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Summary 
 
Metabolism of compounds foreign to the body is important to avoid the accumulation to toxic 
levels in the body. One group of enzymes that play an important role in the oxidation of 
xenobiotics is the cytochrome P450 (CYP) enzymes where the CYP enzymes in family 1, 2 
and 3 are known to be important for drug metabolism. The catalytic activity of CYP-enzymes 
are dependent on the co-factors such as NADPH-cytochrome P450 reductase and cytochrome 
b5. These co-factors donate electrons into the CYP-cycle and thereby enhance the turnover 
rate of the CYP-enzyme. Understanding about metabolism of drugs is important to 
administrate drugs in appropriate doses and to predict the effects of the treatments. 
 
The knowledge about CYP enzymes in animals is limited compared to what is known about 
human CYP enzymes. Horses are animals extensively treated with drugs and increased 
knowledge about drug metabolism is therefore important. CYP enzymes in subfamily 1, 2 and 
3 have been characterized in liver as well as in extra hepatic organs such as the 
gastrointestinal tract and respiratory tract in horses. CYP3A expression has been observed in 
the gastrointestinal tract, which is of great importance when drugs are administered orally.  
 
The aim of this project was to increase the knowledge about equine cytochrome P450 
enzymes in the gastrointestinal tract and liver. Gene expression of the recently discovered 
isoforms CYP3A89, CYP3A96 and CYP3A97 in liver and at selected segments of the 
intestine was studied using reverse transcription-quantitative PCR. The three isoforms were 
expressed about the same level in the liver. A different pattern was observed in the intestine 
where CYP3A96 was the dominant isoform representing 99.9 % of the total expression of the 
three CYP3A isoforms. There was a decrease in gene expression from the anterior part of the 
intestine to the distal part for all isoforms.  
 
Preparation of microsomes from liver and intestinal segments was performed. A dithionite 
difference spectrum was recorded and used to calculate the total amount of CYP enzymes and 
cytochrome b5 in the microsomes. The total content of CYP enzymes was higher in the liver 
than in the intestine and there was a decrease along the intestine from duodenum to ileum. 
The content of cytochrome b5 was also decreasing from duodenum to ileum but the level in 
the liver was about the same as in the intestine. CYP3A enzyme activity in the microsomes 
was measured using an assay for human CYP3A4 where the substrate was Luciferin-IPA. The 
activity was ten times higher in the liver than in the intestine. The highest activity among the 
intestinal segments was measured in jejunum. Since an assay for human CYP3A4 was used it 
is unclear which of the equine isoforms that mediated the activity. 
 
The comparisons of gene expression between the horse and other species shows that the horse 
differ from the others since an isoform expressed in the liver is expressed at the same level in 
the intestine. Differences between species are important to consider when treating animals 
with drugs. Increased knowledge about the equine isoforms will lead to a higher ability to 
predict effects of various drugs.   
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Introduction 
 
Substances foreign to the body are called xenobiotics and include a broad range of substances 
such as pollutants in the air, food additives and drugs. Metabolism of xenobiotics is essential 
to avoid the accumulation to toxic levels in the body. Enzymatic reactions are responsible for 
the main part of the metabolism and can be divided into phase 1 and phase 2 reactions. 
Hydrolysis, reduction and oxidation of the substance are classified as phase 1 metabolism, 
which can be followed by conjugation reactions which are classified as phase 2 metabolism. 
One group of enzymes that play an important role in the oxidation of xenobiotics is the 
cytochrome P450 (CYP) enzymes. Knowledge about metabolism of drugs is important to 
administrate drugs in appropriate doses and to predict the effects of the treatments (Parkinson 
& Ogilvie 2008). 
 
Cytochrome P450 enzymes 
The cytochrome P450 family is involved in the metabolism of both exogenous compounds 
such as drugs and environmental pollutants and of endogenous compounds such as fatty acids, 
vitamin D and retinoic acid and in synthesis of bile acid and cholesterol (Parkinson & Ogilvie 
2008). CYP enzymes are membrane bound and can be found in both eukaryotes such as 
animals, plants and fungi and in prokaryotes such as bacteria. In mammals CYP enzymes are 
expressed in the liver as well as in various extra hepatic tissues such as the intestinal mucosa, 
gastric mucosa, lung, kidney, brain, olfactory mucosa and skin (Wrighton & Stevens 1992, 
Ding & Kamensky 2003, Tydén et al 2004, Paine et al 2006, Tydén et al 2008). The number 
of known CYP isoenzymes is constantly increasing and in 2009 there were 11294 known 
CYP isoenzymes and 3282 of these were found in animals (Nelson 2009). The CYP enzymes 
are classified into families and subfamilies according to their amino acid sequence identity. 
Enzymes sharing 40 % sequence identity belongs to the same family and enzymes sharing at 
least 55% sequence identity belongs to the same subfamily (Wrighton & Stevens 1992). In 
human there are 122 known CYP enzymes divided into 19 families (Nelson 2009).  
 
