonide 208 

The HPLC/UV analysis was performed with an Agilent Technologies 1200 series equipped 209 

with a binary pump (G1312A), a diode-array detector (G1315D), an autosampler (G1329A) 210 

and a controller (G1316A) [Agilent Technologies, Santa Clara, US]. A Waters Spherisorb 211 

ODS2 (Waters Corporation, Milford, MA, US) C18 column (250 x 4.6 mm, 5 µm) was used 212 

and set at a temperature of 25⁰C. An isocratic method with a mobile phase consisting of 0.1% 213 

acetic acid in water:methanol (25:75, V/V) and a flow rate of 1 mL/min was applied. The 214 

injection volume was 100 μL and the detection wavelength was set to 245 nm. The method was 215 

based on a previously published method and validated in terms of linearity, intra-day and inter-216 

day variability, accuracy, limit of detection, limit of quantification and recovery (Faouzi et al., 217 
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1995). Linearity was evaluated by plotting the mean peak area against the concentration of five 218 

standards (0.2–5 µg/mL) with three replicates using a linear regression model. The relationship 219 

was linear with a coefficient of determination of 0.999. The mean linear regression equation 220 

was y = 167.68x + 4.797 (y = peak area of budesonide, x = drug concentration in µg/ml). 221 

Intra-day and inter-day variability was <20% (coefficient of variation) as evaluated with three 222 

concentration levels (0.2 µg/mL, 2.0 µg/mL and 5.0 µg/mL, n=2) and measured three times 223 

within the same day and at different days, respectively. 224 

The limit of detection (DL) was calculated according to Equation 1: 225 

DL=(3.3*SD) / b         (Equation 1) 226 

where SD is the standard error of the y-intercept and b is the slope of the regression line. The 227 

limit of quantification (QL) was determined according to Equation 2: 228 

QL=3*DL           (Equation 2) 229 

The limit of detection and quantification were 46 ng/mL and 138 ng/mL, respectively. The 230 

accuracy of the method was determined with five replicates for three concentration levels (0.2 231 

µg/mL, 2.0 µg/mL and 5.0 µg/mL) and the criterion of acceptance (90-110% of the theoretical 232 

concentration) was met for all concentration levels. 233 

Absolute recovery was determined with five replicates for three concentration levels (0.2 234 

µg/mL, 2.0 µg/mL and 5.0 µg/mL) and calculated as the ratio of the Area under the Curve 235 

(AUC) of the budesonide peak of a budesonide solution in biorelevant media compared to a 236 

standard solution in mobile phase with the same concentration. Absolute recovery in 237 

biorelevant media was >90%. 238 

2.3. PBPK model development 239 

A PBPK model for budesonide was developed for healthy subjects and CD patients according 240 

to the workflow described in Figure 1. 241 

2.3.1. PBPK model development in healthy subjects 242 
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The Simcyp® Simulator Version 17 (Certara, Sheffield, UK) was used to develop a PBPK 243 

model for budesonide using drug-specific, anatomic and physiological information. Table 4 244 

gives an overview of the input parameters derived from literature. 245 

Budesonide-specific information includes drug physicochemical properties, plasma protein 246 

binding and blood plasma ratio. For the disposition model of budesonide, a minimal PBPK 247 

model with a single non-physiological adjusting compartment, representing all tissues except 248 

the liver and portal vein, was used. The disposition model for healthy subjects was developed 249 

based on fitting of parameters (intravenous clearance (CLIV), volume of distribution at steady 250 

state (VSS), volume of single adjusting compartment (VSAC), input rate (kin) and output rate 251 

(kout)) to previously published PK data after intravenous administration of budesonide 252 

(Edsbäcker et al., 1985). The intravenous clearance was further integrated mechanistically as 253 

intrinsic enzymatic clearance using the retrograde model within the Simcyp® simulator and 254 

literature data from CYP phenotyping experiments (Lu et al., 2008). Due to the high 255 

contribution of CYP3A4 to the budesonide clearance, the gender differences for the hepatic 256 

CYP3A4 abundance were considered in Simcyp®. For oral budesonide administration, the 257 

advanced dissolution, absorption and metabolism (ADAM) model was used. To account for 258 

transit time differences between different types of formulations, the segregated transit time 259 

model was selected. For the simulations for Entocort®, even though the formulation is 260 

composed of multiparticulate units, the GI transit time for a controlled-release monolithic 261 

formulations was selected due to a software issue and the similarity of these transit times to 262 

previously published transit times for Entocort® (Edsbacker et al., 2003a). For the input of 263 

dissolution/release data, the experimental data was fitted to the following Weibull function 264 

(Equation 3) using DDSolver  265 

F = 100 ∗ (1 − e−
(t−tlag)

β

𝛼 )        (Equation 3) 266 
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where F is the percentage of drug released, t is time, tlag is lag time, β is a shape parameter and 267 

α is a scale parameter (Zhang et al., 2010b). Two different dissolution input options were 268 

evaluated: Option 1. The input of the release profile as Weibull function with substitution of 269 

the lag time with a triggering pH; Option 2. The input of the release profile as discrete in vitro 270 

dissolution profile (after the last experimental time point extrapolation up to 15 h was 271 

performed based on the fitted Weibull function). 272 

Considering the permeability input, budesonide permeability was calculated in a study by 273 

Sjögren et al. (2015) based on PK data after regional budesonide administration in the gut 274 

(jejunum, ileum, colon) with concomitant administration of ketoconazole to inhibit gut wall 275 

metabolism, deconvolution of pharmacokinetic data after intravenous budesonide 276 

administration and information about intestinal surface area (Seidegard et al., 2008; Sjögren et 277 

al., 2015). The retrieved data was integrated in the ADAM model as regional permeability 278 

(Table 4).  279 

In terms of physiology, all simulations for healthy subjects were performed with the healthy 280 

volunteer population model of the Simcyp® simulator. For the trial design, all simulations were 281 

performed with 10 trials and 10 subjects in each trial. The minimum and maximum age of the 282 

trial population and the percentage of females was adjusted according to the study population 283 

in the PK trials used for validation. Based on a correlated Monte-Carlo approach, realistic 284 

virtual subjects were generated within the Simcyp® simulator based on demographic 285 

information (e.g., age is linked to height, body weight and body surface area and organ volumes 286 

are correlated with body size).  287 
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Table 4: Input parameters for budesonide PBPK model. 288 

Parameter Unit Input Reference 

Compound type  Neutral  

B/P   0.80 (Szefler, 

1999) 

Fraction unbound (PPB%)   0.15 (85-90%) (Szefler, 

1999) 

log P   2.62 (Bharate et 

al., 2016) 

Mw  g/mol 430.50  

Compound type   neutral  

Kin  1/h 10.491 (Edsbäcker 

et al., 1985) Kout  1/h 1.651 

Vss L/kg 3.201 

Vsac L/kg 3.011 

CLIV L/h 63.001 

CLint CYP1A2 μL/min/pmol of 

isoform 

1.182 (Lu et al., 

2008) 

CLint CYP2C9 μL/min/pmol of 

isoform 

0.212 

CLint CYP3A4 μL/min/pmol of 

isoform 

4.422 

Additional CL, human 

liver microsomes 

μL/min/mg protein 84.262 

Degradation rate constant 

in colon 

1/h 0.65 (Tannergre

n et al., 

2014) 

Difference in male/female 

CYP3A4 abundance 

 Option activated  

Permeability: Peff, man    

Duodenum 10-4 cm/s 1.90 (Sjögren et 

al., 2015) 
 

Jejunum I 10-4 cm/s 1.90 

Jejunum II 10-4 cm/s 1.90 

Ileum I 10-4 cm/s 3.40 

Ileum II 10-4 cm/s 3.40 

Ileum III 10-4 cm/s 3.40 

Ileum IV 10-4 cm/s 3.40 

Colon 10-4 cm/s 0.59 
1Parameter fitted to experimental data 289 
2Calculated with retrograde model enzyme kinetics using the percentage of enzymatic 290 

contribution from published reactive CYP 450 phenotyping experiments and the clearance 291 
after intravenous administration of budesonide  292 

 293 
2.3.2. Pathophysiological differences in CD patients 294 
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A literature search was carried out to quantify major physiological and anatomical changes in 295 

