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Introduction 

The systemic bioavailability (F) of orally administered drugs is often limited 
by first-pass biotransformation. It is important to have insight into these 
processes since the effect of the drug is tightly controlled by the systemic 
blood drug concentration. The liver is a well known site for drug metabolism 
but during the last two decades enzymes in the intestine has also been recog-
nized as playing a major role in first-pass extraction. The cytochrome P450 
(CYP) enzymes and Uridine Diphosphate Glucuronosyltransferases (UGTs) 
together represent the most important enzymes involved in biotransforma-
tion of drugs in humans. Intestinal first-pass extraction (EG) of CYP3A4 
substrates has been extensively investigated and often shown to be high and 
comparable to the pre-systemic hepatic extraction (EH) of the drug. The in 
vitro expression and activity of gut wall UGT enzymes have been reported in 
a number of papers but there is still limited information available on the 
contribution of intestinal glucuronidation to overall first-pass extraction in 
vivo. This thesis includes studies of two model compounds, R/S-verapamil 
(R/S-VER) and raloxifene, which are extensively metabolized during first-
pass. R/S-VER serves as an example of a substrate that undergoes metabo-
lism by the CYP3A enzyme family and raloxifene is a UGT substrate. The 
quantitative contribution of the intestine and the liver to first-pass extraction 
of R/S-VER and raloxifene was investigated in vitro, in vivo, and in silico 
(with simulation studies), using pig as experimental model. 

Bioavailability of a drug 
The F of a drug can be described as the fraction of an orally administered 
dose that reaches the systemic circulation or target site1. F is determined by a 
number of factors and is calculated according to equation 1 (Figure 1). 

F = fabs (1-EG) (1-EH)     (1) 

Before a drug becomes available for absorption, the solid tablet has to disin-
tegrate into smaller particles that are subsequently dissolved in the gastroin-
testinal fluid into drug molecules. A fraction of the administered dose will be 
absorbed by the enterocytes (fabs), where the drug molecules might either be 
effluxed back into the lumen, undergo intestinal metabolism, or transported 
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to the portal vein (VP). The blood in the VP transfers the drug to the liver 
before it finally reaches the systemic circulation. In the liver, the drug can 
undergo hepatic extraction, which includes metabolism and/or excretion into 
bile. The sum of the extraction that occurs in the intestine and the liver is 
referred to as the first-pass or pre-systemic extraction, or metabolism of the 
drug. Since the pharmacological and toxicological effects of most drugs are 
profoundly influenced by the systemic blood concentration levels of the drug 
compound, the F is an important determinant of the drug´s efficacy and ad-
verse effects2. Alterations in any of the factors that determine the F can affect 
the blood drug level, and may ultimately lead to loss of the pharmacological 
effect or to drug-induced toxicity. Such alterations, for example, can occur in 
a disease state, or as a result of food-drug or drug-drug interactions3, 4. 

 
Figure 1.The barriers a drug molecule must overcome to reach the systemic circula-
tion and the site of action.  

Intestinal absorption and metabolism 
Intestinal absorption and metabolism may be controlled by a complex inter-
play of many factors, including drug lumen concentration, passive permea-
bility, carrier-mediated transport, protein binding, enterocyte blood flow and 
enzyme activity5-10. The anatomy and physiology of the intestine are, along 
with the physiochemical properties of the drug molecule and the characteris-
tics of the delivery system, central components in determining the extent of 
absorption from the gut lumen. 

Anatomical and physiological considerations 
The intestine may be broadly divided into the small and large intestine, 
which differ in terms of anatomy and function11-13. The small intestine plays 

efflux

Tablet

EG

Gut wall Liver

EH

fabs

hepatic veinportal vein

faeces

Bioavailability (F)
Systemic circulation



 13

the primary role in the digestion and absorption of nutrients and drugs due to 
its large surface area, which is created by a special anatomical arrangement: 
the intestinal mucosa is folded and contains the intestinal villi, which are 
covered by a simple, columnar epithelium that is carpeted with microvilli. 
This structure increases the total area for absorption by a factor of more than 
600. The large intestine is important for the absorption of ions and water but 
can also play a role in the absorption of drugs, particularly if the dosage form 
is designed to reach the colon, i.e. modified- or extended-release systems. 

The enterocyte 
The absorptive cells lining the gut lumen are called enterocytes. These cells 
are derived from the stem cells located at the base of the villus and differen-
tiate into highly polarized cells during the migration of the stem cells to-
wards the villus tip11. The apical membrane of the enterocyte is in contact 
with the gut lumen while the basolateral membrane faces the blood supply of 
the tissue. These membranes are formed by tightly fitted cells, separated by 
tight junctions14, 15. 

The main intestinal absorption mechanism for drugs in vivo is considered 
to be passive, transcellular membrane diffusion with the apical membrane as 
the rate-limiting step16, 17.The extent of passive transcellular diffusion de-
pends on the physiochemical properties of the drug, favoring small, lipophil-
ic and non- ionized drug molecules18, 19.The passive diffusion is driven by 
the concentration of the drug in the lumen. Apart from passive diffusion, 
drugs can also be transported through cellular membranes by transporter-
mediated influx or efflux (either passive or active), paracellular transport and 
endocytosis. Passive transcellular and carrier-mediated processes coexist and 
contribute to drug transport activities across biological membranes17. 

The enterocytes express a broad range of carrier-mediated transporters 
that may influence the absorption of drugs20. Carrier-mediated intestinal 
absorption of drugs becomes the dominating mechanism for drugs with a 
reasonable high affinity for any intestinal transport protein, whereas the con-
tribution from passive permeability is small due to the polar nature of the 
compound16. Important efflux transporters expressed in the intestine are P-
glycoprotein (P-gp; ABCB1), breast cancer resistance protein (ABCG2),and 
multidrug resistance protein (MRP) 2 (ABCC2)20. P-gp is reported to play an 
important role in limiting the oral F of many compounds, including cyclos-
porine21, digoxin22, paclitaxel23, and numerous HIV-1 protease inhibitors24. 

Enzymatic activity in the gut wall 
The enterocytes contain a number of enzymes that may limit the total sys-
temic exposure of a drug. The most important enzymes involved in biotrans-
formation of drugs in humans are the CYPs25. In addition to the liver, where 
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the CYPs are predominantly found, the CYPs are also expressed in the mu-
cosa of the small intestine, lung, kidney, brain, olfactory mucosa, and skin26. 
Of these tissues, the intestinal mucosa is probably the most important extra-
hepatic site of drug biotransformation, since drug molecules must pass 
through the enterocytes after oral administration. Glucuronidation and sulfa-
tion are the most important phase 2 reactions in the biotransformation of 
drugs27-29. The biotransformation enzymes, UGTs and the sulfotransferases, 
are distributed widely in many tissues, including the intestine30-32. 

Intestinal CYPs 
As in the liver, CYP3A is the most abundant CYP subfamily expressed in 
the small intestine, accounting for 82% of the total intestinal CYP content33. 
Using immunoblotting techniques, the levels of CYP3A4 have been esti-
mated to be 160, 120, and 70 pmol/mg of microsomal protein in the duode-
num, jejunum, and ileum, respectively34. These values are comparable to the 
CYP3A4 content in the liver (350 pmol/mg of microsomal protein)34. How-
ever, the CYP enzymes are expressed only in the enterocytes, which account 
for only a very small fraction of the total intestinal cell population. In addi-
tion, the human liver is about twice as large as the small intestine by weight. 
This means that, the total mass of CYP3A in the entire small intestine is only 
approximately 1% of that in the liver35, 36. The expression of CYP3A5 in 
human small intestine follows a polymorphic pattern similar to that found in 
liver33. 

CYP2C9 represents the second most abundant CYP in the human intes-
tine (15%), followed by CYP2C19 (2.9%), CYP2J2 (1.4%), and CYP2D6 
(1%)33. Although these enzymes are expressed and are catalytically active in 
the small intestine, their low specific contents relative to their hepatic coun-
terparts, suggest that they do not contribute significantly to the first-pass 
metabolism of drugs33. 

The distribution of CYP enzymes is not uniform along the length of the 
small intestine. Enteric microsomal CYP3A content, as well as associated 
catalytic activity, is generally highest in the proximal region and then de-
clines towards the distal ileum34, 35, 37. Furthermore, the distribution of CYP 
enzymes is also un-uniform along the villi within a cross-section of mucosa. 
The columnar absorptive epithelial cells of the villi exhibit the strongest 
activity, whereas no activity could be detected in the goblet cells or the epi-
thelial cells in the crypts38. Also in common with hepatic CYP, there is con-
siderable inter-individual variation in enteric CYP expression33. 

Intestinal UGTs 
The human small intestine expresses a range of UGTs, including UGT1A1, 
UGT1A3, UGT1A4, UGT1A6, UGT1A8, UGT1A10, UGT2B4, UGT2B7, 
UGT2B10, and UGT2B1527, 28, 39. As with the CYPs, but to a lesser extent, 
the distribution of UGTs is not uniform along the length of the intestine, nor 
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along the villi within a specific region of the intestine5. Gut UGT activity in 
vitro has been reported for estradioland 17 -estradiol32, 40, ethinyl estradiol41, 
acetaminophen42, p-nitrophenol and bilirubin43, and morphine44, 45.Further 
on, sseveral studies have investigated the relative importance of intestinal 
and hepatic glucuronidation in vitro46-49. One study reported that out of nine 
investigated substrates, two showed an intestinal glucuronidation CLint that 
was higher than hepatic activity, one with comparable activities for the two 
organs, and the remaining showed glucuronidation activity that was lower in 
the intestine compared to the liver46. 