The name cytochrome P450 derives from the fact that the enzymes absorb light at a maximum 
wavelength of 450 nm. This light absorption is due to the presence of a heme group in the 
enzymes. The enzymes can form a complex with carbon monoxide when the iron in the heme 
group is in its reduced form. This complex absorbs light with a maximum between 447 nm to 
452 nm which is specific for the cytochrome P450 enzymes (Parkinson & Ogilvie 2008). The 
heme group is also able to form a complex with oxygen and has thereby an important function 
in catalytic reactions which are important for the metabolism of xenobiotics. The introduction 
of one oxygen atom into a substrate can be catalyzed by the CYP enzymes in the following 
reaction:  
 
Substrate (RH) + O2 + NADPH + H+           Product (ROH) + H2O + NADP+ 

 
The reaction occur when a substrate binds to the CYP enzyme and the heme iron is reduced 
by an electron received from NADPH-cytochrome P450 reductase (CPR) which makes it 
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possible for oxygen to bind to the complex. One proton is thereafter added as well as one 
more electron which is received from CPR or cytochrome b5. A second proton cleaves the 
complex leading to production of water and the transfer of oxygen to the substrate. The 
oxidized substrate is thereafter released from the CYP enzyme which can catalyze a new 
reaction (Anzenbacher & Anzenbacherova 2003, Parkinson & Ogilvie 2008).  
 
CPR and cytochrome b5 are co-factors located in the endoplasmic reticulum which transfer 
electrons in various reactions. CPR is a diflavoprotein responsible for transfer of electrons 
from NADPH into the catalytic reaction of the CYP enzymes (Gan et al 2008). Cytochrome 
b5 is a hemoprotein observed to have several important functions in the CYP mediated 
catalytic reaction. Cytochrome b5 reductase is another protein situated in the endoplasmic 
reticulum which transfers electrons from NADH to cytochrome b5 which further transfer the 
electrons into the catalytic reaction of the CYP enzymes. Cytochrome b5 may also receive 
electrons from CPR (Porter 2002, Schenkman & Jansson 2003). Cytochrome b5 is observed to 
have different importance for various CYP enzymes. CYP3A4 was observed to loose 90 % of 
the activity in the absence of cytochrome b5 and completely loose the activity when also CPR 
was absent. This indicates that CPR and especially cytochrome b5 are of great importance for 
the catalytic reactions of CYP3A4 (Yamazaki et al 1996, Schenkman & Jansson 2003) 
 
In humans the CYP enzymes in family 1, 2 and 3 are known to be important for drug 
metabolism. First pass metabolism of orally given drugs occurs in hepatocytes in the liver and 
in enterocytes in the small intestine when CYP enzymes metabolize the drugs. The 
bioavailability is the amount of the drug that reaches the systemic circulation and may be 
reduced by the first pass metabolism (Wilkinson 2005). The activity of the CYP enzymes 
differ among individuals and some explanations to the variations between individuals are 
genetic factors, environmental factors and interactions leading to induction or inhibition of the 
enzymes (Wrighton et al 1996, Wilkinson 2005). 
 
Mutations and gene duplications leading to genetic polymorphism can alter the enzyme 
activity. This may lead to variations in drug response among individuals (Anzenbacher & 
Anzenbacherova 2003, Wilkinson 2005). One example is the drug debrisoquine which has 
been used to control hypertension. CYP2D6 is responsible for the metabolism of debrisoquine 
and variations in debrisoquine 4-hydroxylase metabolism has been observed to be correlated 
to genetic polymorphism of CYP2D6 (Kimura et al 1989). Environmental factors are another 
important aspect in the variation of enzyme activity. Consumption of alcohol, cigarette 
smoking, diseases and food are some examples of factors that may influence the expression 
and activity of the metabolizing enzymes (Parkinson & Ogilvie 2008).  
 
Interactions may lead to induction or inhibition of the enzymes (Parkinson & Ogilvie 2008). 
Drug-drug interactions are important to consider in treatments of patients with more than one 
drug simultaneously. Administration of a drug can cause induction of CYP enzymes and all 
drugs metabolized by the induced enzyme will thereby have a decreased bioavailability 
(Parkinson & Ogilvie 2008). Induction of gene expression is mainly regulated by receptors 
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and transcription factors and will lead to induction of the enzyme (Tirona & Kim 2005). 
Several nuclear receptors are involved in the induction of CYP enzymes and the ones that are 
considered as most important are the aryl hydrocarbon receptor (AhR), the constitutive 
androstane receptor (CAR), the pregnane X receptor (PXR) and the peroxisome proliferator-
activated receptor alpha (PPARα) (Parkinson & Ogilvie 2008, Graham & Lake 2008). 
 