CD patients compared to healthy subjects. In the following sections, the identified key 296 

differences are presented and used to develop a CD population as input in the PBPK model. 297 

2.3.2.1. Hepatic and intestinal CYP3A4 298 

Differences in hepatic and intestinal CYP3A4 activity were observed in patients with CD 299 

compared to healthy subjects by comparison of the hepatic and intestinal extraction ratio of 300 

midazolam, a CYP3A4 substrate (Wilson et al., 2017). Since no direct control group was 301 

included in the study with CD patients, the hepatic and intestinal extraction ratio (ER) of 302 

midazolam in CD patients (hepatic ER 0.11, intestinal ER 0.64) was compared to several 303 

published studies in healthy subjects (hepatic ER 0.36-0.44, intestinal ER 0.43-0.70) (Dresser 304 

et al., 2003; Hohmann et al., 2015; Thummel et al., 1996; Wilson et al., 2017; Xie et al., 2005). 305 

The relative difference in CD patients varies depending on the chosen reference study. Hence, 306 

a range (comparison to study with healthy subjects with lowest and highest value) was used to 307 

reflect the lowest and highest impact. Therefore, the hepatic CYP3A4 activity is estimated to 308 

be decreased in CD patients to 25 to 31% of the healthy value and the intestinal activity to be 309 

in the range of 91 to 149%. For the simulations, this ratio was used to adjust the enzyme 310 

abundance by multiplying the ratio with the healthy enzyme abundance given in Simcyp® 311 

according to ERCD/ERHealthy x Enzyme abundanceHealthy (hepatic CYP3A4 abundance in 312 

females 183 pmol/mg protein and in males 126 pmol/mg protein, intestinal CYP3A4 313 

abundance 66.2 nmol/small intestine).  314 

Limitations of this approach are firstly, that it is assumed that the ratio of intestinal or hepatic 315 

ER in CD patients compared to healthy subjects is similar to the proportion of their intestinal 316 

or hepatic CYP3A4 abundance, respectively. Secondly, the intestinal ER is determined based 317 

on intravenous and oral administration of midazolam. Therefore, it is assumed that the 318 

intestinal metabolism has a negligible contribution to the overall clearance after intravenous 319 
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administration of midazolam and other factors contributing to differential estimates of the 320 

fraction metabolised in the gut (e.g, differences in fraction absorbed, blood:plasma ratio, 321 

hepatic blood flow) are not considered (Galetin et al., 2010). 322 

2.3.2.2. Human serum albumin 323 

The concentration of human serum albumin (HSA) in CD patients has been reported between 324 

28.0 g/L and 41.0 g/L as shown in Table 5. The normal range of HSA is 35.0-55.0 g/L and 325 

therefore, some CD patients are hypoalbuminemic (McPherson et al., 2011). In 17.6% of IBD 326 

patients the HSA concentration was below the normal range and median serum levels of 327 

albumin were significantly lower in patients with active disease compared to patients in 328 

remission (Vagianos et al., 2007). Reduced HSA concentrations are likely to be the result of 329 

the inflammation processes during which albumin synthesis is decreased, albumin catabolism 330 

is increased and albumin is lost from the vascular compartment due to an increased vascular 331 

permeability (Klein, 1990). Additionally, an increased amount of albumin can be lost through 332 

the damaged tissue in the GI tract in IBD patients and malnutrition can contribute to a lower 333 

HSA concentration (Kelly and Fleming, 1995). 334 

Table 5: Human serum albumin concentrations in CD patients (mean ± SD). 335 

 Female CD patients Male CD patients Reference 

Human serum 

albumin [g/L] 

27.7 ± 6.0 31.7 ± 4.6 (Lenz et al., 1976) 

38.1 ± 5.1 (Vagianos et al., 

2007) 

41.0 ± 5.0 (low-grade inflammation) 

33.0 ± 6.0 (severe inflammation) 

(Tromm et al., 1992) 

40.0 ± 8.0 (Yadav et al., 2017) 

 336 

2.3.2.3. Gastric pH 337 
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The pH range in CD patients as observed in two studies was between pH 1.5 to 4.1 (Ewe et al., 338 

1999; Press et al., 1998). Additionally, gastric acid secretion (mean basal acid output and 339 

maximal acid output) was lower in CD patients compared to healthy subjects, especially when 340 

patients were in a malnourished state (Winter et al., 2004). An additional risk factor for an 341 

increased gastric pH are gastric acid-reducing agents such as proton pump inhibitors that are 342 

commonly prescribed in IBD patients (Shah et al., 2017). 343 

2.3.2.4. Gastrointestinal transit time 344 

Considering GI transit times, only a limited amount of studies investigated the GI transit time 345 

in the fasted and fed state in CD patients (Effinger et al., 2019). In a study by Fischer et al. 346 

(2017), it has been shown that small intestinal transit time in CD patients varied according to 347 

disease state. Additionally, diarrhoea caused by inflammatory and non-inflammatory 348 

mechanisms is a frequent symptom in CD patients (Binder, 2009). 349 

2.3.2.5. Absorptive surface area in the ileum 350 

The available absorptive surface area is likely to be reduced in CD due to ulcerated and 351 

inflamed parts of the gastrointestinal wall. The extent will be highly dependent on the location 352 

of the disease in the individual patient and the disease severity. In CD patients, the terminal 353 

ileum is the most commonly affected area (Gasche et al., 2000). For individual patients, the 354 

Simple Endoscopic Score for Crohn's Disease (SES-CD) can give an indication about the 355 

affected area since the extent of ulcerated surface (none = 0; <10% =1; 10%–30% =2; >30% 356 

=3) and the extent of affected surface (none = 0; <50% =1; 50–75% =2; >75% =3) are two of 357 

four endoscopic variables considered in each bowel segment separately (ileum, 358 

right/transverse/left colon, and rectum) (Koutroumpakis and Katsanos, 2016). 359 

2.3.3. Parameter sensitivity analysis 360 
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PSA was used to estimate the impact of identified differences in CD patients compared to 361 

healthy subjects (Section 2.5) on the simulated PK parameters Cmax and AUC. As basis for the 362 

PSAs, the simulation after oral administration of Entocort® in the fasted state in healthy 363 

subjects using dissolution input option 1 with triggering pH and Weibull function was used. 364 

Considering human serum albumin concentration, intestinal and hepatic CYP3A4 abundance, 365 

the investigated range in the PSA ranged from the value in the healthy volunteer population up 366 

to the lowest or highest value observed in literature for CD patients. Additional parameters 367 

were investigated when literature information was limited in CD patients with the aim to 368 

identify their risk of altering budesonide performance. Therefore, the gastric pH from 1 to 7.5 369 

and the gastric residence time from 0.5 to 2.5 h, the small intestinal transit time from 3.0 to 6.0 370 

h and the ileal surface area from 16% to 100% were investigated. PSA served to identify the 371 

most relevant pathophysiological differences in CD impacting on budesonide PK. 372 

To investigate the effect of a reduced available absorptive surface area in the ileum on the 373 

simulation results, the permeability input was changed to the MechPeff model and the intrinsic 374 

transcellular permeability was adjusted to 22*10-6 cm/s in order to match the regional effective 375 

permeability of the jejunum I used in the initial PBPK model. Subsequently, the plicae 376 

circulares fold expansion was adjusted to match the regional effective permeability values of 377 

the initial model in the remaining GI compartments (duodenum and jejunum: 1.97, ileum: 6.4, 378 

colon: 1.6). A reduction in available surface area was subsequently investigated with PSA by 379 

stepwise reducing the plicae circulares fold expansion in each of the four parts of the ileum. 380 

2.3.4. Development of budesonide PBPK model for CD patients 381 

The pathophysiological key differences in CD patients compared to healthy subjects were used 382 

to define a CD population for the PBPK model. The healthy volunteer population was used as 383 

basis and modifications were made to reflect the main differences as identified with PSA. The 384 

considered differences in the CD population were a reduced hepatic CYP3A4 abundance, an 385 
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altered intestinal CYP3A4 abundance, a reduced human serum albumin concentration and a 386 

different dissolution/release input according to the CD conditions described in Section 2.2.1.2. 387 