Clinical evidence of intestinal metabolism 
A considerable number of in vivo studies have demonstrated that the gut 
mucosa contributes to the overall first-pass metabolism of many drugs. In 
particular, the EG of CYP3A substrates is often reported to be high50-58. The 
most direct evidence for a significant contribution of EG in humans came 
from studies during the anhepatic phase in patients undergoing liver trans-
plantation, in which drug and metabolite concentrations were determined in 
VP blood after oral dosing of the parent compound50, 51, 59. These studies 
reported that approximately 50% of the luminal administered amounts of the 
CYP3A4 substrates felodipine, cyclosporine, and midazolam was metabo-
lized when the drugs reached the VP. 

However, ethical and technical limitations in sampling of VP blood in 
humans has meant that intestinal metabolism in humans has been investi-
gated indirectly by comparing plasma area under the plasma concentration-
time curves (AUCs) after intravenous (i.v.) and oral administration. Results 
using this method suggest that the gut wall mucosa contribute to R/S-VER 
first-pass metabolism to the same extent as the liver53, 60. 

Using a device for gastrointestinal intubation, that enabled budesonide 
and concomitant ketoconazole to be administrated at three different locations 
in the gut (jejunum, ileum and colon), Seidegaard and co-workers could 
show that CYP3A activity was considerable in the small intestine but absent 
in the colon61.  

Evidence for a significant contribution of the small intestine in the first- 
pass metabolism of drugs has also been shown in obese patients that have 
undergone a bariatric surgery called biliopancreatic diversion with duodenal 
switch (BPD-DS)62. Following a BPD-DS, the entire jejunum is bypassed 
and it was shown that the F of atorvastatin increased significantly after the-
surgery62. These results emphasize the protective nature of the proximal 
small intestine against ingested exogenous compounds. Consequently, re-
titration to lowest effective dose should be considered after BPD-DS for 
drugs with a high degree of intestinal first pass metabolism and a narrow 
therapeutic window.  

In contrast to the extensive investigations of intestinal CYP-activity, few 
studies have evaluated intestinal drug glucuronidation in vivo. Extrahepatic  
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glucuronidation of propofol was demonstrated in patients during the anhe-
patic phase of liver transplant operations63 and while undergoing jugular 
porto-systemic shunting64. However, these studies did not differentiate be-
tween renal and intestinal glucuronidation. In vivo intestinal conjugation in 
rats has been reported for phenol, morphine, naloxone, bupronorphine, and 
napthol65-68.In conclusion, there is a need for further studies to determine the 
quantitative contribution of intestinal glucuronidation to drug metabolism. 

The drug efflux-metabolism alliance 
The considerable overlap in the substrate selectivity and tissue localization 
of CYP3A and P-gp has led to the hypothesis that this transporter and en-
zyme pair acts as a coordinated absorption barrier against xenobiotics69, 

70.This hypothesis involves the transporter controlling the access of the drug 
to the enzyme, giving the enzyme multiple opportunities to prevent the intact 
xenobiotic from entering the bloodstream (Figure 2)71. The EG of a drug 
could therefore be changed as a function of P-gp activity without inhibiting 
or inducing CYP3A enzymes.  

 
Figure 2.The suggested interplay between CYP3A4 and P-gp in the enterocytes 
working as a coordinately protective mechanism against foreign substances. Three 
different scenarios are described: 1) A drug molecule is absorbed through the ente-
rocyte by passive transcellular diffusion. The molecule is neither metabolized by 
CYP3A4, or effluxed by P-glycoprotein. 2) A drug molecule is absorbed by the 
enterocyte where it is metabolized by CYP3A4. The metabolites are either trans-
ported to the blood, or actively effluxed to the lumen. 3) A drug molecule is cycled 
in and out of the enterocyte by P-gp, giving the enzyme multiple opportunities to 
prevent the drug molecule from entering the bloodstream.  
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Hepatic extraction and disposition of drugs 
The liver is the most important site for drug elimination in the human body. 
This is certainly true for drugs given orally since any drug molecule that is 
absorbed from the gastro-intestinal lumen into the VP must pass through the 
liver before gaining access to the rest of the body. The process that deter-
mines EH is plasma protein binding, liver blood flow, liver uptake (passive 
transcellular and carrier-mediated uptake), metabolism and excretion into 
bile72, 73.The liver expresses a broad range of enzymes, but the family of 
CYP enzymes are the most important for the metabolism of drugs25. The 
excretion into bile is a process involving carrier-mediated efflux proteins. 
Compounds that are excreted into bile reach the intestine and can be either 
re-absorbed (enterohepatic circulation),or eliminated with feces74. It is im-
portant to note that enterohepatic cycling is a component of distribution and 
not elimination.  

Hepatic blood flow 
The liver receives about 25% of the total cardiac output (total liver blood 
flow in humans ~1350 ml/min)75. Portal blood supplies about two-thirds of 
the total blood flow to the organ, and arterial blood flow accounts for the 
remainder. Within the liver, the blood from the VP and hepatic artery merge 
into the sinusoidal space, which is filled with hepatocytes, and continues to 
the central veins. The blood leaves the liver and enters the systemic circula-
tion through the hepatic veins (VH). 

The hepatocyte 
The hepatocytes are polarized cells with three distinct membrane domains: 
the sinusoidal membrane facing the blood, the canalicular membrane form-
ing the bile canaliculus, and the lateral membrane, which is the connective 
surface between adjacent pairs of hepatocytes76. The hepatocytes are ar-
ranged in subunits called the sinusoids and the canalicular and sinusoidal 
membranes are constituted with microvilli, which enables high exchange of 
molecules between the perfusing blood and the hepatocytes76. Also, mem-
brane transporter proteins are highly expressed on both the canalicular mem-
brane and sinusoidal membrane to facilitate the distribution of endogenous 
and exogenous entities in and out of the cell77-79.  

Hepatic enzymatic activity 
There are a vast number of metabolic enzymes inside the hepatocytes, either 
integrated with intra-cellular components, such as the endoplasmic reticu-
lum, or freely floating in the cytosol. The family of CYP enzymes are found 
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in abundance in the human liver80. Also other enzymes, such as UGTs, sulfo-
transferases, and glutathione S-transferases are found in great amounts in the 
human liver81. Humans show large inter-individual variation in the amount 
of different enzymes, which accounts in part for the large inter-individual 
variation observed in human drug clearance (CL) and, for some drugs taken 
per oral, in F. Thus, in some instances, variation in hepatic enzyme expres-
sion can contribute to variation in drug response2.  

Hepatic CYPs 
In 1994, Shimada and co-workers systematically characterized the specific 
content of major hepatic CYPs involved in the biotransformation of drugs82. 
The CYP3A subfamily (i.e. CYP3A4 and CYP3A5) was reported as the 
most abundant, representing 29% of total CYP content. The CYP2C subfa-
mily was the second most abundant (18%), followed by CYP1A2 (13%), 
CYP2E1 (7%), CYP2A6 (4%), CYP2D6 (<2%), and CYP2B6 (<1%). A 
considerable large inter-individual variation in the expression of the different 
CYP isoforms was observed, ranging from 20-fold (CYP2E1 and CYP3A4) 
to >1000-fold (CYP2D6). Although CYP3A was the major CYP enzyme in 
the liver and the intestine, its contribution to the intestine was double its 
contribution to the liver. It is clear that the liver expresses a broader range of 
enzymes compared to the intestine.  

Hepatic UGTs 
The liver is the major organ for glucuronidation in the body. Many isoforms 
of UGT enzymes are expressed in the human liver including: UGT1A1, 
UGT1A3, UGT1A4, UGT1A6, UGT1A9, UGT2B4, UGT2B7, UGT2B10, 
UGT2B11, UGT2B15, UGT2B17, and UGT2B28.Glucuronide conjugates 
have molecular characteristics that are associated with biliary excretion of a 
compound, i.e. high molecular weight, ionized and presence of polar 
groups83. Hepatic conjugation followed by biliary excretion and intestinal 
de-conjugation can therefore be part of enterohepatic cycling74, 81. 

Predicting intestinal and hepatic extraction 
Early knowledge of properties of absorption, distribution, metabolism, and 
elimination (ADME) of potential drug candidates is of major importance in 
the selection processes during drug development, and in reducing cost and 
time loss related to selection failure84, 85. Both empirical and physiologically-
based approaches have been developed to predict the in vivo intestinal and/or 
hepatic metabolic CL in animals and humans86-93. Traditionally, predictions 
of human CL have used information from preclinical studies in animals, e.g. 
allometric scaling, but there has recently been an increase in the use of in 
vitro data and in vitro to in vivo physiologically-based direct-scaling ap-
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proaches94-97. The reasons for this development include practical advantages 
of in vitro methods, scientific limitations in the in vivo methods, such as 
species differences, and the possibility of reducing the use of animals94. An-
imal models are still useful, however, when used in conjunction with in vitro 
tools. It is suggested that animal physiologically based pharmacokinetic 
(PBPK) models should be used as part of a stepwise approach: the first step 
uses animal to understand the processes and verifies the predictive power of 
in vitro systems, and the second step involves forecasting human pharmaco-
kinetics (PK) from in vitro data and in silico methods94. 

In vitro to in vivo scaling 
The first step in predicting drug CL from in vitro data is to determine intrin-
sic CL (CLint)

86, 87.In vitro CLint values are determined by substrate depletion 
or metabolite formation in various systems, including hepatocytes, liver or 
intestinal microsomes, or recombinant CYPs, and normalized for cell, mi-
crosomal protein or enzyme concentration. The second step is to determine 
the in vivo CLint by scaling the activity measured in vitro to the whole liver, 
e.g. using a scaling factor that accounts for incomplete microsomal recovery 
from the tissue. The third, and final step, involves the use of a liver model 
that incorporates the effects of hepatic blood flow, plasma protein binding 
and blood cell partitioning to convert the estimated in vivo CLint into hepatic 
CL (CLH). The well-stirred liver model is most commonly used but the dis-
persion model or the parallel tube model can also be used. 