Inhibition of CYP enzymes may occur when two compounds metabolized by the same 
enzyme compete for the active site. It may also occur when a compound binding to another 
site than the active site leads to decreased metabolism of the compound binding to the active 
site. Formation of inhibiting metabolites after metabolism of a compound is another reason to 
inhibition (Wrighton et al 1996, Parkinson & Ogilvie 2008). 
 
The CYP3A subfamily 
There are at least four human isoforms of CYP3A called CYP3A4, CYP3A5, CYP3A7 and 
CYP3A43. The genes are located at chromosome 7 and the enzymes are mainly expressed in 
the liver and intestines (Wildt et al 1999, Chen et al 2009).  
 
CYP3A4 is involved in about 50 % of the drug metabolism and is thereby the most important 
enzyme in drug metabolism (Guengerich 1999, Wildt et al 1999, Xie et al 2001). CYP3A4 
metabolizes exogenous substrates such as erythromycin and lidocaine as well as endogenous 
substrates such as testosterone and cortisol (Wildt et al 1999). About 30-40 % of the total 
content of CYP enzymes in the liver and small intestine is represented by CYP3A4 (Wildt et 
al 1999, Xie et al 2001). The isoform CYP3A5 has a lot in common with CYP3A4 when it 
comes to substrate specificity. The importance of CYP3A5 drug metabolism is however 
smaller than of CYP3A4 since the level of CYP3A5 is lower in the liver as well as in the 
intestines (Wildt et al 1999, Shin et al 2009). CYP3A4 and CYP3A5 are only found in low 
levels in fetal livers where the isoform CYP3A7 instead is the dominant isoform. The 
expression of CYP3A7 is decreasing after birth and the level in adult liver and intestines is 
low compared to the level of CYP3A4 and CYP3A5. CYP3A7 can also be found in the 
placenta and adult endometrium particularly in pregnant women (Wildt et al 1999, Leeder et 
al 2005, Shin et al 2009).  
 
CYP3A43 is the most recent discovered CYP3A isoform in humans. This isoform has the 
highest expression in the prostate but has also been observed in other organs such as the testis. 
The expression in the liver is only about 0.2-5 % of the CYP3A4 expression but the presence 
in the liver indicates that also CYP3A43 is of importance for drug metabolism (Gellner et al 
2001). There are large inter-individual differences in the levels of CYP enzymes which is 
important to consider when comparing the levels of different isoforms (Wildt et al 1999, Xie 
et al 2001, Lindell et al 2003).  
 
Cytochrome P450 enzymes in animals 
The knowledge about CYP enzymes in other species than humans is limited compared to 
what is known about the human enzymes. Knowledge about the enzymes is nevertheless 
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important since companion animals as well as animals for food production are treated with 
various drugs (Chauret et al 1997, Nebbia et al 2003, Fink-Gremmels 2008). Studies have 
revealed that there are large inter-species differences in enzyme activity when comparing 
different animals (Chauret et al 1997, Komura & Iwaki 2007, Fink-Gremmels 2008). 
Differences are also found in intra-species comparisons indicating that the metabolic activity 
is hard to predict also within species (Nebbia et al 2003, Fink-Gremmels 2008). Another 
reason to study the CYP enzymes in animals is their use as model systems in the development 
of drugs for human use. One example of an animal used in preclinical studies is the dog. 
Knowledge about the metabolism of drugs in dogs is thereby of great importance when 
predicting the effects in humans (Chauret et al 1997, Fink-Gremmels 2008). 
 
Cytochrome P450 enzymes in horses 
The knowledge about equine drug metabolism is limited which may be explained by the fact 
that the use of horses as model animals is relatively uncommon as compared to dogs. Horses 
used as companion animals and in sports are treated extensively with various drugs and the 
knowledge about drug metabolism is therefore of great importance (Fink-Gremmels 2008). 
CYP enzymes in subfamily 1, 2 and 3, which are important for drug metabolism have been 
characterized in horses and studies have shown metabolic activity for various substrates in 
equine liver microsomes (Chauret et al 1997, Larsson et al 2003, Nebbia et al 2003). 
Comparisons of CYP mediated metabolic activities between human and equine liver 
microsomes revealed that there are differences between the species (Table 1).  
 