To account for the variability observed in CD patients, two different CD populations were 388 

defined with the CD low level population reflecting the low level for each parameter and the 389 

CD high level population reflecting the high level for each parameter. An overview of the CD 390 

populations and the defined range for each parameter is presented in Table 6.  391 
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Table 6: Development of CD population in the PBPK model. 392 

 CD Low level CD High level Healthy 

population 

Hepatic CYP3A4, 

male [pmol/mg 

protein] 

31.50 38.49 126.00 

Hepatic CYP3A4, 

female [pmol/mg 

protein] 

45.75 55.91 183.00 

Intestinal CYP3A4 

[nmol/SI] 

60.53 98.53 66.20 

HSA, male [g/L]  31.72 41.00 50.34 

HSA, female [g/L]  27.70 41.00 49.38 

Dissolution input Profile in CD biorelevant 

media with low levels of 

all factors 

Profile in CD 

biorelevant media 

with high levels of all 

factors 

 

HSA: Human serum albumin 393 

2.3.5. Validation of budesonide PBPK model 394 

2.3.5.1. Treatment of in vivo PK data 395 

For the evaluation of the simulations, data from various PK studies was extracted graphically 396 

using WebPlotDigitizer Version 4.2 (Rohatgi, 2018) and PK parameters were derived from 397 

non-compartmental analysis (NCA) using PKsolver (Zhang et al., 2010a). An overview of the 398 

PK literature data is given in Table 7. For studies where no budesonide plasma concentration-399 

time profile was given, reported parameters were only used for discussion but excluded from 400 

the PK parameter mean values used for simulation validation. For Entocort® simulations, 401 

several published PK studies with different doses were used for model validation and therefore, 402 

PK parameters were normalised to a dose of 3 mg. In order to compare the simulations against 403 

observed PK data, the mean values of all studies with PK profiles weighed according to the 404 

number of subjects in each study were used. The mean Cmax, AUC0-inf and Tmax used for the 405 
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validation of Entocort® administration in healthy subjects and CD patients in the fasted state 406 

and in the fed state are presented in Table 7.  407 

2.3.5.2. External validation 408 

Predicted plasma concentration profiles were visually assessed against the observed PK 409 

profiles. In addition, the predictive performance of the simulations was assessed using the ratio 410 

of predicted to observed Cmax and AUC0-inf. For external validation (PK data not used in the 411 

model building process), simulations were considered successful when the ratio was within a 412 

2-fold range.  413 

2.3.5.3. Internal validation 414 

For internal validation (when PK data was used for model development), a tighter criterion was 415 

set for the ratio of predicted to observed Cmax and AUC0-inf corresponding to the bioequivalence 416 

range of 0.8-1.25.    417 
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Table 7: Pharmacokinetic data used for the evaluation of the PBPK model of budesonide. 418 

Details Dose 

[mg] 

Number 

of 

subjects 

(M/F) 

Cmax 

[μg/L] 

(/1) 

AUC0-t 

[μg/L*h] 

AUC0-inf 

[μg/L*h] 

(/1) 

Tmax 

[h] 

 

Reference 

Healthy 

subjects, IV 

administration 

0.1 4 (4/0) 2.23/22.3 1.54 1.69/16.9 0.08 (Edsbäcker et 

al., 1985) 

Healthy 

subjects, oral 

solution 

3.0 12 (6/6) 0.92/0.31 2.82 (12 

h) 

2.84/0.95 0.68 (Dilger et al., 

2009) 

Healthy 

subjects, 

Entocort®, 

fasted state 

18.3 8 (8/0) 2.55/0.14 28.16 32.68/1.79 2.95 (Edsbacker et 

al., 2003a) 

9.0 13 (6/7) 1.80/0.20 11.37 (12 

h) 

13.03/1.45 3.02 (Edsbacker et 

al., 2003b) 

4.5 6 (6/0) 0.95/0.21 8.06 8.38/1.86 2.74 (Edsbacker et 

al., 2002) 

9.0 12 (6/6) 1.33/0.15 14.46 15.26/1.70 4.90 (Nicholls et al., 

2013) 

3.0 8 (8/0) 0.50/0.17 5.27 5.57/1.86 5.00 (Seidegard, 

2000) 

4.5 20 (0/20) 0.60/0.13 5.66 5.95/1.32 6.10 (Seidegard et 

al., 2000) 

3.0 8 (8/0) 0.55/0.18 5.06 5.91/1.97 5.02 (Seidegard et 

al., 2009) 

3.0 13 (5/8) 0.76/0.25 5.59 6.21/2.07 1.50 (US Food and 

Drug 

Administration, 

2000) 

9.0 13 (5/8) 1.61/0.18 16.64 17.34/1.93 1.50 (US Food and 

Drug 

Administration, 

2000) 

15.0 13 (5/8) 3.05/0.20 25.56 27.01/1.80 3.00 (US Food and 

Drug 

Administration, 

2000) 

Mean 0.18  1.73 3.57  

Healthy 

subjects, 

Entocort®, fed 

state 

4.5 6 (6/0) 1.09/0.24 7.95 (24 

h) 

8.27/1.84 4.64 (Edsbacker et 

al., 2002) 

17.9 8 (8/0) 3.49/0.19 29.65 (30 

h) 

33.85/1.89 6.04 (Edsbacker et 

al., 2003a) 

Mean 0.21  1.87 5.34  

CD, Entocort®, 

fasted state 

various 8 (1/7) /0.24 /1.90 /2.30 2.95 (Wilson et al., 

2017) 

9.0 8 (4/4) 1.86/0.21 11.74 12.86/1.43 3.95 (Lundin et al., 

2001) 

9.0 6 (5/1) 1.38/0.15 16.01 18.34/2.04 4.00 (Lundin et al., 

2003) 

Mean 0.20  1.91 3.63  

CD, Entocort®, 

fed state 

9.0 8 (4/4) 1.30/0.14 9.97 (12 

h) 

16.66/1.85 6.96 (Lundin et al., 

2001) 

18.0 8 (8/0) 6.99/0.39 54.47 54.54/3.03 6.06 (Edsbacker et 

al., 2003a) 

Mean 0.27  2.44 6.51  
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CD, Entocort®, -

, single 

administration* 

4.5 18 (-) 1.77/0.39 - 12.27/2.73 - (Naber et al., 

1996) 

CD, Entocort®, -

, repeated 

administration* 

4.5 18 (-) 1.38/0.31 - 9.08/2.02 - (Naber et al., 

1996) 

M: male, F; female  419 

*No budesonide plasma concentration profiles, PK values are reported as in publication and data was only used 420 
for discussion 421 

1Normalised to a dose of 3 mg  422 

 423 

3. Results and discussion 424 

3.1.  In vitro release studies 425 

The in vitro release profiles of Entocort® in healthy and CD conditions in the fasted and fed 426 

state are shown in Figure 2. As expected, no drug release was observed in both prandial states, 427 

when Entocort® was exposed to the gastric media due to the formulation’s triggering pH of 5.5 428 

exceeding the pH of all gastric media. 429 

In the fasted state, the onset of drug release in healthy conditions was delayed by 0.5 h 430 

compared to CD conditions due to the increased time the formulation was exposed to FaSSGF. 431 

For CD low level and high level conditions, similar in vitro release profiles were observed. 432 

After the onset of drug release, the dissolution rate in CD conditions was slightly lower 433 

compared to healthy conditions resulting in a similar drug release between healthy and CD 434 

conditions starting from 2 h until the end of the experiment. 435 

In the fed state, the longer gastric residence time resulted in a delayed release of budesonide in 436 

CD conditions. After the media change to small intestinal conditions, the rate of drug release 437 

was similar between healthy conditions and CD conditions with high level media, while a lower 438 

rate was observed for CD conditions with low level media. In contrast, when changing to the 439 

colonic media, the budesonide release was faster in CD conditions with low level media 440 

compared to both other setups. This could be due to the high percentage of budesonide already 441 

released in the other two setups (healthy conditions 88%, CD with high level media 75% 442 
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compared to 63% CD with low level media) or the different media composition. At the end of 443 

the experiment, 94% of the budesonide dose were released after 7.5 h in healthy conditions, 444 

while only 76% and 82% of budesonide were released after 8.0 h in CD low level and high 445 

level conditions, respectively. Compared to the fasted state conditions, a longer lag time due to 446 

the increased time in the stomach conditions is observed but the subsequent drug release rate 447 

in the intestinal compartment is higher in the fed state. 448 

3.2. PBPK predictions for healthy subjects  449 

3.2.1. Intravenous administration  450 

The performance of the PBPK model considering the disposition of budesonide was assessed 451 

by simulating an intravenous infusion of 100 μg budesonide over 5 min. Budesonide 452 

disposition was successfully simulated as shown in Figure 3 and predicted PK parameters were 453 

within the predefined 0.8- to 1.25-fold range set for internal model verification.  454 