PBPK models 
PBPK models divide the body into anatomically and physiologically mea-
ningful compartments, including the gastrointestinal tract for absorption, the 
eliminating organs, and non-eliminating tissue compartments84. The different 
compartments are connected to each other by physiologically relevant blood 
flows. The models use physiological and species-specific parameters (such 
as tissue volumes and enzyme abundance) to describe the ADME processes. 
In addition, compound-specific parameters, such as physicochemical and 
biochemical parameters (e.g. tissue/blood partitioning and metabolic CL) are 
incorporated into the model. This enables prediction of the profiles of plas-
ma and tissue concentration versus time in an in vivo system following i.v. or 
oral administration of the compound.  

PBPK predictions are a valuable tool in the pharmaceutical industry since 
they facilitate combination of all relevant information generated during the 
pre-clinical stage98.  Meaningful data integration helps to improve decision-
making during a selection process. In addition, a PBPK model can be used in 
hypothesis testing and to obtain mechanistic understanding of PK properties 
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of a drug compound, which is how PBPK modeling was used in the project 
presented in this thesis.  

Several commercially software packages are available that incorporate 
generic PBPK models for humans or pre-clinical species and PBPK models 
coupled with PD models84. Those models are designed for the pharmaceuti-
cal industry and are useful tools for understanding, exploring, predicting, and 
visualizing PK processes. 

Special considerations concerning intestinal modeling 
The basic components of the well-stirred liver model (CLint and organ blood 
flow terms) are also incorporated into intestinal prediction models. However, 
there are some subtle differences between hepatic and intestinal prediction 
models6. 

To start with, the blood flow to the mucosa is only a fraction of the total 
arterial flow to the small intestine. After oral administration, the blood flow 
is not involved in the delivery of drug to the site of EG, but it can influence 
the intracellular residence time-the greater the flow, the lower the EG.  

The unbound fraction of the drug in the enterocyte (fugut) is another factor 
that has the potential to influence the extent of EG. Unfortunately this para-
meter is difficult to determine experimentally and is usually assumed to 
be 189, 90, 99. 

Furthermore, the distribution of drug-metabolizing enzymes is not uni-
form along the small intestine, or along the villi, and therefore the prediction 
of drug elimination by the well-stirred model will be less accurate for the 
small intestine than for the liver. One way of dealing with this problem is to 
divide the intestine into segments, each defined by a unique pattern of en-
zyme expression99-101.  

After oral administration, the drug concentration in the enterocytes will be 
significantly higher than in the hepatocytes. This means that saturable meta-
bolism during drug absorption would be more likely in the intestine than in 
the liver. Thus, the extent of intestinal first-pass metabolism might be de-
pendent on the oral dose5. 

Verapamil and raloxifene as model compounds 
To investigate the relative roles of the intestine and liver in first-pass extrac-
tion of drugs, two model compounds were used in the studies included in 
this thesis: R/S-VER and raloxifene. Both drugs are extensively metabolized 
in the human body; R/S-VERis metabolized by the CYP system and ralox-
ifene is metabolized by the UGTs.  
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Verapamil 
R/S-VER is a well known nonselective calcium channel blocker with antian-
ginal, antihypertensive, and antiarythmic properties102, 103.R/S-VER is a basic 
(pKa 8.66) and lipophilic (log DpH7.4 2.7) compound104. Due to its extensive 
metabolism and high intestinal permeability R/S-VER is classified as a class 
I drug according to the Biopharmaceutic drug disposition classification sys-
tem (BDDCS)105, 106.R/S-VER is also a class I drug according to the Bio-
pharmaceutics classification system (BCS) due to the fabs of more than 90% 
and as the highest dose is soluble at all three pH´s52, 107.The commercial 
brand consists of a racemic mixture of equal amounts of two optical isomers: 
(+)-(R)-VER and (-)-(S)-VER. The isomers have different PK and PD prop-
erties. After oral dosing of the drug, it is well established that the PK is ste-
reoselective, with 5 times higher plasma concentration of the R-isomer60, 108. 
This is despite the similarity in in vivo intestinal permeability for the two 
isomers in humans, pigs and rats52, 109, 110.After i.v. dosing, however, the ste-
reoselective effect is not as pronounced, with an R- to S-VER plasma ratio 
of approximately 1.5-260, 108.CYP3A4 and CYP3A5 are the predominant 
isoforms involved in the metabolism of R- and S-VER in humans111, 112. 
Norverapamil and D-617 are the major metabolites formed from R/S-
VER(Figure 3). 

The reported extensive first-pass metabolism in combination with the 
high intestinal permeability were the major reasons for choosing R/S-VER 
as one of the model compounds. Due to its high permeability, the F of a BCS 
class I drug is insensitive to interactions involving intestinal carrier-mediated 
transporters. Therefore, we could expect that any changes in AUC or F 
would be mainly influenced by the extent of metabolism. 
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Figure 3. Chemical structure of verapamil and its major metabolites formed through 
N-dealkylation (D-617) and N-demethylation (norverapamil) and the consecutive 
biotransformation of the metabolites in humans. The cytochrome CYP enzymes 
involved in these reactions are specified for each pathway.  

Raloxifene 
Raloxifene (Evista®) is an orally-administrated, selective estrogen receptor 
modulator used to treat osteoporosis and prevent breast cancer(Figure 4). 
The drug belongs to class II according to the BCS and the BDDCS107, 113. 
Raloxifene is a basic (pKa 9.6) and lipophilic compound (logP 5.2) (Drug-
Bank). The PKs of raloxifene are characterized by extensive metabolism, 
resulting in 2% F. Metabolism of the drug is dominated by glucuronidation, 
which is responsible for 97 and 50% of the total intestinal and hepatic me-
tabolism, respectively114. Raloxifene-4´- -glucuronide (R-4-G) is the major 
metabolite but raloxifene-6- -glucuronide (R-6-G) can also be detected in 
human plasma. The formation of R-4-G has been shown to be catalyzed 
primarily by intestinal UGT1A8 and UGT1A10, whereas hepatic UGT1A1 
preferentially forms R-6-G115. Human jejunum microsomes show high glu-
curonidation of raloxifene, with a 3-fold greater CLint for R-4-G with jejunal 
compared to liver microsomes115. Despite its low F, raloxifene has a long 
plasma terminal half-life (t1/2) of approximately 27 h, which is attributed to 
biliary excretion of glucuronide metabolites, de-conjugation in the intestine 
and enterohepatic recycling116. Intestinal efflux mediated by MRP and P-gp 
has been demonstrated in the Caco-2-cell system117. Biliary excretion of 
raloxifene is reported to be mediated by P-gp118. However, the amount of 
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unchanged raloxifene excreted into bile in vivo is presumably low consider-
ing the extensive metabolism of the drug. 

Raloxifene was chosen as a model compound to demonstrate the glu-
curonidation capability of the gut wall. From a PK analysis perspective it is 
advantageous to choose a compound that is directly glucuronidated (instead 
of consecutive phase II metabolism). Furthermore, high intestinal in vitro 
glucuronidation had already been demonstrated. A BCS and BDDCS class II 
compound has high permeability and low solubility. However, considering 
that raloxifene was given as a solution in paper IV it is likely that fabs is close 
to 1and relatively insensitive to interactions involving intestinal, carrier-
mediated transporters. 
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Figure 4.The chemical structure of raloxifene 

The pig as an experimental animal 
The pig is increasingly used as a test animal for both pharmacological and 
toxicological assessment of new drug compounds. The pig is considered to 
be appropriate for the investigation of drug disposition, as its physiology is 
similar to that of the human and the two species have important membrane 
transport and enzymatic proteins in common119-121. The pig in vivo model 
that our group has developed and validated is ideally suited for predictive 
mechanistic simulations due to the number of sampling and administration 
sites available, and the amount of samples that can be taken. Data available 
on biotransformation in pigs indicates that CYP 1A, CYP2A, and CYP3A 
enzyme families seem to be very similar between pigs and humans122-124, 
while this is not the case for CYP2D and CYP2E122, 124, 125. Recently, it was 
reported that the most abundant CYP subfamilies in pig liver, identified by 
using MALDI TOF mass spectrometry, were CYP2A, CYP2D, CYP3A and 
CYP2C126. In addition, the CYP enzymes identified showed high primary 
sequence identity and similarity with the human analogues (80-95% similari-
ty)126. Not much is known to date about UGT expression and function in pig 
intestine and liver. 
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Aims of the thesis 

The general aim of this thesis work was to quantitatively examine the role of 
the intestine in relation to the liver in first-pass extraction of drugs.  
 
More specifically the aims were: 
 

 To investigate the PK of the CYP3A4 substrate R/S-VER and the 
UGT-substrate raloxifene in the in vivo multisampling site pig 
model. Special attention was made to obtain a quantitative mea-
surement of EG and EH and to organ discrimination of these para-
meters in the overall first-pass extraction of the drugs. 

 
 To study the effect of local inhibition of gut wall CYP3A enzymes 

on the PK of intra-jejunally administered R/S-VER in pigs. 
 
 To develop a pig-specific PBPK model suitable for studies of 

first-pass extraction and evaluate the utility of using the relation-
ship between pre- and post-liver drug concentrations for model 
discrimination. 

 
 To use the PBPK model to investigate the mechanisms behind the 

observed stereoselective PK of intra-jejunally administered R/S-
VER. 