Table 1. Comparison of metabolic activity between human and equine liver microsomes.  
Data modified from Chauret et al 1997. 
Human CYP  
enzyme 

Substrate Activity in horse  
(% of human) 

CYP1A1/2 Phenacetin-O-deethylase 39 
CYP2A6 Coumarin-7-hydroxylase 24 
CYP2C8/9 Tolbutamide hydroxylase 170 
CYP2C19 S-methenytoin-4-hydroxylase 171 
CYP2D6 Dextrometorphan-O-demethylase 221 
CYP2E1 Chlorazoaxazone-6-hydroxylase 208 
CYP3A4 Testosterone-6β-hydroxylase 14 

 
In humans several CYP enzymes are also expressed in extrahepatic organs such as the 
respiratory tract and the gastrointestinal tract (Ding & Kamensky 2003) and this is also the 
case for horses (Larsson et al 2003, Tydén et al 2004, Tydén et al 2008). The CYP enzymes 
in the gastrointestinal tract plays an important role in the metabolism of drugs administered 
orally. CYP3A is the dominant subfamily in the human gastrointestinal tract where it 
represents up to 80 % of the total CYP enzyme content (Paine et al 2006). The CYP2C 
subfamily is also assumed to be of importance and individual variations may alter the 
expression and activity of enzymes (Lindell et al 2003). Studies of CYP3A in the equine 
gastrointestinal tract show that the expression of mRNA in the anterior part of duodenum is 
higher than the expression in the liver. The expression in the intestine is thereafter decreasing 
towards the distal part of the intestines (Tydén et al 2004). Also in the human intestinal tract 
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is the expression of CYP3A decreasing towards the distal parts of the intestines but in contrast 
to the horse is the expression of CYP3A in the intestines not higher than in the liver (Koch et 
al 2002, Thörn et al 2004). In humans as well as in horses is the metabolic activity slightly 
increasing from the anterior part of duodenum to the distal part of duodenum and the anterior 
part of jejunum and thereafter decreasing towards the distal parts of the intestines (Paine et al 
1997, Tydén et al 2004).  
 
Aim of the project 
The knowledge about equine CYP enzymes is increasing but there is still a need of more 
information to be able to predict the bioavailability of drugs. Since there are large species 
variations in the CYP expression and activity further studies will facilitate the ability to 
predict drug response and adverse effects.  
 
The aim of this project was to increase the knowledge about equine CYP3A isoenzymes. 
Gene expression of the equine isoforms CYP3A89, CYP3A96 and CYP3A97 was studied in 
the liver and along the gastrointestinal tract using reverse transcription-quantitative PCR (RT-
qPCR). The total content of cytochrome P450 enzymes and cytochrome b5 as well as the 
enzyme activity was measured in the liver and intestine. 
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Results 
 
Bioinformatics 
Comparisons of the equine CYP3A isoforms with the four different human CYP3A isoforms 
revealed that all equine isoforms shared the highest amino acid sequence identity with human 
CYP3A4. CYP3A97 nevertheless shared the same relative identity with CYP3A5 as with 
CYP3A4 (Table 2). 
 
Table 2. Amino acid sequence identity of equine CYP3A isoforms compared to human CYP3A isoforms. 

 
Gene expression of CYP3A89, CYP3A96 and CYP3A97  
Reverse transcription-quantitative PCR (RT-qPCR) was used to study gene expression of the 
three isoforms CYP3A89, CYP3A96 and CYP3A97 in equine liver and intestinal segments. 
The levels of gene expression of the three isoforms in the liver are presented in Figure 1. 
CYP3A97 represented 40 % of the total expression of the three studied CYP3A isoforms in 
equine liver and CYP3A89 and CYP3A96 represented 36 % and 24 % and respectively. There 
was a significant difference between CYP3A89 and CYP3A96 but no significant difference 
between CYP3A89 and CYP3A97 or between CYP3A96 and CYP3A97.  
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Figure 1. Gene expression of CYP3A89, CYP3A96 and CYP3A97 in equine liver (n=9). A significant difference 
was observed between CYP3A89 and CYP3A96 (P < 0.05, paired t-test). There were no significant differences 
between CYP3A89 and CYP3A97 or between CYP3A96 and CYP3A97. Data are presented as logarithmic 
values. Each box represents the 25th to the 75th percentile and the central line represents the median, the 
“whiskers” represents the highest and lowest values. 