3.2.2. Oral administration in the fasted state 455 

Considering oral administration, the PBPK model was first used to simulate budesonide 456 

exposure after administration of an oral solution and externally validated against observed PK 457 

data from Dilger et al. (2009) as illustrated in Figure 3. Despite a slight overprediction of Cmax, 458 

AUC and Tmax, the predicted PK parameters were within the 2-fold criterion set for model 459 

verification as shown in Table 8. Since budesonide exposure for an oral solution is independent 460 

of drug release and dissolution, intestinal permeability and gut metabolism are adequately 461 

reflected in the PBPK model. Consistent with total budesonide absorption reported in literature, 462 

the simulation revealed an apparent fraction absorbed of 95%, whereof the main part (49%) 463 

was absorbed in the jejunum (Edsbacker et al., 2000). Additionally, the simulated total fraction 464 

of budesonide metabolised in the gut was 43%, whereof the metabolism in the jejunum 465 

contributed to 53%. Previous investigations of the pre-systemic elimination of locally 466 

administered budesonide in the intestine with and without local inhibition of gut wall 467 
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metabolism indicated a slightly higher gut extraction ratio of at least 0.50 (Seidegard et al., 468 

2008). 469 

For simulations for the controlled-release formulation Entocort®, the results of the in vitro 470 

release studies were integrated in the PBPK model to predict the dissolved budesonide 471 

available for intestinal absorption. Simulations of Entocort® administration (3 mg dose) in 472 

healthy subjects using two different dissolution input options (option 1 and 2) are shown in 473 

Figure 4 and were compared against PK studies presented in Table 7. The PK parameters of 474 

both simulations met the 2-fold criterion set for external validation (Table 8) and both 475 

simulations were similar in their performance. 476 

When comparing the two dissolution input options, the main difference relates to a 41% higher 477 

Cmax for option 2 compared to option 1, while AUC0-inf was only 2% higher. The mean observed 478 

Cmax was approximately in the middle of both simulations. The limitation of the discrete 479 

dissolution input (option 2) is that it only accounts for experimental variability in the in vitro 480 

release experiment. In contrast, intersubject variability in terms of gastrointestinal pH is 481 

considered when option 1 is used. In this case, the onset of drug release from the Entocort® 482 

formulation depends on the virtual subject’s GI pH and indirectly also the GI transit times. This 483 

is reflected in the 5th and 95th percentiles of the simulations with option 1 showing a higher 484 

variability for the onset of budesonide absorption. Therefore, dissolution input option 1 was 485 

selected for fasted state predictions in CD patients. 486 

In comparison to the simulation for the oral solution, the apparent fraction absorbed of 487 

budesonide is lower with 68-70% for Entocort® compared to 95% for the oral solution, whereof 488 

a higher percentage of 63-64% vs 39% is absorbed in the ileum. This is in agreement with a 489 

previous study showing an increased budesonide delivery to the ileo-colonic region for 490 

Entocort® compared to an immediate-release formulation (Edsbacker et al., 2003a). 491 
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Intersubject variability was evaluated based on the comparison of the simulation with single 492 

subject PK profiles (Figure 4) (Nicholls et al., 2013). Considering the 90% confidence interval 493 

of the Entocort® simulation, only one of 12 subjects fell outside the 5th and 95th percentiles 494 

(dissolution option 1). 495 

3.2.3. Oral administration in the fed state 496 

Entocort® administration in the fed state was simulated using the fed state parameters within 497 

the Simcyp® PBPK model and by integrating the results of the in vitro dissolution profile with 498 

fed state and healthy conditions (Section 3.1). As for the fasted state, two different dissolution 499 

options (option 1 and 2) are shown in Figure 5 and compared against observed PK data (Table 500 

7). Both simulations successfully predicted budesonide exposure by meeting the external 501 

validation criterion (Table 8). While both simulations performed similar in terms of the 502 

prediction of AUC0-inf, the simulation with option 2 was superior in predicting Cmax. Therefore, 503 

dissolution input option 2 was selected for fed state predictions in CD patients. 504 

Compared to the fasted state, the observed Tmax was 1.77 h higher in the fed state, which was 505 

also reflected in the simulations with an increase in Tmax of 1.98 h and 3.72 h between fasted 506 

and fed state simulations with option 2 and option 1, respectively. Additionally, observed Cmax 507 

and AUC0-inf were slightly higher in the fed state compared to the fasted state. This was also 508 

reflected in both simulations and could relate to the higher drug release rate in the fed state 509 

(Section 3.1) or increased GI transit times resulting in a longer time frame available for 510 

absorption.   511 
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Table 8: Overview of predicted and observed PK parameters and calculated fold error.  512 

 Predicted Observedf Ratio 

 Cmax [μg/L] AUC
0-inf

 

[μg/L*h] 

Tmax [h] Cmax [μg/L] AUC
0-inf

 

[μg/L*h] 

Tmax [h] Cmax 

sim/obs 

AUC
0-inf

 

sim/obs 

Tmax 

sim/obs 

Healthy 

IV administration 2.50 1.61 0.12 2.23 1.69 0.08 1.12 0.95 1.50 

Oral solution 1.18 3.94 1.09 0.92 2.84 0.68 1.28 1.39 1.60 

Entocort®, fasted 

state 

0.44a/0.62b 3.47a/3.54b 3.00a/3.00b 0.54 5.19 3.57 0.81a/1.15b 0.67a/0.68b 0.84a/0.84b 

Entocort®, fed 

state 

0.46a/0.72b 4.37a/4.28b 6.72a/5.52b 0.63 5.61 5.34 0.73a/1.14b 0.78a/0.76b 1.26a/1.03b 

Crohn’s disease 

Entocort®, fasted 

state 

0.62c/0.574/0.43
5 

5.41c 

/5.254/3.565 

3.24c/3.484/3.12
5 

0.60 5.73 3.63 1.03c 

/0.95/0.72 

0.94c 

/0.92/0.62 

0.89c 

/0.96/0.86 

Entocort®, fed 

state 

0.88c 

/1.03d/0.76e 

5.46c /5.98d 

/4.24 e 

6.12c /6.00d 

/5.52 e 

0.81 7.32 6.51 1.09c 

/1.27d/0.94e 

0.75c 

/0.82d/0.58e 

0.94c 

/0.92d/0.85e 

a Dissolution input option 1: Triggering pH with Weibull function 513 

b Dissolution input option 2: Discrete profile 514 

c Low level CD population 515 

d High level CD population 516 

e Healthy volunteer population 517 

f Mean value of all studies weighed by number of subjects and normalised to 3 mg budesonide administration518 
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3.3. Development of Crohn’s disease population 519 

3.3.1. Parameter Sensitivity Analysis 520 

Figure 6 depicts the effect of hepatic CYP3A4 abundance in female and male subjects, 521 

intestinal CYP3A4 abundance and human serum albumin concentration in female and male 522 

subjects on Cmax and AUC of budesonide after Entocort® administration in the fasted state as 523 

investigated with PSA.  524 

The reduction of hepatic CYP3A4 abundance had a substantial impact on Cmax and AUC with 525 

an enzyme reduction of 75% resulting in an increase of Cmax by approximately 250% or 222% 526 

and of AUC by 267% or 239% in females and males, respectively. Since CYP3A4 contributes 527 

to 79% to the hepatic metabolism of budesonide and the hepatic extraction ratio is 528 

approximately 0.60, the lower CYP3A4 enzyme abundance results in a reduced hepatic 529 

clearance (Lu et al., 2008; Seidegard et al., 2012).  530 

The intestinal CYP3A4 abundance investigated in the range of 91-149% of healthy intestinal 531 