 
 To characterize the in vitro metabolism of four model drugs in pig 

liver microsomes, and to directly compare the results with corres-
ponding human data. 
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Methods 

The in vivo multisampling site pig model 
We applied an advanced multisampling site pig model to quantitatively ex-
amine the role of intestine in relation to the liver in first-pass extraction of 
R/S-VER and raloxifene in vivo109, 127-131.It was possible to distinguish be-
tween the metabolism that occurred in the gut and the liver by controlled 
intra-jejunal (i.j.) and i.v. administration and simultaneous venous blood 
sampling from vessels prior to liver (VP) and subsequent to liver (VH). 
Blood from the femoral vein (VF) was also collected as a control of the sys-
temic blood concentration. 

The in vivo studies were performed at the Clinical Research Department, 
Uppsala University Hospital, Uppsala, Sweden, and were approved by the 
local ethics committee for the use of laboratory animals in Uppsala, Sweden 
(C257/6, C 276/9). The pigs included in the studies were of mixed breed 
(Hampshire, Yorkshire and Swedish landrace), 10-12 weeks old, and had a 
mean weight of 24±1.3 kg (n=15; VER study) and 25±1.9 kg (n=15; ralox-
ifene study). 

The anesthesia and surgical procedure are described in detail in paper I 
and IV. Briefly, the abdominal cavity was opened with a midline incision 
and catheters for blood sampling were positioned in the VP, VH and VF 
veins. Urine and bile was also sampled. A tube for enteral drug administra-
tion was inserted into the proximal jejunum. The animals were kept anesthe-
tized, sedated and ventilated throughout the acute experiment. Body temper-
ature, blood gases, electrocardiograms, heart rate, and arterial and central 
venous pressure were monitored to ensure normal physiological values. At 
the end of the acute experiment the animals received a lethal dose of potas-
sium chloride while still under anesthesia.  

The verapamil study (Paper I) 
The R/S-VER study had a parallel group design with four different treatment 
groups, T1-T4 (Table 1). The pigs in T1 and T2 received racemic R/S-VER 
dissolved in a solution and single-pass perfused through a 10-cm long intes-
tinal jejunal segment. In T2 a low dose of ketoconazole were administered 
together with R/S-VER in the perfusion solution. The pigs in T3 and T4 
received R/S-VER as a constant infusion into the VP and ear vein, respec-
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tively. The experiment lasted for 6 hours and during this time samples were 
collected from the VP, VH and VF, and from the perfused intestinal seg-
ment. Liver and intestinal biopsies, used for mRNA expression analysis (pa-
per II), were collected after the end of the experiment.  

Table 1. The study design in paper I 

Treatment 
Group 

No. of 
Animals Drugs 

Site of 
Adm.

Total 
Dose 

Concen-
tration 

Rate of 
Perf./Inf. 

Length of 
Perf./inf. 

 mg mg/ml ml/h min 
1 4 R/S-VER J. segm. 240 1.2 120 100 
2 4 R/S-VER J. segm. 240 1.2 120 100 
 Keto J. segm. 8 0.033 120 20+100 
3 4 R/S-VER Portal vein 33 1.0 20 100 
4 3 R/S-VER Ear vein 3 0.5 72 5 

Site of Adm., Site of administration; Perf., perfusion; Inf., infusion; J. segm., jejunal segment; 
Keto, ketoconazole 

The raloxifene study (Paper IV) 
The study had a parallel group design and consisted of four treatment groups 
(T1-T4) (Table 2). In the three i.j. groups (T1-T3) raloxifene dose and con-
centration was varied by varying dose and infusion time to investigate the 
impact of the total dose given and the lumen concentration on the intestinal 
glucuronidation of the drug. This is considered to have an impact on the 
design of the in vivo release rate of a drug when developing immediate- and 
modified-release formulations. The experiment lasted for 6 hours and during 
this time plasma samples were collected from the VP, VH and VF. 

Table 2. The study design in paper IV 

Treatment 
Group 

No. of 
Animals 

Site of 
Administration

Total 
Dose 

Concentration Rate of 
Infusion 

Length of 
Infusion 

  mg mg/ml ml/min min 
1 4 Jejunum 60 0.2 10 30 
2 4 Jejunum 30 0.2 10 15 
3 4 Jejunum 12 0.04 10 30 
4 3 S. cava vein 5 0.05 20 5 

S.cava vein, superior cava vein 

PK analysis 
The PK parameters for R/S-VER, ketoconazole and raloxifene were calcu-
lated using non-compartmental analysis in WinNonlin 5.2 (Pharsight, Moun-
tain View, CA). The maximal peak plasma concentrations (Cmax) and the 
times at which the maximum peaks occurred (tmax) were derived directly 
from each plasma concentration-time profile in all three compartments. The 
AUC was estimated using the log/linear trapezoidal method. AUC0-6h was 
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calculated from time zero to the last measurable concentration point (Clast). 
AUC0-  was calculated by extrapolating the curve to infinity by adding 
Clast,extrapolated / z to AUC0-6h. z is the first-order elimination rate constant 
estimated from at least three of the last measurable concentrations after Cmax. 
The terminal half life (t1/2) was obtained from the elimination rate constant as 
ln2/ z.  

Calculations of fabs and Peff 
fabs and the intestinal effective permeability (Peff) was calculated in paper I, 
when R/S-VER was administered via single-pass perfusion of proximal jeju-
num. The amount that disappeared during the perfusion was assumed to have 
been absorbed (equation 2).  

fabs = 1 – ((Cout × PEGin) / (Cin × PEGout))  (2) 

where Cin and Cout and PEGin and PEGout are the inlet and outlet concentra-
tions of the drug and the non-absorbable volume marker, respectively. Intes-
tinal Peff was calculated according to a well-mixed tank model (equation 3): 

Peff = ((Cin – Cout)×Qin) / (Cout × 2 rL)  (3) 

The surface of the cylinder (2 rL) of the jejunal segment was calculated 
using the intestinal radius (r=1.25 cm) and the length of the segment (L=10 
cm). Qin is the flow rate of the perfusion solution (2 ml/min). 

Calculation of intestinal and hepatic extraction 
The total plasma CL was calculated by dividing the i.v. dose by the systemi-
cally (VF) estimated AUC. Blood CL (CLb) was obtained by compensating 
for the plasma to blood ratio (Cp/Cb). 

The F was calculated using the dose-corrected AUC0-  determined in VF 
after enteral (PO) or i.v. administration of the drug (equation 4).  

F = (AUC0- ,PO × DoseIV) / (AUC0- ,IV × DosePO) (4) 

Three methods of estimating the EH were used. One method involved divid-
ing CLb by the hepatic blood flow (QH): 

EH = CLb / QH  (5) 

In the second method, AUC0-6h received after administration of R/S-VER in 
the VP (T3) or in the ear vein (T4) EH could be estimated without using CL 
(equation 6). 

EH = AUC0-6h,T3 / AUC0-6h,T4  (6) 
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In the third method, EH was calculated based on the differences in AUC0-6h 
between the VP and VH (equation 7).  

EH = (AUC0-6h,VP – AUC0-6h,VH) / AUC0-6h, VP  (7) 

Once the estimates of F, fabs and EH were obtained, the EG was derived using 
equation 8: 

F = fabs × (1-EG) × (1-EH)  (8) 

In the R/S-VER study EG could also be calculated according to equation 9 by 
comparing the dose corrected AUC0-6hin VH after i.j. or VP administration of 
the drug.  

1-EG = (1/fabs) × (AUC0-6h,i.j. / AUC0-6h,VP) × (DoseVP / Dosei.j.) (9) 

In vitro investigations 
In paper II, the in vitro metabolism of R-VER, S-VER, norverapamil, testos-
terone, diclofenac and dextromethorphan were determined in pig and human 
liver microsomes. In addition, mRNA expression of the enzymes CYP3A, 
CYP2C42 and UGT1A1 and of the carrier-mediated transporters ABCB1, 
ABCC2 and ABCG2 were assessed in small intestinal and liver biopsies 
from pigs.  

Pig and human liver microsomes 
Tissues from which liver microsomes could be prepared were taken from 
male pigs at the local slaughter house in Uppsala, Sweden or at the Clinical 
Research Department, Uppsala University Hospital, Sweden (ethical approv-
al C257/6). The pigs were of mixed breed (Yorkshire and Swedish landrace) 
and of the same type as the pigs used in the in vivo studies included in this 
thesis.  

Microsomal protein was prepared from pig liver according to classical 
methods. Briefly, liver tissue were thawed out in cold buffer A(sodium-
potassium phosphate buffer, 10 mM, pH 7.4 and 1.14% KCl) and homoge-
nized. The homogenate was centrifuged at 10,000 g for 20 min at 4ºC, and 
the resulting supernatant was ultracentrifuged at 105, 000 g for 60 min at 
4ºC. The pellet was re-suspended with cold buffer A and another ultracentri-
fugation was performed under the same conditions. The final pellet was re-
suspended in buffer B (50 mM potassium phosphate buffer, pH 7.4) and the 
microsomal protein content was determined using the Lowry method. The 
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pig liver microsomes were snap-frozen in liquid nitrogen and stored at 
-80 °C until needed. 

Pooled human liver microsomes with a protein content of 20 mg/ml in 
250mM sucrose were purchased from BD Gentest (Woburn, MA, USA). 

Metabolic assays 
Substrate depletion experiments were performed using the so-called multiple 
depletion curves method (MDCM)132. The approach is to generate parent 
compound depletion curves at multiple concentrations (n=3) and thereafter 
determine enzyme kinetic parameters by simultaneously fitting the Michae-
lis-Menten equation to all disappearance curves. Product formation experi-
ments were performed in addition to the depletion experiments for three of 
the substrates (R-, and S-VER and testosterone) to add more detailed infor-
mation on one specific metabolic pathway. In general, the microsomal incu-
bations were carried out in triplicate, in a shaking water bath at 37°C. The 
incubation matrix consisted of KPO4 buffer (final concentration 0.1 M, pH 
7.4) together with pig or human liver microsomes. The reaction was started 
by the addition of NADPH (final concentration 1 mM) and stopped by trans-
ferring the sample to a stop solution (a mixture of organic solvent and inter-
nal standard). The concentration of organic solvent did not exceed 0.5 % in 
the incubations. More specific information about substrate concentration, 
incubation time, and enzyme protein concentration in the different experi-
ments is given in paper II.  