Equine 
isoform 

Accession number Amino 
acids 

Amino acid 
sequence 
identity with 
CYP3A4 
(%) 

Amino acid 
sequence 
identity with 
CYP3A5 
(%) 

Amino acid 
sequence 
identity with 
CYP3A7 
(%) 

Amino acid 
sequence 
identity with 
CYP3A43 
(%) 

CYP3A89 NP_001095121.1 503 81 80 76 73 
CYP3A96 NP_001139635.1 503 73 71 72 65 
CYP3A97 NP_001139636.1 503 75 75 73 68 
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The gene expression of the three isoforms was measured in ten different intestinal segments 
of each horse. The sum of the expression in all ten segments for each horse was used to 
calculate the total expression of the isoforms in the intestine and the results can be seen in 
Figure 2. CYP3A96 was the dominant isoform in the intestine representing 99.9 % of the total 
CYP3A expression of the three isoforms in the intestine. CYP3A89 represented 0.1 % and 
CYP3A97 represented 0.01 % of the total CYP3A expression. There was a significant 
difference between all isoforms. 
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Figure 2. Gene expression of CYP3A89 (n=9), CYP3A96 (n=9) and CYP3A97 (n=8) in equine intestine. 
Expression in ten different intestinal segments was summarized to obtain the total value for each horse. The 
isoforms were significantly different from each other (P < 0.01, paired t-test). Data are presented as logarithmic 
values. Each box represents the 25th to the 75th percentile and the central line represents the median, the 
“whiskers” represents the highest and lowest values. 

 

Gene expression of the three isoforms was measured at ten different positions along the 
intestine and compared to the expression in the liver which can be seen in Figure 3. There was 
a significant difference in the gene expression between the liver and all the intestinal 
segments for CYP3A89 and CYP3A97. For CYP3A96 there were only a significant 
difference between the liver and the distal intestinal segments (J4, ileum, caecum and colon). 
For all isoforms there was a decrease in the gene expression towards the distal parts of the 
intestine. The mean value for CYP3A89 in the liver was 0.14 pg/ng total RNA and the mean 
values in the small intestine ranged from 15*10-5 pg/ng total RNA in the anterior part and 
6.5*10-5 in the distal part. The mean value in caecum was 1.4*10-5 pg/ng total RNA and in 
colon 1.2*10-5 pg/ng total RNA. The corresponding mean values for CYP3A96 were 0.09 
pg/ng total RNA in liver, 0.12 pg/ng total RNA to 0.02 pg/ng total RNA in the small intestine, 
195*10-5 pg/ng total RNA in caecum and 80*10-5 pg/ng total RNA in colon. The mean values 
for CYP3A97 were 0.17 pg/ng total RNA in liver, 2.4*10-5 pg/ng total RNA to 0.47*10-5 
pg/ng total RNA in the small intestine, 1.2*10-5 pg/ng total RNA in caecum and 0.58 *10-5 
pg/ng total RNA in colon. 
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A. CYP3A89                                                                    

CoCaIJ4J3J2J1D3D2D1L

0

-1

-2

-3

-4

-5

-6

Lo
g 

(p
g/

ng
 t

ot
al

 R
NA

)

 
 

B. CYP3A96 
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C. CYP3A97 
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Figure 3. Gene expression in liver and along the intestine of A, CYP3A89 (n=9); B, CYP3A96 (n=9); and  C, 
CYP3A97 (n=8). A significant difference between the liver and the intestine was measured for CYP3A89 and 
CYP3A97 (ANOVA, Dunnett’s test). The expression of CYP3A96 in liver was only significant different from 
the distal parts of the intestine. A decrease in gene expression towards the distal part of the intestine was 
observed for all isoforms. All data are presented as logarithmic values. Each box represents the 25th to the 75th 
percentile and the central line represents the median, the “whiskers” represents the highest and lowest values and 
* represents outliers. L, Liver; D 1-3, Duodenum position 1-3; J 1-4, Jejunum position 1-4; I, Ileum; Ca, 
Caecum; Co, Colon. 

 
The gene expression in the liver was matched with the gene expression in the intestine for 
each horse to study a potential relationship. Figure 4 contains the matching of ranked data for 
each isoform. No obvious relationship was observed for any of the isoforms. 
 
A. CYP3A89 
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B. CYP3A96 

 
C. CYP3A97 

 
Figure 4. Matched gene expression for liver and intestine of each horse. A, CYP3A89 (n=9); B, CYP3A96 
(n=9); and  C, CYP3A97 (n=8). No relationship was observed for any of the isoforms. The matching is based on 
ranking of the samples. H1-H9, Horse number 1-9. 