CYP3A4 abundance had a lower impact on Cmax and AUC with 84-103% and 85-103% 532 

compared to the healthy simulation, respectively. 533 

A reduced concentration of human serum albumin concentration in female and male subjects 534 

by up to -44% and -37% is expected to result in a reduction of budesonide Cmax by up to 40% 535 

and 32% and of AUC by up to 40% and 34%, respectively. 536 

The effect of gastric pH on Cmax and AUC of budesonide after Entocort® administration in the 537 

fasted state as investigated with PSA is illustrated in Figure 7. An increased gastric pH is shown 538 

to only impact on Cmax and AUC when exceeding the triggering pH of 5.5. This impact would 539 

be very limited with a decrease of Cmax by 3.6%, an increase in AUC by 5.0% and a decrease 540 

of Tmax from 4.1 h to 3.7 h. Therefore, the risk of altered budesonide performance from 541 

Entocort® in CD patients with increased gastric pH, due to their GI disease or co-treatment 542 

(e.g., proton pump inhibitors), is expected to be very low.  543 
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The GI transit time determines the time during which the drug is exposed to the intestinal 544 

membrane and therefore, available for absorption. A difference in GI transit times due to CD 545 

can consequently have an impact on drug product performance. The impact of gastric residence 546 

time and small intestinal transit time on Cmax and AUC of budesonide after Entocort® 547 

administration in the fasted state as investigated with PSA is shown in Figure 7. 548 

Changes in gastric residence time from 0.5 h to 2.5 h showed no impact on Cmax and AUC of 549 

budesonide, while the Tmax increased from 3.36 h to 5.40 h when increasing the gastric 550 

residence time from 0.5 h to 2.5 h. Since Entocort® has a triggering pH of 5.5 which is not 551 

exceeded by gastric pH, the gastric residence time mainly determines the onset of drug release 552 

rather than the extent.  553 

The small intestinal transit time (SITT) had a very low impact on Cmax but an increase in SITT 554 

from 3.0 h to 6.5 h resulted in a 27% higher AUC due to the longer presentation of budesonide 555 

to the absorptive GI membranes.  556 

Consequently, gastric and intestinal transit times are expected to have only a limited effect on 557 

budesonide performance in comparison to the previously investigated factors. Due to the 558 

regional permeability differences of budesonide in the intestine, differences in transit times of 559 

specific compartments of the small intestine could influence budesonide performance. These 560 

differences are expected to be in the same range as the impact of total SITT and were not further 561 

investigated. 562 

As shown in Figure 8, the lower available surface area had a very limited effect on budesonide 563 

performance. A reduction of the plicae circulares fold expansion by 84% resulted in a reduction 564 

of Cmax in the range of 3-11% and AUC in the range of 3-7% in the different parts of the ileum. 565 

When reducing the plicae circulares fold expansion in all parts of the ileum by 84%, the impact 566 

would be higher with a reduction of Cmax by 54% and AUC by 34%.  567 
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Due to the high permeability of budesonide, even profound changes in surface area are not 568 

representing a major risk for budesonide absorption. Additionally, CD affects the GI tract in a 569 

discontinuous manner and it is unclear whether inflamed and ulcerated parts of the GI tract are 570 

unavailable for absorption.  571 

3.3.2. PBPK predictions for CD patients 572 

Predicted and observed budesonide plasma profiles after Entocort® administration in CD 573 

patients in the fasted and fed state are shown in Figure 9 and the respective PK parameters are 574 

presented in Table 8.  575 

In the fasted state, the highest exposure of budesonide was simulated for the CD low level 576 

simulation followed by the CD high level simulation and the simulation for healthy volunteers. 577 

Compared to the simulation for healthy volunteers, the CD low level simulation improved the 578 

prediction of Cmax by 25% and AUC by 32% and the CD high level simulation improved the 579 

prediction of Cmax by 23% and AUC by 30%, respectively. It should be noted that a similar 580 

budesonide bioavailability in CD patients compared to healthy subjects after Entocort® 581 

administration in the fasted state was observed in one of four studies, while all other studies 582 

showed an increased exposure of budesonide compared to healthy subjects (Table 7).  583 

In the fed state, the exposure of budesonide was highest for the CD high level simulation 584 

followed by the CD low level simulation and the simulation for healthy volunteers. The CD 585 

low level simulation improved the prediction for AUC by 17% and the CD high level 586 

simulation by 24% compared to the simulation for healthy volunteers, respectively. In terms of 587 

Cmax, the prediction of all three simulations was close to the observed value with the CD 588 

simulations being slightly higher (9-27%) and the healthy simulation being slightly lower (-589 

6%). One PK study in CD patients showed an increase in bioavailability by 78% compared to 590 



31 
 

healthy subjects, while another showed a similar budesonide exposure compared to healthy 591 

subjects.  592 

The discrepancies between the PK studies in CD patients could be related to a different disease 593 

states of the patients or their concomitant medication. The inflammation process has been 594 

shown to decrease CYP3A4 activity in different inflammatory conditions such as rheumatoid 595 

arthritis and in haemodialysis patients (Lee et al., 2017; Molanaei et al., 2018). A higher 596 

budesonide exposure related to reduced buccal CYP3A activity has also been observed in 597 

patients with oral chronic graft-versus-host disease (Dilger et al., 2009). This can be explained 598 

by the inflammation process, which induces the production of pro-inflammatory cytokines 599 

leading to a down-regulation of CYP3A4 (Morgan, 2009). When patients are treated with 600 

medication preventing cytokine production, this effect could be reversed (Morgan, 2009). For 601 

example, it has been shown that the repeated administration of budesonide in CD patients with 602 

active disease results in a reduction of the initial budesonide Cmax and AUC by 22% and 26%, 603 

respectively (Naber et al., 1996). 604 

4. Conclusion 605 

The budesonide exposure was successfully predicted after intravenous and oral administration 606 

using the developed PBPK model. By using in vitro biorelevant dissolution/release tests with 607 

PBPK modeling successful PK simulations were achieved for a controlled-release formulation 608 

of budesonide (Entocort®) in healthy subjects in the fasted and fed state. Pathophysiological 609 

differences in CD patients were identified in literature and their impact on budesonide 610 

performance was investigated revealing the highest impact on the simulations for hepatic 611 

CYP3A4 enzyme abundance and human serum albumin concentration. A higher budesonide 612 

exposure in CD patients compared to healthy subjects was reported in literature and 613 

successfully predicted with a PBPK population adapted to CD physiology. 614 
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Apart from patients with CD, the workflow presented in the current study can be used to predict 615 

drug product performance in patients with other GI diseases. Therefore, the following steps 616 

should be performed: i. Development of an in vitro dissolution methodology representative of 617 

the GI fluid composition and hydrodynamics in the investigated population; ii. Development 618 

and validation of a PBPK model in healthy subjects; iii. Identification of pathophysiological 619 

differences in the respective GI disease patients compared to healthy subjects; iv. Investigation 620 

of the impact of the identified differences on the PBPK simulations; v. Development of a 621 

population representative of the investigated population according to relevant differences; vi. 622 

Prediction of drug exposure in the GI disease population and where applicable validation with 623 

observed PK data. 624 

A mechanistic modeling approach allows to consider pathophysiological differences in patients 625 

with GI diseases and can therefore, be used to predict the effect of GI diseases on drug product 626 

performance. This is especially helpful due to the sparse clinical data available for this patient 627 

population. PBPK models could indicate when GI diseases pose a risk for safety and efficacy 628 

and dose adjustments are needed. Further studies investigating the physiology of patients with 629 

GI diseases and drug product performance of additional drugs are needed for further model 630 

validation. 631 

5. Acknowledgements 632 

This work has received funding from the European Union's Horizon 2020 research and 633 

innovation programme under grant agreement No. 674909 (PEARRL). Additionally, the 634 

authors would like to thank Certara for providing the license for the Simcyp® simulator. 635 

  636 



33 
 

6. References 637 

Berlin, M., Przyklenk, K.H., Richtberg, A., Baumann, W., Dressman, J.B., 2014. Prediction of 638 

oral absorption of cinnarizine--a highly supersaturating poorly soluble weak base with 639 

borderline permeability. Eur J Pharm Biopharm 88, 795-806. 640 

Bharate, S.S., Kumar, V., Vishwakarma, R.A., 2016. Determining Partition Coefficient (Log 641 