In vitro enzyme kinetic analysis 

Data analysis of metabolic assay experiments 
The data from the product formation experiments were fitted to the Micha-
elis-Menten equation (equation 10) using Graph Pad Prim version 4.0 (San 
Diego, USA).  

v = (Vmax × C)/(Km + C) (10) 

Vmax is the theoretical maximum metabolic rate and Km is the Michaelis-
Menten constant. Km describes the substrate concentration (C) at half the 
Vmax.  

The MDCM was used to analyze the observed substrate depletion data. 
Vmax and Km were estimated by simultaneously fitting the equations to all 
concentration-time profiles using nonlinear regression in WinNonlin Profes-
sional software version 5.2 (Pharsight, Mountain View, CA). The regression 
was performed with a weighting scheme of 1/([C]2). Two models, one not 
correcting and one correcting for enzyme-activity-change, were tested for 
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each dataset and the model giving the lowest coefficient of variation was 
used to describe the data.  

The final parameter Vmax was normalized to protein concentration and Km 
to the unbound fraction in the microsomes (fumic) before calculating the in 
vitro CLint by dividing Vmax by Km. 

In vitro to in vivo scaling 
The in vitro CLint for R- and S-VER was used to calculate the in vivo CLin-

taccording to equation 11: 

in vivo CLint = in vitro CLint × Aprotein × Liver weight   (11) 

where Aprotein is the average recovery of microsomal protein per gram of por-
cine liver. Using the in vivo CLint the CLH was calculated according to the 
well-stirred liver model as follows (equation 12): 

CLH =QH× fuP/(B/P) × in vivoCLint/(QH + fuP/(B/P) × in vivoCLint)(12) 

Where fuP is the unbound fraction of the drug in the plasma and B/P is the 
blood-to-plasma concentration ratio.  

mRNA expression experiments 
Liver and intestinal (jejunum) tissues were sampled from eight pigs during 
the in vivo study where the pigs were administered racemic R/S-VER (paper 
I).Tissue samples were homogenized and total RNA was isolated. Total 
RNA was quantified spectrophotometrically at 260 nm and first strand 
cDNA synthesis was performed. Samples were stored at -70°C. Quantitative 
PCR analysis was performed with primers designed complementary to por-
cine genes and selected based on efficiency and melting curve analysis. 

The mRNA expression levels of the enzymes (CYP3A, CYP2C42, 
UGT1A1) and transporters (ABCB1, ABCC2, ABCG2) were normalized to 
the geometric mean expression of the internal control genes glyceraldehyde-
3-phosphate dehydrogenase, beta actin and hypoxanthine phosphoribosyl-
transferase133. To compare expression levels between liver and jejunum, the 
expression levels of biotransformation enzymes and transporters were nor-
malized to the expression of villin. 

PBPK modeling 
A PBPK model, suitable for PK analysis of data obtained from three plasma 
sites (VP, VH and VF), after i.j. and i.v. administration of R/S-VER, was 
constructed using the Berkeley Madonna software. The PBPK model con-
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sisted of 8 tissue- and 4 blood-compartments (Figure 5). The compartments 
were linked together by physiologically relevant blood flows (pig- and hu-
man-based) and were given weight (pig-based) and tissue composition (hu-
man-based) values that were gathered from the literature120, 134-136. A tissue-
specific coefficient constant (KP) was used to determine the tissue distribu-
tion at each time point. Initial values of KP were predicted using the method 
described by Poulin and Theil136. All compartments, except the gut mucosa 
and liver, were modeled by perfusion-limited distribution. The gut mucosa 
and liver were modeled as two compartments: a vascular compartment 
linked to the blood stream, and a cell compartment from which elimination 
was assumed to occur. An in vitro CLint value from the pig model scaled up 
to an in vivo state was used to predict the elimination from the gut mucosa 
and liver compartments. 

 

 
Figure 5.The PBPK model. VP, portal vein; VH, hepatic vein; VF, femoral vein; 
MAC, mixed arterial compartment; GI, gastro-intestinal tract; GMrest, gut mucosa 
not involved in absorption of drug; GMabs, gut mucosa involved in absorption of 
drug; ENT, enterocyte; LUM, lumen representing a 10 cm long jejunal segment; 
LVC, liver vascular compartment; LCC, liver cell compartment; LTVF, lumped 
tissue associated with VF; LT, lumped tissue 
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By visual examination and sensitivity analysis the simulated profiles of the 
VP, VH and VF compartments were optimized to fit the observed plasma 
concentration-time profiles by allowing changes in parameters affecting the 
metabolism (CLint gut wall and liver, inactivation constant (kinact) and fuP) 
and in the predicted KP values that were initially introduced in the model. 
The fit of EH profile was used for further optimization and discrimination of 
model parameters. The parameters were first optimized to obtain a fit of the 
i.v. plasma concentration-time profiles. Optimized clearance and distribution 
parameters were then applied for the i.j. simulations and only the absorption 
processes (CLint gut wall, KP gut mucosa) were adjusted to fit the i.j. plasma 
profiles.  This procedure secured the use of equivalent model settings for 
both routes of administration. 

Bioanalytical methods 
None of the papers included in this thesis could have been done without the 
use of bioanalytical methods to quantify the concentration of the drugs stu-
died and their metabolites. The different methods are described in detail in 
the respective papers and a summary follows in this section.  

Paper I 
R-VER, S-VER, R-norverapamil and S-norverapamil were simultaneously 
quantified using liquid chromatography-tandem mass spectrometry (LC-
MS/MS). Trideuterated R/S-VER and norverapamil were used as internal 
standards. The analytical column was a Chiral AGP and the LC-MS/MS 
system consisted of an Agilent 1100 liquid chromatography and a Quattro 
LC quadropole-hexapole-quadropole mass spectrometer.  

The ketoconazole concentration in pig plasma was measured by high per-
formance liquid chromatography (HPLC) with electrospray ionization tan-
dem mass spectrometry using econazole as the internal standard. The HPLC 
system consisted of an Agilent 1100 liquid chromatography and a PE SCIEX 
API 4000 triple quadrupole mass spectrometer. Separation was performed 
using a C18 Atlantis HPLC column.  

Total radioactivity of [14C]-PEG 4000 in the perfusion solution and the 
perfusate samples was determined by liquid scintillation counting.  

Paper II 
In paper II, all chemical bioanalysis was performed by HPLC using a Waters 
717 HPLC system plus Autosampler and a LC-10AD pump. Ultra-violet 
(UV) detection was performed using a Spectra 100 UV detector, and 
fluorometric detection using a FP-1520 Intelligent Fluorescence Detector.  
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R-VER, S-VER and norverapamil and the internal standards methoxy-
VER or diclofenac were isocratically separated on a Hypersil Gold C18 col-
umn and detected with fluorescence. 

Testosterone, the metabolites androstenedione and 6 -OH-testosterone 
and the internal standard propranolol were separated on a Hypersil Gold C18 

column. The analytes were detected using UV-detection.  
For analysis of diclofenac concentration separation was performed using a 

Hypersil Gold C18 column and detection using UV-detection.  
Dextromethorphan was measured by separation on a Reprosil 100 Phenyl 

column followed by fluorescent detection. 

Paper IV 
Concentrations of raloxifene and its metabolite R-4-G in pig plasma were 
measured, after their extraction, by HPLC with electrospray ionization tan-
dem mass spectrometry using a structurally analogous compound as the in-
ternal standard. An HPLC system (Agilent Series 1100; Agilent Technolo-
gies), equipped with a HTC PAL autoinjector (LEAP Technologies, Carr-
boro, NC) was used together with a 3.5 µm C18 Atlantis HPLC column (50 
x 4.6 mm i.d.; Waters Ltd., Elstree, Herts, UK). 

Statistical analysis 
For the PK statistical analysis, AUC and Cmax were assumed to be log-
normally distributed and t1/2was assumed to be normally distributed. Tmax 

was assumed to be a non-parametric parameter and presented as a median 
and range. Differences were evaluated by a Student’s two-sample equal va-
riance (homoscedastic) or paired t-Test, with a two-tailed distribution. Dif-
ferences between mean values were considered significant at p < 0.05. 
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Results and discussion 

Verapamil 
R/S-VER was the most extensively studied model compound throughout this 
project. The results that follow in this section are a summary of the findings 
obtained from the in vivo, in vitro and simulation studies included in Paper I-
III.  

In vivoPK of verapamil in pigs 
The PK of R/S-VER was stereoselective in pigs, with higher concentrations 
of the R-isomer (Figure 6). Comparing the AUC0-6h of the two enantiomers 
in the different plasma sampling sites, the difference in concentration was 
most pronounced in the VH (ratio R/S 2.2) followed by the VF (ratio R/S 
1.9) and VP (ratio R/S 1.4). This indicated that the stereoselectivity in peri-
pheral plasma PK occurred mainly during passage through the liver. 

The values of F of R/S-VER after i.j. single-pass perfusion were 2.5 and 
1.3% for R- and S-VER, respectively (Table 3). The alternative methods for 
calculating EH resulted in similar values, around 50%. For EG, equation 9 
gave slightly lower values than equation 8 but the difference was not signifi-
cant. 

Table 3.First-pass extraction parameters of R- and S-VER after 100 min single-pass 
perfusion into a 10 cm long jejunal segment. Values are presented as mean ± S.D. 