 
Content of cytochrome P450 and cytochrome b5  
The total content of CYP enzymes and cytochrome b5 was determined in microsomes 
prepared from liver and three segments of the small intestine. Figure 5 shows the amount of 
CYP enzymes in liver, duodenum, jejunum and ileum. The CYP content was significantly 
higher in the liver than in the intestinal segments. A decrease in CYP content in the intestine 
could be measured towards the distal parts of the intestine. The mean values of CYP enzymes 
were 0.29 nmol (± 0.10), 0.14 (± 0.05), 0.12 (± 0.04) and 0.09 (± 0.04) nmol CYP/mg protein 
in the liver, duodenum, jejunum and ileum respectively.  
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The cytochrome b5 content is presented in Figure 6. No significant difference between the 
liver and intestine was noted. The content of cytochrome b5 decreased towards the distal parts 
of the intestine. The mean values were 0.13 (± 0.04), 0.14 (± 0.04), 0.12 (± 0.04) and 0.09 (± 
0.04) nmol cytochrome b5/mg protein in the liver, duodenum, jejunum and ileum respectively.  
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Figure 5. Total content of CYP enzymes in microsomes from equine liver and intestine. The CYP content was 
significantly higher in the liver than in the intestine (ANOVA, Dunnett’s test). Each box represents the 25th to 
the 75th percentile and the central line represents the median, the “whiskers” represents the highest and lowest 
values. L, Liver (n=9); D, Duodenum position 1-3 (n=6); J, Jejunum position 1-4 (n=5); I, Ileum (n=5).  
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Figure 6. Cytochrome b5 content in equine liver and intestinal microsomes. There was no significant difference 
between the liver and intestine (ANOVA, Dunnett’s test). Each box represents the 25th to the 75th percentile and 
the central line represents the median, the “whiskers” represents the highest and lowest values. L, Liver (n=9); D, 
Duodenum position 1-3 (n=6); J, Jejunum position 1-4 (n=5); I, Ileum (n=5). 
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Enzyme activity 
The activity in liver and intestine was measured using the substrate Luciferin-IPA which is a 
substrate for human CYP3A4. The activity was significantly higher in the liver than in the 
intestine which can be seen in Figure 7. Jejunum showed the highest activity in the intestine 
followed by ileum and thereafter duodenum which had the lowest activity. The mean activity 
was 20*10-4 (± 10*10-4), 1.0*10-4 (± 0.9*10-4), 3.5*10-4 (± 2.2*10-4) and 1.6*10-4 (± 1.0*10-4) 
nmol/min/mg protein in the liver, duodenum, jejunum and ileum respectively.  
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Figure 7. Activity in equine liver and intestinal microsomes measured using the substrate Luciferin-IPA. The 
activity was significantly higher in the liver than in the intestine (ANOVA, Dunnett’s test). All data are 
presented as logarithmic values. Each box represents the 25th to the 75th percentile and the central line represents 
the median, the “whiskers” represents the highest and lowest values. Liver (n=9), Duodenum (n=6), Jejunum 
(n=5), Ileum (n=5).  
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Discussion 
 
Gene expression of CYP3A isoforms in liver and intestine  
The results showed that the three isoforms CYP3A89, CYP3A96 and CYP3A97 represented 
36 %, 24 % and 40 % respectively of the total CYP3A expression in equine liver. In contrast 
to our results from the horse, studies in other species have shown that there are isoforms of 
CYP3A that are dominant over the others in the liver. In human there are four known CYP3A 
isoforms and CYP3A4 has been observed to be the dominant isoform in the liver representing 
95 % (Koch et al 2002) and 99.7 % (Canaparo et al 2006) of the total CYP3A content. There 
are two known CYP3A isoforms in dogs, CYP3A12 and CYP3A26, and also in dogs there is 
one dominant isoform in the liver. CYP3A26 represents 75.2 % of the total CYP3A 
expression in canine liver (Mealey et al 2008). In rats there are five known CYP3A isoforms 
and these are distributed in a sex related manner. The major isoform in male liver is CYP3A2 
which represents 85.7 % and in female liver CYP3A1 which represents 66.6 % (Matsubara et 
al 2004). 
 
In the equine intestine there was in contrast to the liver significant differences in the 
expression of the three isoforms. CYP3A96 represented 99.9 %, CYP3A89 represented 0.1 % 
and CYP3A97 represented 0.01 % of the total CYP3A expression in the intestine. CYP3A4 is 
the dominant isoform in human intestine representing 93.6 % of the total CYP3A expression 
followed by CYP3A5 representing 6.4 % of the total CYP3A expression (Koch et al 2002). 
The expression of CYP3A5 has nevertheless been reported to be expressed in levels 
comparable with the level of CYP3A4 in the intestine (Thörn et al 2004). The expression of 
CYP3A isoforms in canine intestine is dominated by CYP3A12 which represents 98.8 % of 
the total CYP3A expression (Mealey et al 2008). Also in rats there are other isoforms that are 
dominating in the intestine than in the liver. The dominant intestinal isoform in female rats is 
CYP3A62 and in male rats there is expression about the same level of CYP3A62 and 
CYP3A9 (Matsubara et al 2004). 
 