P), Distribution Coefficient (Log D) and Ionization Constant (pKa) in Early Drug Discovery. 642 

Comb Chem High Throughput Screen 19, 461-469. 643 

Binder, H.J., 2009. Mechanisms of diarrhea in inflammatory bowel diseases. Ann N Y Acad 644 

Sci 1165, 285-293. 645 

Bjorkman, S., Wada, D.R., Berling, B.M., Benoni, G., 2001. Prediction of the disposition of 646 

midazolam in surgical patients by a physiologically based pharmacokinetic model. J Pharm Sci 647 

90, 1226-1241. 648 

Burisch, J., Jess, T., Martinato, M., Lakatos, P.L., 2013. The burden of inflammatory bowel 649 

disease in Europe. J Crohns Colitis 7, 322-337. 650 

Darwich, A.S., Pade, D., Ammori, B.J., Jamei, M., Ashcroft, D.M., Rostami-Hodjegan, A., 651 

2012. A mechanistic pharmacokinetic model to assess modified oral drug bioavailability post 652 

bariatric surgery in morbidly obese patients: interplay between CYP3A gut wall metabolism, 653 

permeability and dissolution. J Pharm Pharmacol 64, 1008-1024. 654 

Darwich, A.S., Pade, D., Rowland-Yeo, K., Jamei, M., Asberg, A., Christensen, H., Ashcroft, 655 

D.M., Rostami-Hodjegan, A., 2013. Evaluation of an In Silico PBPK Post-Bariatric Surgery 656 

Model through Simulating Oral Drug Bioavailability of Atorvastatin and Cyclosporine. CPT 657 

Pharmacometrics Syst Pharmacol 2, e47. 658 

Dilger, K., Halter, J., Bertz, H., Lopez-Lazaro, L., Gratwohl, A., Finke, J., 2009. 659 

Pharmacokinetics and pharmacodynamic action of budesonide after buccal administration in 660 



34 
 

healthy subjects and patients with oral chronic graft-versus-host disease. Biol Blood Marrow 661 

Transplant 15, 336-343. 662 

Dresser, G.K., Schwarz, U.I., Wilkinson, G.R., Kim, R.B., 2003. Coordinate induction of both 663 

cytochrome P4503A and MDR1 by St John's wort in healthy subjects. Clin Pharmacol Ther 664 

73, 41-50. 665 

Dressman, J.B., Reppas, C., 2000. In vitro-in vivo correlations for lipophilic, poorly water-666 

soluble drugs. Eur J Pharm Sci 11 Suppl 2, S73-80. 667 

Edginton, A.N., Willmann, S., 2008. Physiology-based simulations of a pathological condition: 668 

prediction of pharmacokinetics in patients with liver cirrhosis. Clin Pharmacokinet 47, 743-669 

752. 670 

Edsbäcker, S., Andersson, K.-E., Ryrfeldt, Å., 1985. Nasal bioavailability and systemic effects 671 

of the glucocorticoid budesonide in man. Eur J Clin Pharmacol 29, 477-481. 672 

Edsbacker, S., Bengtsson, B., Larsson, P., Lundin, P., Nilsson, A., Ulmius, J., Wollmer, P., 673 

2003a. A pharmacoscintigraphic evaluation of oral budesonide given as controlled-release 674 

(Entocort) capsules. Aliment Pharmacol Ther 17, 525-536. 675 

Edsbacker, S., Larsson, P., Bergstrand, M., 2003b. Pharmacokinetics of budesonide controlled-676 

release capsules when taken with omeprazole. Aliment Pharmacol Ther 17, 403-408. 677 

Edsbacker, S., Larsson, P., Wollmer, P., 2002. Gut delivery of budesonide, a locally active 678 

corticosteroid, from plain and controlled-release capsules. Eur J Gastroenterol Hepatol 14, 679 

1357-1362. 680 

Edsbacker, S., Sachar, Peña, A.S., 2000. Budesonide capsules: Scientific basis. Drug Today 681 

36, 9-23. 682 

Effinger, A., O'Driscoll, C.M., McAllister, M., Fotaki, N., 2019. Impact of gastrointestinal 683 

disease states on oral drug absorption - implications for formulation design - a PEARRL 684 

review. J Pharm Pharmacol 71, 674-698. 685 



35 
 

Effinger, A., O'Driscoll, C.M., McAllister, M., Fotaki, N., 2020. Gastrointestinal diseases and 686 

their impact on drug solubility: Crohn's disease. European Journal of Pharmaceutical Sciences 687 

152, 105459. 688 

Ewe, K., Schwartz, S., Petersen, S., Press, A.G., 1999. Inflammation Does Not Decrease 689 

Intraluminal pH in Chronic Inflammatory Bowel Disease. Dig Dis Sci 44, 1434-1439. 690 

Faouzi, M.A., Dine, T., Luyckx, M., Brunet, C., Gressier, B., Cazin, M., Wallaert, B., Cazin, 691 

J.C., 1995. High-performance liquid chromatographic method for the determination of 692 

budesonide in bronchoalveolar lavage of asthmatic patients. J Chromatogr B Biomed Appl 664, 693 

463-467. 694 

Fischer, M., Siva, S., Wo, J.M., Fadda, H.M., 2017. Assessment of Small Intestinal Transit 695 

Times in Ulcerative Colitis and Crohn's Disease Patients with Different Disease Activity Using 696 

Video Capsule Endoscopy. AAPS PharmSciTech 18, 404-409. 697 

Fotaki, N., Aivaliotis, A., Butler, J., Dressman, J., Fischbach, M., Hempenstall, J., Klein, S., 698 

Reppas, C., 2009. A comparative study of different release apparatus in generating in vitro-in 699 

vivo correlations for extended release formulations. Eur J Pharm Biopharm 73, 115-120. 700 

Fotaki, N., Symillides, M., Reppas, C., 2005a. Canine versus in vitro data for predicting input 701 

profiles of L-sulpiride after oral administration. Eur J Pharm Sci 26, 324-333. 702 

Fotaki, N., Symillides, M., Reppas, C., 2005b. In vitro versus canine data for predicting input 703 

profiles of isosorbide-5-mononitrate from oral extended release products on a confidence 704 

interval basis. Eur J Pharm Sci 24, 115-122. 705 

Fotaki, N., Vertzoni, M., 2010. Biorelevant dissolution methods and their applications in in 706 

vitro in vivo correlations for oral formulations. The Open Drug Delivery Journal 4, 2-13. 707 

Galetin, A., Gertz, M., Houston, J.B., 2010. Contribution of intestinal cytochrome p450-708 

mediated metabolism to drug-drug inhibition and induction interactions. Drug Metab 709 

Pharmacokinet 25, 28-47. 710 



36 
 

Gasche, C., Scholmerich, J., Brynskov, J., D'Haens, G., Hanauer, S.B., Irvine, E.J., Jewell, 711 

D.P., Rachmilewitz, D., Sachar, D.B., Sandborn, W.J., Sutherland, L.R., 2000. A simple 712 

classification of Crohn's disease: report of the Working Party for the World Congresses of 713 

Gastroenterology, Vienna 1998. Inflamm Bowel Dis 6, 8-15. 714 

Gesink-van der Veer, B.J., Burm, A.G., Vletter, A.A., Bovill, J.G., 1993. Influence of Crohn's 715 

disease on the pharmacokinetics and pharmacodynamics of alfentanil. Br J Anaesth 71, 827-716 

834. 717 

Grimm, M., Koziolek, M., Kuhn, J.P., Weitschies, W., 2018. Interindividual and 718 

intraindividual variability of fasted state gastric fluid volume and gastric emptying of water. 719 

Eur J Pharm Biopharm 127, 309-317. 720 

Haapamaki, J., Tanskanen, A., Roine, R.P., Blom, M., Turunen, U., Mantyla, J., Farkkila, 721 

M.A., Arkkila, P.E., 2013. Medication use among inflammatory bowel disease patients: 722 

excessive consumption of antidepressants and analgesics. Scand J Gastroenterol 48, 42-50. 723 