Parameter R-VER S-VER Equation 

F (%) 2.5±1.2 1.3±0.61 4: F = fabs × (1-EG) × (1-EH) 

fabs (%) 19±9 21±15 2: fabs = 1 – ((Cout × PEGin) / (Cin × PEGout)) 

EH (%) 50±9 61±6 5: EH = CLH / QH 

EH (%) 48±34 61±34 6: EH = AUC0-6h,T3 / AUC0-6h,T4 

EH (%) 49±21 68±13 7: EH = AUCVP – AUCVH / AUCVP 

EG (%) 77±4 86±2 8: EG = 1 – (F / (fabs × (1-EH
a))) 

EG (%) 61±17 74±13 9: EG=(1/fabs)×(AUC0-6h,PO/AUC0-6h,PV)×(DosePV/ DosePO) 
abased on EH from equation 5 
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Similar to the findings for R/S-VER, the R-isomer of the metabolite nor-
verapamil was found in higher concentrations in plasma than the S-isomer 
(Figure 6). This is probably due to a higher circulating concentration of R-
VER, which enables more R-metabolite to be formed. However, a higher 
AUC0-6h R/S ratio of norverapamil compared to R/S-VER also indicated that 
the consecutive metabolism of the metabolite was stereoselective, with high-
er loss of the S-isomer. 

 
Figure 6.The mean ± S.D. plasma concentration-time profiles of R- and S-VERand 
R- and S-norverapamil in the VP, VH and VF following a 100 min i.j.perfusion of 
R/S-VER. 

After i.v. administration of R/S-VER into the ear vein, R- and S-VER was 
found in comparable concentrations at the three plasma sampling sites (Fig-
ure 7). For norverapamil, only the R-isomer was detectable. The absence of 
stereoselectivity after i.v. dosing indicates that the first-pass effect is an im-
portant factor in determining the difference in isomer plasma concentration 
after oral administration.  
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Figure 7. The mean ± S.D. plasma concentration-time profiles of R- and S-VER and 
R-norverapamil after a 5 min constant infusion of R/S-VER into the ear vein. S-
norverapamil was not found in levels above lower limit of quantification. 

Pigs versus humans 
The PK of R/S-VER in pigs is similar to that of humans (Table 4). Even 
though the extent of stereoselectivity differs between pigs and humans, it 
was clear that the PK of R- and S-VER followed the same pattern in both 
species. In pigs as well as in humans, the S-isomer was found in lower plas-
ma concentrations compared to the R-isomer and the stereoselectivity was 
more pronounced after i.j. compared to i.v. dosing. Furthermore, the elimina-
tion of the drug was comparable between the species, with similar values (no 
significant difference) of F, CL, t1/2, EG and EH. However, fabs and Peff was 
lower in pigs. In general, the Peff values obtained in the pig model were low-
er than Peff values reported in humans109, 128.These differences could be ex-
plained by anatomical and physiological species differences as well as the 
surgery/anesthesia used in the pig model. 
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Table4.PK parameters of R- and S-VER after i.v. or i.j. administration of R/S-VER 
in pigs(n=4) and humans (n=6). The values are presented as mean±SD. 

Parametera R-verapamil S-verapamil 

 Pigs Humansb Pigs Humansb 

Dose i.v. (mg) 120 24 120 24 

Dose i.j. (mg) 1.5 2.5 1.5 2.5 

F (%)c 11±6 18±8 6±3 5.3±4.6 

fabs (%) 19±9 61±9 21±15 62±9 

Peff (10-4 cm s-1) 0.97±0.50 5.6±2.0 1.15±0.98 5.6±2.0 

CL (ml/min) 691±156 588±133 688±104 847±175 

Cp/Cb 0.9 1.6 1.1 1.4 

CLb (ml/min) 621±140 938±210 757±115 1190±238 

t1/2 i.v. (min) 132±49 178±21 138±33 206±26 

t1/2 i.j. (min) 108±38 174±19 114±16 216±31 

EH (%) 50±9 63±14 61±6 79±16 

EG (%) 77±4 49±18 86±2 68±19 
aAllcalculations are based on systemic concentrations (VF concentrations in pigs) to allow 
interspecies comparisons 
bThe human data are obtained from Sandström et al., 199960 
cTheF is compensated for the loss of drug during the intestinal perfusion 
 

In vitro metabolism of verapamil in pigs and humans 
In paper II, the metabolism of both isomers of R/S-VER and the metabolite 
norverapamil was investigated in pig liver microsomes and directly com-
pared with corresponding human data (Table 5). In pigs, the CLint turned out 
to be higher for the R-isomer, when measuring both the formation of norve-
rapamil and total loss of parent compound. In human liver microsomes, the 
values for CLint for R- and S-VER depletion were the same value. We con-
cluded that the lower plasma concentration of S-VER in vivo is not likely 
due to differences in metabolic capacity of the enzymes involved in the bio-
transformation of R/S-VER. However, the values for in vitro CLint were 
scaled to in vivo hepatic CLs using the well-stirred liver model, which indi-
cated that enantiomer differences in fuP and also the B/P ratio could, to some 
extent, explain the stereoselectivity of R/S-VER in vivo.  

Overall, the metabolism of R/S-VER and norverapamil showed higher in 
vitro CLint values in pig-liver microsomes compared to those from the hu-
man. Norverapamil was found to be the major metabolite formed from both 
R- and S-VER in pigs since the CLint determined from formation of norvera-
pamil contributed to 80 and 55% of the depletion CLint value for R- and S-
VER, respectively. 
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Table 5.Enzyme kinetic parameters describing the metabolism of VER and norvera-
pamil (NOR) in pig (PLM) and human liver microsomes (HLM). 

Substrates fumic Vmax 
(pmol/min/mg) 

Km (µM) CLint 
(µl/min/mg) 

PLM 
Formation of NOR from:
R-VER 0.51±0.22 1557±46 5.4±0.8 290±11 
S-VER 0.56±0.08 2008±70** 17±2.3 116±3.6*** 
Depletion of: 
R-VER 0.51±0.22 1991±417 5.5±1.3 363±19 
S-VER 0.56±0.08 2229±781 11±4.2 210±20 
NOR 0.91±0.23 2139±391 3.9±0.7 551±60 
 
HLM 
Depletion of: 
R-VER 0.76±0.11 1101±350 12±4.3 93±7.4 

S-VER 0.77±0.66 1257±322 13±3.7 94±13 

NOR 0.74±0.07 1733±3830 217±533 8.0±2.3 

Values are presented as mean±SD 
*,**,***significantly different from R-VER (*p<0.05, **p<0.01, ***p<0.001) 
 

The mechanisms behind the stereoselectivity of verapamil 
The plasma concentration time profiles in the VP, VH and VF of R- and S-
VER after i.v. and i.j. administration in pigs were successfully captured by 
the PBPK model (Figure 8). A combination of several processes explained 
the observed difference in isomer concentration after i.j. administration of 
R/S-VER in pigs. These differences included enantioselective fuP, B/P ratio 
andgut mucosa and liver tissue distribution. The first-pass effect in the gut 
and the liver after i.j. administration amplified the difference in isomer con-
centration and explained the absence of stereoselectivity after an i.v. dose. 
The stereoselectivity of PK was simulated with identical CLint values for R- 
and S-VER but the higher fuP and lower B/P for the S-isomer enabled a 
higher EH of S-VER. 
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Figure 8.A) Observed mean ± S.D. (symbols) and simulated (lines) plasma concen-
tration-time profiles in the VP, VH and VF of R- and S-VER following i.j. or i.v. 
administration. B) Visualize the observed difference in enantiomer plasma concen-
tration after i.j. administration and the absence of stereoselectivity after i.v. dosing. 

The effect of ketoconazole on the PK of verapamil 
In the pig in vivo study (Paper I), one treatment group received a low dose (8 
mg) of ketoconazole together with R/S-VER in the perfusion solution. The 
purpose of the low dose was to inhibit CYP3A locally in the gut. As ex-
pected, the AUC0-6h in the VP was significantly increased (3.3 ± 1.3-fold and 
4.3 ± 2.4-fold for R- and S-VER, respectively; Figure 9). The increase was 
most likely explained by inhibition of CYP3A-mediated metabolism in the 
enterocyte, since no significant increase in fabs could be found. 

AUC0-6h increased in the other two plasma sites as well, but the AUC ratio 
between the control and ketoconazole group was smaller than in the VP. A 
drug must pass sequentially from the intestinal lumen through the gut wall 
and liver. Based on this sequence, it was suprising to find that the AUC in-
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crease in the VP was not transferred along to the VH, but in fact decreased in 
the VH. This suggested that the hepatic metabolism was increased in the 
ketoconazole treatment group but involvement of ketoconazole itself could 
be excluded since the systemic concentration of this drug was very low. In-
stead, the 3- to 4-fold increase in R/S-VER and 2- to 2.5-fold increase in 
norverapamil concentration seen in the VP in the ketoconazole group could 
have increased the unbound fraction of R/S-VER and thereby increase the 
amount of drug available for hepatic metabolism. 
 

 
Figure 9.Mean ± S.D. plasma concentration-time profiles of R- and S-VER after a 
100 min i.j. perfusion of R/S-VER alone (Ctrl) or in combination with ketoconazole 
(+Keto). 

In paper III, the effect of ketoconazole on the PK of R/S-VER was further 
investigated, including the mechanism involved, by using the pig PBPK 
model (Figure 10). The increase in R/S-VER VP concentration could be 
explained mainly by total loss of EG. In addition to the loss of EG, the parti-
tion of S-VER to the gut mucosa compartment decreased 1.3 times to cover 
the effect of ketoconazole on the plasma concentration-time profiles of R/S-
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VER. Presumably, R/S-VER was partly displaced from the binding sites in 
the gut mucosa compartment by ketoconazole. 