The expression of equine CYP3A96 in duodenum and the anterior part of jejunum was 
comparable with the expression level in the liver. Thus, in humans the expression of the major 
isoform CYP3A4 in the intestine is only about 5 % of the expression in the liver (Koch et al 
2002). Dogs have different dominant isoforms in liver and intestine. The dominant isoform in 
the intestine, CYP3A12, only represents about 2 % of the expression of CYP3A12 in the liver 
(Mealey et al 2008). The expression of the dominant intestinal isoforms in rats is about the 
same in liver and duodenum but in males the expression is higher in duodenum than in the 
liver. This can be explained by the fact that the dominant isoforms in the intestines only are 
expressed at low levels in the liver (Matsubara et al 2004). The horse is thereby different from 
the other species since there is an isoform dominant in the intestine which is also expressed at 
high levels in the liver. 
 
In the intestine the expression of CYP3A96 was decreasing from the anterior part to the distal 
part. The same pattern was also observed for CYP3A89 and CYP3A97 even if these were 
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expressed at a low level. A decrease in gene expression along the intestine has also been 
observed in human and rat (Koch et al 2002, Matsubara et al 2004, Canaparo et al 2007). 
Sex-related differences in expression as observed in rat (Matsubara et al 2004) could not be 
studied in this project since the selected horses was either mares or geldings which lack the 
male specific hormonal status.  
 
Total content of cytochrome P450 and cytochrome b5 
The total content of CYP enzymes in liver, duodenum, jejunum and ileum revealed that the 
content was significantly higher in equine liver than in the intestine. This is also the case in 
humans where the content in liver was six times higher than the content in the intestine (Paine 
et al 1997). In horse the content in liver was 2.5 times higher than in the intestine. The CYP 
content in equine liver was comparable with the content in human liver and the content in 
equine intestine was higher than the content in human intestine (Paine et al 1997). 
 
There was no significant difference in cytochrome b5 content between equine liver and 
intestinal segments. The content was decreasing along the intestine from duodenum to ileum. 
The content in humans differs from horses since the content in human liver is two times 
higher than in the intestine (Paine et al 1997).  
 
Enzyme activity 
The enzyme activity was estimated using the substrate Luciferin-IPA which is a substrate for 
human CYP3A4. The unknown specificity of the substrate for the equine isoforms makes it 
unclear which of the isoforms those are responsible for the observed activity. The enzyme 
activity was about ten times higher in equine liver than intestine. The activity was highest in 
jejunum among the intestinal segments which is something that also has been observed for 
other CYP3A substrates in horse and human (Paine et al 1997, Tydén et al 2004). The actual 
activity in the intestine indicates that CYP3A96 contributes to the activity since the gene 
expression in the intestine is dominated by this isoform. Since the gene expression of 
CYP3A96 in the intestine is at the same level as in the liver and the activity is higher in the 
liver than in the intestine the other isoforms may also contribute to the activity. Since 
CYP3A89 and CYP3A97 are expressed in the liver but only to small extent in the intestine at 
least one of these are likely to contribute to the activity.  
 
Conclusions 
The comparisons of gene expression between the horse and other species reveals that the 
horse differ from the others since an isoform expressed in the liver is expressed at the same 
level in the intestine. A decrease in expression towards the distal part of the intestine is 
common among different species. The total content of CYP enzymes in horses was higher in 
the liver than in the intestine and has thereby a similar pattern as in humans. The content of 
cytochrome b5 was comparable in equine liver and intestine which makes the horse different 
from humans where the content is higher in the liver. The measured activity in the intestine 
indicates that CYP3A96 may contribute to the activity. Since the activity was higher in the 
liver than in the intestine there might also be other isoforms mediating the activity. 
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The differential expression of CYP3A isoforms between the intestines and the liver in horse 
may have implications regarding the disposition of orally vs. parenterally administered drugs. 
In addition, it appears that marked species differences may exist regarding CYP3A expression 
in the intestine and liver.  
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Materials and methods 
 
Bioinformatics 
The amino acid sequences for the three equine CYP3A isoforms were compared to the human 
CYP3A isoforms using the Basic Local Alignment Search Tool (BLAST) at NCBI webpage 
(http://blast.ncbi.nlm.nih.gov).  
 
Collection of samples 
Tissue samples were collected at a local slaughter house. Healthy warm-blooded horses 
between 5 and 18 years old of different sexes were used in the study (Table 3). The intestinal 
tract was opened with a pair of scissors at selected positions (Table 4). About 50 cm of the 
mucosal surface was scraped with a scalpel and the material was collected in RNase-free 
plastic tubes and frozen in liquid nitrogen for RNA isolation. Liver tissue was collected and 
frozen in liquid nitrogen for RNA isolation and microsome preparation. The samples 
transported in liquid nitrogen were stored in -70 ºC prior use. Liver tissue and intestinal 
segments from duodenum, jejunum and ileum was collected and stored in cold 0.9 % NaCl 
during transportation to the laboratory where preparation of microsomes was performed 
immediately. 
 