Hohmann, N., Kocheise, F., Carls, A., Burhenne, J., Haefeli, W.E., Mikus, G., 2015. 724 

Midazolam microdose to determine systemic and pre-systemic metabolic CYP3A activity in 725 

humans. Br J Clin Pharmacol 79, 278-285. 726 

Hsueh, C.H., Hsu, V., Zhao, P., Zhang, L., Giacomini, K.M., Huang, S.M., 2018. PBPK 727 

Modeling of the Effect of Reduced Kidney Function on the Pharmacokinetics of Drugs 728 

Excreted Renally by Organic Anion Transporters. Clin Pharmacol Ther 103, 485-492. 729 

Iborra, M., Alvarez-Sotomayor, D., Nos, P., 2014. Long-term safety and efficacy of budesonide 730 

in the treatment of ulcerative colitis. Clin Exp Gastroenterol 7, 39-46. 731 

Jantratid, E., Janssen, N., Reppas, C., Dressman, J.B., 2008. Dissolution media simulating 732 

conditions in the proximal human gastrointestinal tract: an update. Pharm Res 25, 1663-1676. 733 

Kelly, D.G., Fleming, C.R., 1995. Nutritional considerations in inflammatory bowel diseases. 734 

Gastroenterol Clin North Am 24, 597-611. 735 



37 
 

Klein, S., 1990. The myth of serum albumin as a measure of nutritional status. 736 

Gastroenterology 99, 1845-1846. 737 

Koutroumpakis, E., Katsanos, K.H., 2016. Implementation of the simple endoscopic activity 738 

score in crohn's disease. Saudi J Gastroenterol 22, 183-191. 739 

Lee, E.B., Daskalakis, N., Xu, C., Paccaly, A., Miller, B., Fleischmann, R., Bodrug, I., Kivitz, 740 

A., 2017. Disease-Drug Interaction of Sarilumab and Simvastatin in Patients with Rheumatoid 741 

Arthritis. Clin Pharmacokinet 56, 607-615. 742 

Lenz, K., Jensen, K.B., Jarnum, S., 1976. Bile acid metabolism and plasma protein turnover in 743 

Crohn's disease. Scand J Gastroenterol 11, 721-727. 744 

Lichtenstein, G.R., Hanauer, S.B., Kane, S.V., Present, D.H., 2004. Crohn's is not a 6-week 745 

disease: lifelong management of mild to moderate Crohn's disease. Inflamm Bowel Dis 10 746 

Suppl 2, S2-10. 747 

Lu, C., Berg, C., Prakash, S.R., Lee, F.W., Balani, S.K., 2008. Prediction of pharmacokinetic 748 

drug-drug interactions using human hepatocyte suspension in plasma and cytochrome P450 749 

phenotypic data. III. In vitro-in vivo correlation with fluconazole. Drug Metab Dispos 36, 750 

1261-1266. 751 

Lundin, P., Naber, T., Nilsson, M., Edsbacker, S., 2001. Effect of food on the pharmacokinetics 752 

of budesonide controlled ileal release capsules in patients with active Crohn's disease. Aliment 753 

Pharmacol Ther 15, 45-51. 754 

Lundin, P.D.P., Edsbäcker, S., Bergstrand, M., Ejderhamn, J., Linander, H., Högberg, L., 755 

Persson, T., Escher, J.C., Lindquist, B., 2003. Pharmacokinetics of budesonide controlled ileal 756 

release capsules in children and adults with active Crohn's disease. Aliment Pharmacol Ther 757 

17, 85-92. 758 



38 
 

Markopoulos, C., Andreas, C.J., Vertzoni, M., Dressman, J., Reppas, C., 2015. In-vitro 759 

simulation of luminal conditions for evaluation of performance of oral drug products: Choosing 760 

the appropriate test media. Eur J Pharm Biopharm 93, 173-182. 761 

Martinez Huertas, C., Garcia-Villanova Ruiz, P., Pozo Sanchez, J., Davila Arias, C., 2017. 762 

Accumulation of mesalazine pills in the medium ileum in a patient with Crohn s disease. Rev 763 

Esp Enferm Dig 109, 219-220. 764 

McPherson, R.A., Pincus, M.R., Henry, J.B., 2011. Henry's Clinical Diagnosis and 765 

Management by Laboratory Methods. Saunders Elsevier, Philadelphia, US. 766 

Molanaei, H., Qureshi, A.R., Heimbürger, O., Lindholm, B., Diczfalusy, U., Anderstam, B., 767 

Bertilsson, L., Stenvinkel, P., 2018. Inflammation down-regulates CYP3A4-catalysed drug 768 

metabolism in hemodialysis patients. BMC Pharmacol and Toxicol 19, 33. 769 

Morgan, E.T., 2009. Impact of infectious and inflammatory disease on cytochrome P450-770 

mediated drug metabolism and pharmacokinetics. Clin Pharmacol Ther 85, 434-438. 771 

Naber, A., Olaison, G., Smedh, K., Jansen, J., Sjodahl, R., 1996. Pharmacokinetics of 772 

budesonide controlled ileal release capsules in active Crohn's disease. Gastroenterology 110, 773 

A977. 774 

Nicholls, A., Harris-Collazo, R., Huang, M., Hardiman, Y., Jones, R., Moro, L., 2013. 775 

Bioavailability profile of Uceris MMX extended-release tablets compared with Entocort EC 776 

capsules in healthy volunteers. J Int Med Res 41, 386-394. 777 

Nishida, T., Miwa, H., Yamamoto, M., Koga, T., Yao, T., 1982. Bile acid absorption kinetics 778 

in Crohn's disease on elemental diet after oral administration of a stable-isotope tracer with 779 

chenodeoxycholic-11, 12-d2 acid. Gut 23, 751-757. 780 

Niv, E., Fishman, S., Kachman, H., Arnon, R., Dotan, I., 2014. Sequential capsule endoscopy 781 

of the small bowel for follow-up of patients with known Crohn's disease. J Crohns Colitis 8, 782 

1616-1623. 783 



39 
 

Press, A.G., Hauptmann, I.A., Hauptmann, L., Fuchs, B., Fuchs, M., Ewe, K., Ramadori, G., 784 

1998. Gastrointestinal pH profiles in patients with inflammatory bowel disease. Aliment 785 

Pharmacol Ther 12, 673-678. 786 

Radke, C., Horn, D., Lanckohr, C., Ellger, B., Meyer, M., Eissing, T., Hempel, G., 2017. 787 

Development of a Physiologically Based Pharmacokinetic Modelling Approach to Predict the 788 

Pharmacokinetics of Vancomycin in Critically Ill Septic Patients. Clin Pharmacokinet 56, 759-789 

779. 790 

Rohatgi, A., 2018. WebPlotDigitizer, 4.1 ed, San Francisco, California, USA. 791 

Rutgeerts, P., Ghoos, Y., Vantrappen, G., 1979. Bile acid studies in patients with Crohn's 792 

colitis. Gut 20, 1072-1077. 793 

Sanaee, F., Clements, J.D., Waugh, A.W.G., Fedorak, R.N., Lewanczuk, R., Jamali, F., 2011. 794 

Drug−disease interaction: Crohn's disease elevates verapamil plasma concentrations but 795 

reduces response to the drug proportional to disease activity. Br J Clin Pharmacol 72, 787-797. 796 

Schilli, R., Breuer, R.I., Klein, F., Dunn, K., Gnaedinger, A., Bernstein, J., Paige, M., Kaufman, 797 

M., 1982. Comparison of the composition of faecal fluid in Crohn's disease and ulcerative 798 

colitis. Gut 23, 326-332. 799 

Seidegard, J., 2000. Reduction of the inhibitory effect of ketoconazole on budesonide 800 

pharmacokinetics by separation of their time of administration. Clin Pharmacol Ther 68, 13-801 

17. 802 

Seidegard, J., Nyberg, L., Borga, O., 2008. Presystemic elimination of budesonide in man when 803 

administered locally at different levels in the gut, with and without local inhibition by 804 

ketoconazole. Eur J Pharm Sci 35, 264-270. 805 

Seidegard, J., Nyberg, L., Borga, O., 2012. Differentiating mucosal and hepatic metabolism of 806 

budesonide by local pretreatment with increasing doses of ketoconazole in the proximal 807 

jejunum. Eur J Pharm Sci 46, 530-536. 808 



40 
 

Seidegard, J., Randvall, G., Nyberg, L., Borga, O., 2009. Grapefruit juice interaction with oral 809 

budesonide: equal effect on immediate-release and delayed-release formulations. Pharmazie 810 