 
Figure 10.A) Observed mean ± S.D. (symbols) and simulated (lines) plasma concen-
tration-time profiles of R- and S-VER with co-administrated of ketoconazole.B) The 
impact of EG on the VP concentration of R- and S-VER. 

The unexpected increase in EH in the ketoconazole treatment group was also 
investigated using the PBPK model and the increase in fuP hypothesized 
earlier could indeed cause this effect. A summary of the changes made on 
the parameters in the control group to simulate the R/S-VER + ketoconazole 
PK profiles are presented in Table 6.  

Table 6. Changes made on the parameters in the control group to simulate the vera-
pamil + ketoconazole PK profiles. 

Parameter R-VER+Keto Change S-VER+Keto Change 

fuP 0.17 (0.13) 1.3 0.51 (0.23) 2.2 

CLint,G (ml/min/mg) 0 (0.65) total loss 0 (0.65) total loss 

KP,GM 300 (300)  400 (600) 1.3 

Clearance intrinsic gut (CLint,G), tissue partition coefficient gut mucosa (KP,GM), ketoconazole 
(Keto). Values in brackets indicate the parameter values in the control group. 

 
Another observation from the pig in vivo study was increased concentration 
of the metabolite norverapamil in the ketoconazole group compared to con-
trol. This could be explained by a higher circulating concentration of R/S-
VER in the ketoconazole group, which enables more metabolites to be 
formed (Figure 11).  
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Figure 11.A) A schematic picture of the first-pass metabolism of verapamil (V) to 
norverapamil (N) in the enterocyte and liver following i.j. administration of verapa-
mil alone (control) or together with ketoconazole (+ Ketoconazole). B) The VP 
concentration of R-norverapamil was increased in the ketoconazole group and is 
most likely explained by a higher circulating concentration of R-verapamil which 
enables more metabolite to be formed. 

Hepatic expression of CYP3A mRNA versus EH of VER 
In the pig in vivo study of R/S-VER, intestinal and liver tissues were sam-
pled at the end of the experiment. The mRNA expression levels of several 
enzymes and transporters were determined (see section “Pig as experimental 
animal”). Interestingly, a linear relationship was found between the in vivo 
EH, for R-VER, S-VER and the racemate, and liver CYP3A mRNA expres-
sion (R2 = 0.81, 0.75 and 0.84; p=0.015, 0.026 and 0.012 for R-VER, S-VER 
and the racemate, respectively; Figure 12). This suggests that CYP3A is one 
of the major enzymes involved in the EH of R/S-VER in pigs. The plasma PK 
of other CYP3A4 substrates has also been shown to vary extensively in 
pigs129, 137and the correlation in Figure 12 demonstrates that the level of 
CYP3A could be a determinant of EH and plasma PKs of CYP3A substrates 
in pigs. 
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Figure 12.A correlation between the in vivo EH of R and S-VER and the hepatic 
mRNA expression of CYP3A in pigs. Six pigs (ID 1-6) received R/S-VER and EH 
was determined by comparing the amount of drug entering and leaving the liver. 
CYP3A mRNA levels were measured in liver tissue from the same animals. 

Time-dependent hepatic extraction 
An interesting phenomenon that was noted was a time-dependency in the EH 

for R/S-VER. The extraction was high in the beginning but decreased conti-
nuously with time (Figure 13). The time-dependency was well described by 
the PBPK model when kinact was included. The R/S-VER enantiomers and 
their major metabolites (norverapamil and D-617) are suggested to inhibit 
CYP3A in a time- and concentration-dependent manner (mechanism-based 
inhibition)138-141. Partition to the liver was important to describe the time-
dependency in EH and had to be relatively high for a good fit (Figure 13D). 
In general, the EH is reported as a constant based on AUC calculations. This 
study demonstrates that a report of such constant EH value might be a simpli-
fied way of describing the liver extraction of drugs during the absorption 
phase. For R/S-VER, the time-dependent EH, with high initial extraction, 
enhances the importance of the oral first-pass effect and further explains the 
route-dependent stereoselective PK. 
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Figure 13. Time-dependent EH of R- and S-VER after A) i.v. administration,B) i.j. 
administration, C) i.j. administration together with ketoconazole and D) the impact 
of tissue partition to the liver (KPliv) on EH. Squares represent the observed data 
while lines are the simulated profiles obtained from the PBPK model. 

Raloxifene 
The first-pass extraction of raloxifene in pigs 
Raloxifene was extensively metabolised during first-pass in pigs as evident 
by values for F of 7.1±3.1 and 6.6±2.6% in T1 and T2, respectively. The 
extensive metabolism meant that for the low dose treatment group (T3) 
plasma concentrations were below the lower limit of quantification and so 
PK parameters could not be calculated. EG was found to be a major factor 
determining the low F of raloxifene as the EG was 85±9.7 and 83±11% in T1 
and T2, respectively. The mean EH of raloxifene was calculated from AUC0-

6h in the portal and VH and was 48±12% in T1 and 53±13% in T2.The intes-
tine is the major organ that forms the 4´-glucuronide metabolite as the intes-
tinal tissue is exposed to a significantly higher concentration of raloxifene 
during absorption (0.2 mg/ml; 392 µM in T1 and T2) than the raloxifene 
concentration entering the liver (Cmax VP: ~0.05 and 0.02 µM in T1 and T2, 
respectively) (Figure 14). 
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Figure 14.A schematic depiction of the contribution of the intestine and liver in 
extraction of raloxifene in pigs. *Passive diffusion is assumed as the major uptake 
transport mechanism in the liver 

Plasma PK of the metabolite R-4-G 
Following i.j. administration of raloxifene, the metabolite R-4-G was found 
in high concentrations in all plasma sampling sites (Figure 15). However, 
among the three sites, the highest AUC0-6h was measured in the VP, resulting 
in overall hepatic extraction for the metabolite (EH,met) of 19±3.5%, 23±5.8% 
and 40±1.1% in T1, T2 and T3, respectively. 

 
Figure 15.Mean plasma concentrations ± S.E. of the metabolite R-4-G in the four 
parallel treatment groups of pigs.A) T1: 60 mg raloxifene i.j. (n=4) B) T2: 30 mg 
raloxifene i.j. (n=4) C) T3: 12 mg raloxifene i.j. (n=4) D)T4: 5 mg raloxifene i.v. 
(n=3). 
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Time-dependent EH of raloxifene and R-4-G 
A time-dependency in EH was noticed for raloxifene after i.j. administration 
(Figure 16).Over the time-period studied, the EH,met followed a similar time-
dependent pattern as for the EH of raloxifene. The time-dependency in EH 
and the fact that it followed the same pattern for raloxifene and the metabo-
lite suggests that EH of raloxifene in pigs was affected by the concentration 
of the metabolite formed, i.e. the metabolite acted as a competitive inhibitor, 
thus affecting the EH of raloxifene. There was no time-dependency in EH 
following i.v. administration. 

 
Figure 16.The EH of raloxifene and the metabolite R-4-G over time after A)i.j. ad-
ministration (T1 and T2 together; n=8) and B) i.v. administration (T4; n=3). The 
concentration ratio of R-4-G versus raloxifene ([R-4-G]/[Raloxifene]) is displayed to 
illustrate the potential of the metabolite as an inhibitor of the EH of raloxifene. The 
values are displayed as mean±S.E.M. 

EG and impact of dosage form 
The aim of the study presented in paper IV was to investigate the effect of (i) 
the concentration entering intestine, and (ii) the total dose administered, on 
the first-pass intestinal glucuronidation of raloxifene. This is considered to 
have an impact on the design of the in vivo release rate of a drug when de-
veloping immediate- and modified-release formulations. The raloxifene con-
centration entering the intestine or the dose administered in the gut did not 
influence the dose-normalized plasma PK (AUC0-6h and Cmax) of raloxifene 
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in the 30-60 mg dose range (Figur 17). The dose-proportionality indicated 
that the absorption rate of raloxifene followed a first-order kinetic in the 
investigated dose range. It can be concluded that intestinal glucuronidation 
of raloxifene in pigs had a high capacity and could not be affected by clinical 
relevant doses. 

 
Figure 17. Dose-normalized mean plasma concentrations ± S.E. of raloxifene and 
the metabolite R-4-G in the three parallel i.j. treatment groups (T1-T3). A) VP B) 
VH and C) VF. 

The pig as an experimental animal 
The studies included in this thesis use the pig as an experimental animal. For 
interspecies comparisons and predictions it is important to characterize the 
expression, activity and function of membrane and enzymatic proteins in 
pigs, particularly at a mechanistic level. This will increase the confidence of 
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extrapolations of observations between pig and human. In Paper II, the in 
vitro metabolism of the human CYP3A4, CYP2C9 and CYP2D6 substrates 
testosterone, diclofenac and dextromethorphan was determined in pigs (of 
the same type used in the in vivo studies) and directly compared to corres-
ponding human measurements. 

The results showed that the metabolic processes of pig and humans have 
quantitative and qualitative similarities and dissimilarities (Table 7). The 
CYP3A enzyme system seems to have similar activities in pigs and humans. 
However, there may be qualitative differences, as the classical CYP3A4 
substrate testosterone showed different metabolite patterns in pigs compared 
to humans (androstenedione was the major metabolite formed in pig liver 
microsomes in contrast to 6 -OH-testosterone in humans). Therefore, care 
should always be taken when extrapolating metabolic processes for a new 
compound between pigs and humans. 

Table 7.Enzyme kinetic parameters of testosterone (TST), dextromethorphan (DXM) 
and diclofenac (DIC) measured in pig (PLM) and human liver microsomes (HLM). 