64, 461-465. 811 

Seidegard, J., Simonsson, M., Edsbacker, S., 2000. Effect of an oral contraceptive on the 812 

plasma levels of budesonide and prednisolone and the influence on plasma cortisol. Clin 813 

Pharmacol Ther 67, 373-381. 814 

Shah, R., Richardson, P., Yu, H., Kramer, J., Hou, J.K., 2017. Gastric Acid Suppression Is 815 

Associated with an Increased Risk of Adverse Outcomes in Inflammatory Bowel Disease. 816 

Digestion 95, 188-193. 817 

Sjögren, E., Dahlgren, D., Roos, C., Lennernäs, H., 2015. Human in Vivo Regional Intestinal 818 

Permeability: Quantitation Using Site-Specific Drug Absorption Data. Mol Pharm 12, 2026-819 

2039. 820 

Sunesen, V.H., Pedersen, B.L., Kristensen, H.G., Mullertz, A., 2005. In vivo in vitro 821 

correlations for a poorly soluble drug, danazol, using the flow-through dissolution method with 822 

biorelevant dissolution media. Eur J Pharm Sci 24, 305-313. 823 

Szefler, S.J., 1999. Pharmacodynamics and pharmacokinetics of budesonide: a new nebulized 824 

corticosteroid. J Allergy Clin Immunol 104, 175-183. 825 

Tannergren, C., Borde, A., Borestrom, C., Abrahamsson, B., Lindahl, A., 2014. Evaluation of 826 

an in vitro faecal degradation method for early assessment of the impact of colonic degradation 827 

on colonic absorption in humans. Eur J Pharm Sci 57, 200-206. 828 

Thummel, K.E., O'Shea, D., Paine, M.F., Shen, D.D., Kunze, K.L., Perkins, J.D., Wilkinson, 829 

G.R., 1996. Oral first-pass elimination of midazolam involves both gastrointestinal and hepatic 830 

CYP3A-mediated metabolism. Clin Pharmacol Ther 59, 491-502. 831 



41 
 

Tromm, A., Tromm, C.D., Huppe, D., Schwegler, U., Krieg, M., May, B., 1992. Evaluation of 832 

different laboratory tests and activity indices reflecting the inflammatory activity of Crohn's 833 

disease. Scand J Gastroenterol 27, 774-778. 834 

US Food and Drug Administration, 2000. New Drug Application Entocort (21-324): Clinical 835 

Pharmacology and Biopharmaceutics Review. 836 

Vagianos, K., Bector, S., McConnell, J., Bernstein, C.N., 2007. Nutrition assessment of 837 

patients with inflammatory bowel disease. JPEN J Parenter Enteral Nutr 31, 311-319. 838 

Vantrappen, G., Ghoos, Y., Rutgeerts, P., Janssens, J., 1977. Bile acid studies in uncomplicated 839 

Crohn's disease. Gut 18, 730-735. 840 

Vernia, P., Gnaedinger, A., Hauck, W., Breuer, R.I., 1988. Organic anions and the diarrhea of 841 

inflammatory bowel disease. Dig Dis Sci 33, 1353-1358. 842 

Vertzoni, M., Diakidou, A., Chatzilias, M., Soderlind, E., Abrahamsson, B., Dressman, J.B., 843 

Reppas, C., 2010. Biorelevant media to simulate fluids in the ascending colon of humans and 844 

their usefulness in predicting intracolonic drug solubility. Pharm Res 27, 2187-2196. 845 

Vertzoni, M., Dressman, J., Butler, J., Hempenstall, J., Reppas, C., 2005. Simulation of fasting 846 

gastric conditions and its importance for the in vivo dissolution of lipophilic compounds. Eur 847 

J Pharm Biopharm 60, 413-417. 848 

Wilson, A., Tirona, R.G., Kim, R.B., 2017. CYP3A4 Activity is Markedly Lower in Patients 849 

with Crohn's Disease. Inflamm Bowel Dis 23, 804-813. 850 

Winter, T.A., O'Keefe S, J., Callanan, M., Marks, T., 2004. Impaired gastric acid and pancreatic 851 

enzyme secretion in patients with Crohn's disease may be a consequenece of a poor nutritional 852 

state. Inflamm Bowel Dis 10, 618-625. 853 

Xie, R., Tan, L.H., Polasek, E.C., Hong, C., Teillol-Foo, M., Gordi, T., Sharma, A., Nickens, 854 

D.J., Arakawa, T., Knuth, D.W., Antal, E.J., 2005. CYP3A and P-glycoprotein activity 855 



42 
 

induction with St. John's Wort in healthy volunteers from 6 ethnic populations. J Clin 856 

Pharmacol 45, 352-356. 857 

Yadav, D.P., Kedia, S., Madhusudhan, K.S., Bopanna, S., Goyal, S., Jain, S., Vikram, N.K., 858 

Sharma, R., Makharia, G.K., Ahuja, V., 2017. Body Composition in Crohn's Disease and 859 

Ulcerative Colitis: Correlation with Disease Severity and Duration. Can J Gastroenterol 860 

Hepatol 2017, 1215035. 861 

Zhang, Y., Huo, M., Zhou, J., Xie, S., 2010a. PKSolver: An add-in program for 862 

pharmacokinetic and pharmacodynamic data analysis in Microsoft Excel. Comput Methods 863 

Programs Biomed 99, 306-314. 864 

Zhang, Y., Huo, M., Zhou, J., Zou, A., Li, W., Yao, C., Xie, S., 2010b. DDSolver: an add-in 865 

program for modeling and comparison of drug dissolution profiles. AAPS J 12, 263-271. 866 

 867 

  868 



43 
 

Figure Legends 869 

Figure 1: Schematic workflow for the development of a PBPK model for budesonide in 870 

healthy subjects and patients with CD (BP: blood plasma, PPB: plasma protein binding, IV: 871 

intravenous). 872 

Figure 2: In vitro release of Entocort® in healthy and CD conditions in (a) the fasted state and 873 

(b) the fed state (Red arrows indicate the media change in healthy conditions and blue arrows 874 

in CD conditions, respectively). 875 

Figure 3: Prediction of systemic budesonide concentration in healthy subjects (a) after 876 

intravenous administration of 0.1 mg budesonide with observed values from Edsbäcker et al. 877 

(1985) and (b) after administration of an oral solution of 3 mg budesonide with observed values 878 

from Dilger et al. (2009). 879 

Figure 4: Simulation of budesonide plasma concentration for healthy subjects after 880 

administration of 3 mg Entocort® in the fasted state with dissolution input option 1 (a) 881 

compared to mean profiles of literature data (Table 7) and (c) compared to individual PK 882 

profiles from Nicholls et al. (2013) and (b) with dissolution input option 2 compared to mean 883 

profiles in literature. 884 

Figure 5: Simulation of budesonide plasma concentration for healthy subjects after 885 

administration of 3 mg Entocort® in the fed state with dissolution input (a) option 1 (triggering 886 

pH and a Weibull function) and (b) option 2 (discrete dissolution input) compared to mean 887 

profiles in literature (Table 7). 888 

Figure 6: Parameter sensitivity analysis of the hepatic CYP3A4 abundance in male and female 889 

subjects, the intestinal CYP3A4 abundance and the human serum albumin concentration in 890 

male and female subjects on (a) Cmax and (b) AUC. 891 
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Figure 7: Parameter sensitivity analysis of the gastric mean residence time and the small 892 

intestinal transit time on (a) Cmax and (b) AUC. 893 

Figure 8: Parameter sensitivity analysis of the plicae circulares fold expansion in the four 894 

different parts of the ileum on (a) Cmax and (b) AUC. 895 

Figure 9: Simulation of budesonide plasma concentration for CD patients after administration 896 

of 3 mg Entocort® in the fasted state with dissolution input option 1 (a) and fed state with 897 

dissolution input option 2 (b) compared to mean profiles in literature (Table 7). 898 
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