Substrates Species fuP Vmax (pmol/min/mg) Km (µM) CLint 
(µl/min/mg) 

Formation of:  
6 -OH-TST PLM 0.95±0.03 1563±146 262±40 6.0±3.7 
 HLM 0.91±0.01 3561±1976 482±337 7.4±5.9 
AED PLM 0.95±0.03 526±12 6.0±1.0 88±12 
 HLM 0.91±0.01 81±3.0 15±2.2 5.4±1.4 
Depletion of:  
DXM PLM 0.63±0.23 3263±507 1.9±1.1 1760±810 
 HLM 0.72±0.08 1199±217* 11±4.9 110±82 
TST PLM 0.95±0.03 4746±322 45±11 106±20 
 HLM 0.91±0.01 1037±1079* 43±53 24±7.0* 
DIC PLM 0.60±0.17 99.1±114 31±43 3.2±1.1 
 HLM 0.81±0.06 1159±148** 8.9±1.3 130±5.0*** 

Values are presented as mean ± SD. 
*,**,***Significantly different from pigs (*p<0.05, **p<0.01, ***p<0.001) 

The in vitro metabolism of the human CYP2C9 substrate diclofenac was 
very low in pigs and did not correlate to corresponding activity in humans. 
In contrast dextromethorphan exhibited a very extensive and rapid metabol-
ism in pig liver microsomes compared to those from humans. This data, to-
gether with the frequently reported high metabolic activity of known 
CYP2D6 substrates and high gene expression, indicates that CYP2D is an 
important CYP subfamily in pigs. 

Important enzymes and transporters previously known to be expressed in 
humans were shown to also exist in pigs (Figure 18). CYP3A expression was 
the highest of all tested genes in both the intestine and liver, which indicates 
that pigs have the potential of a high metabolic activity comparable to hu-
man CYP3A4. When comparing the levels of expression between the intes-
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tine and liver, it was obvious that CYP3A is expressed more abundantly in 
the liver, while the opposite was true for CYP2C42, ABCB1 and ABCG2. 
The mRNA data increased the insight into the inter-individual variability and 
the relative expression of different enzymes and transporters in pig intestine 
and liver. 

 
Figure 18.The mRNA expression of CYP3A, CYP2C42, UGT1A1, ABCB1, 
ABCC2 and ABCG2 in pig liver and jejunum when normalized to the expression of 
villin. 
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Conclusions 

An efficient and successful drug development process relies in detailed 
knowledge of processes determining the oral F of a drug. This project has 
pointed out the importance of EG in the overall first-pass extraction of R/S-
VER(CYP3A compound) and raloxifene (UGT compound). This study sug-
gests that EG should be considered and evaluated early in drug development, 
e.g. by incorporating this parameter into in vitro-in vivo oral CL predictions. 
The complexity of oral absorption and first-pass extraction of a drug empha-
sizes the need for an in vivo model that enables determination of detailed PK 
data and the use of a PBPK model to discriminate between processes that 
determine the PK.  
 
From the investigations presented in this thesis, the major conclusions drawn 
were: 
 
 The results from the two in vivo studies show the usefulness of the mul-

tisampling site pig model, with plasma sampling pre and post liver, to 
identify organ-specific metabolic processes. 
 

 R/S-VER was extensively metabolized in pigs, and the gut mucosa and 
the liver contributed to this extraction to the same extent. As in humans, 
the concentration of the S-isomer was lower in plasma than the R-isomer 
and the stereoselectivity was more pronounced after oral compared to 
i.v. dosing. The AUC0-6h R/S ratio was most pronounced in the VH, 
which indicated that the liver was mainly responsible for the stereoselec-
tivity. 

 
 From the in vitro studies it was concluded that the lower plasma concen-

tration of S-VER in vivo was probably not due to different CLint for R- 
and S-VER. The PBPK model could be used to determine that the ste-
reoselective PK of R/S-VER was instead due to a combination of several 
processes, including enantioselective plasma protein binding, blood-to-
plasma partition, and gut and liver tissue distribution. The first-pass ef-
fect in the gut and liver after i.j. administration amplified the difference 
in isomer concentration and explains the absence of stereoselectivity af-
ter an i.v. dose. 



 52 

 Ketoconazole increased the AUC0-6h and Cmax of R/S-VER in the VP as a 
result of inhibition of CYP3A-mediated EG. However, EH was increased 
because the effect of inhibited EG was not observed at the peripheral 
plasma sampling sites. A temporary increase in fuP may explain this un-
expected observation. 

 
 In pigs, intestinal glucuronidation has a greater impact on the oral F of 

raloxifene than hepatic glucuronidation. The raloxifene concentration 
entering the intestine or the dose administered in the gut did not influ-
ence the systemic exposure of the drug; i.e. the gut wall extraction was 
not saturable with clinical relevant doses. 
 

 A time-dependent EH was observed for R/S-VER and raloxifene. A re-
port of a constant, single EH value might be a simplified way of describ-
ing the liver extraction of drugs during the absorption phase. This is im-
portant to consider when attempting to correlate in vitro- and in vivo 
drug absorption. 

 
 Characterization of the in vitro metabolism of four model drugs in pig 

liver microsomes showed that CYP3A4 activity is relatively similar be-
tween the two species. A relationship between pig CYP3A mRNA liver 
expression and in vivo EH of R/S-VER was established.  
 



 53

Populärvetenskaplig sammanfattning 

Begreppen biotillgänglighet och första-passage metabolism av läkemedel är 
av central betydelse för denna avhandling (Figur 19). Det absolut vanligaste 
sättet att ta ett läkemedel är att svälja en tablett som innehåller en bestämd 
dos eller mängd av läkemedlet. Allting vi äter och tar upp i kroppen passerar 
tarmen och levern och nedbrytning av läkemedel kan ske på dessa platser. 
Det är denna nedbrytning som kallas för första-passage metabolism. Biotill-
gänglighet är ett begrepp för att beskriva hur mycket som finns kvar av lä-
kemedlet när det når sitt mål. Det är viktigt att studera detta eftersom det är 
mängden läkemedel som avgör såväl effekt som biverkningar av läkemedlet. 

 
Figure 19. Ett läkemedels väg från att man sväljer ned tabletten till dess att läkeme-
delsmolekylerna kommer ut i det systemiska blodkretsloppet och kan ge effekt. 

Syftet med denna avhandling var att undersöka tarmens betydelse i jämförel-
se med levern under första-passage metabolism av läkemedel. Främst två 
olika enzymer har studerats genom användningen av två olika modellsub-
stanser: R/S-verapamil raloxifen. R/S-verapamil och raloxifen gavs som en 
lösning i tarmen eller i blodet på levande grisar. Blodprov togs från tre olika 
vener under 360 min och koncentrationen av läkemedlet bestämdes. Genom 
att följa läkemedelskoncentrationen över tid i blodet kan man se vad som 
händer med läkemedlet i kroppen och räkna ut exempelvis hur mycket som 
metaboliseras i tarmen och levern och hur stor biotillgängligheten av läke-
medlet är. I dessa studier kom vi fram till att tarmen har en stor förmåga att 
metabolisera R/S-verapamil och raloxifen efter oral administrering. R/S-
verapamil är en blandning av 50% R- och 50% S-verapamil.  Liksom i män-
niskor visade det sig att S-formen återfanns i lägre koncentration än R-
formen i blodet hos grisar. Detta har betydelse eftersom det är framförallt S-
formen som har farmakologisk verkan.  

Förutom de två studierna i grisar så gjordes också en jämförelse av hur 
R/S-verapamil och tre andra läkemedel metaboliseras i levern hos grisar och 
människor. I denna studie användes en framrening av enzymer som finns 

Tablett
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Tarmvägg Lever

Metabolism

Blod
vena hepatica

Blod
vena porta Biotillgänglighet

Systemisk blodcirkulation
Läkemedels-

molekyler
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inuti kroppens celler. Med avseende på det enzym som är inblandat i meta-
bolism av mer än 50% av de läkemedel som finns på marknaden idag så 
visade resultaten att detta enzym har liknande aktivitet i gris och människor. 
Däremot verkar aktiviteten av två andra enzym vara motsatt i gris och män-
niskor. För att kunna överföra resultat från djurstudier till hur det skulle se ut 
hos människor är det viktigt att ha kunskap om likheter och skillnader mel-
lan arterna.  

I ytterligare ett arbete gjordes en fysiologiskt baserad datamodell med or-
gan och blodflöden liknande grisens kroppsuppbyggnad. En sådan typ av 
modell har blivit allt vanligare att använda inom läkemedelsindustrin för att 
optimera, påskynda och på så sätt minska kostnaderna vid framställning av 
ett nytt läkemedel. I arbete III i avhandlingen användes datamodellen till en 
mer detaljerad och utforskande undersökning av den data som erhölls i arbe-
te I med syfte att hitta anledningen till att R- och S-verapamil finns i olika 
koncentration i blodet hos grisar. Med modellen som verktyg kunde vi visa 
att R- och S-verapamil binder olika till komponenter i blodet, tarmen och 
levern. En annan intressant observation var att metabolism i levern inte var 
konstant under den 360 min långa tidsperiod då blod samlades från grisarna. 
Denna observation var kopplad till att verapamil tillfälligt fastnade i levern 
och att metabolismen hämmades med tiden. 

Sammanfattningsvis så har denna avhandling bidragit med detaljerad 
kunskap om första-passage metabolism av läkemedel och har påvisat att 
tarmen har stor betydelse i denna process. Vi föreslår att metabolism i tar-
men ska undersökas och utvärderas tidigt i läkemedelsframställning, exem-
pelvis genom att inkludera denna parameter i prediktioner med hjälp av da-
tamodeller.  
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