Table 3. Age and sex of horses used in the study. 
Horse number Age Sex 
1 18 Mare 
2 5 Mare 
3 16 Mare 
4 5  Gelding 
5 13 Mare 
6 13 Mare 
7 11 Mare 
8 9 Gelding 
9 8 Mare 
10 5 Gelding 

 
Table 4. Locations of the selected parts for sample collection along the intestinal tract. 
Tissue Position 
Duodenum (D1) Immediately posterior to the pyloric sphincter (Pars prima duodeni) 
Duodenum (D2) 0.5 m posterior to the pyloric sphincter (Pars secunda duodeni) 
Duodenum (D3) 1 m posterior to the pyloric sphincter (Pars tertia duodeni) 
Jejunum (J1) 2.5 m posterior to the pyloric sphincter 
Jejunum (J2) 5.5 m posterior to the pyloric sphincter 
Jejunum (J3) 8.5 m posterior to the pyloric sphincter 
Jejunum (J4) 13.5 m posterior to the pyloric sphincter 
Ileum Immediately anterior to the ileo-caecal orifice 
Caecum Mid-part of the parietal surface of the Corpus caeci 
Colon Origin of the small colon, posterior to the right dorsal colon 
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RNA isolation 
Total RNA was isolated from 30-40 mg of frozen tissue using NucleoSpin® RNA II kit 
(Macherey-Nagel GmbH & Co, Düren, Germany) according to the manufacturer’s 
instructions. The RNA concentration was determined with Ribogreen (Molecular Probes Inc, 
Eugene, OR, USA) using a microplate reader (Wallac 1420 VICTOR2, software version 2.0, 
Torku, Finland). The quality of the RNA was checked on a 1 % agarose gel containing 
formaldehyde. The gel was run at 60 V for 1 h in 1x MESA buffer. The RNA samples were 
stored at -70 ºC prior use. 
 
Reverse transcription-quantitative PCR (RT-qPCR) 
Primers and hydrolysis probes were designed using Primer Express® software version 3.0 
(Applied Biosystems, Foster City, CA, USA) (Table 5). The hydrolysis probes were labeled 
with 6-carboxyfluorescein (6-FAM) as the reporter dye in the 5’-end and Black Hole 
Quencher (BHQ-1) as the quencher dye in the 3’-end. Primers and probes were synthesized 
by CyberGene AB, Stockholm, Sweden. QuantiTect® Probe RT-PCR kit (Qiagen GmbH, 
Hilden, Germany) was used according to the manufacturer’s instructions. Each RT-qPCR 
reaction contained 25 µl 2x QuantiTect Probe RT-PCR Master Mix, 0.4 µM forward primer, 
0.4 µM reverse primer, 0.2 µM probe, 100 ng total RNA and RNase-free water to a final 
volume of 50 µl. Rotor-Gene 3000 (Corbett Research, Mortlake, Australia) was used for the 
reaction under the following conditions: step 1: Reverse transcription at 50 ºC for 30 min, step 
2: PCR initial activation step at 95 ºC for 15 min, step 3: denaturation at 94 ºC for 15 s, step 4: 
annealing/extension at 60 ºC for 60 s, step 3 and 4 was repeated for 45 cycles. mRNA 
expression of the three isoforms were determined by using standard curve and normalized to 
the amount of total RNA.  
 
Table 5. Sequences for primers and hydrolysis probes used in RT-qPCR. 
Name Accession number  Sequence (5’ to 3’) Fragment  

length (bp) 
CYP3A89 NM_001101651.1 Forward TTCCTAAAGGGACAGTGGTGATG 151 
  Reverse CCAGCTCCAAAGGGCAGGTA  
  Probe TGCCAACCTTTGCTCTTCACAAACACC  
CYP3A96 NM_001146163.1 Forward CCCAAAGGAACAGTGGTGATG 152 
  Reverse GGTCCATTTCCAAAGGGCATA  
  Probe TGCCATCCTTTGTTCTTCACCGAGACA  
CYP3A97 NM_001146164.1 Forward TCCCAAAAGGACACTGGTGACT 149 
  Reverse CGGTTCCAAAAGGCAGGTATAT  
  Probe TGCCAACCTTTGTTCTTCACCGAGCCT  

 
The PCR products were analyzed on an ethidium bromide stained 1 % agarose gel run at 60 V 
for 1.5 h in 1xTAE buffer. StrataPrep® PCR Purification Kit (Stratagene, La Jolla, CA, USA) 
was used to purify the PCR products prior to quantification by PicoGreen (Molecular Probes 
Inc, Eugene, OR, USA) at a microplate reader (Wallac 1420 VICTOR2, software version 2.0, 
Torku, Finland) followed by sequencing at KIGene (Stockholm, Sweden). The obtained 
sequences were analyzed using Chromas Lite (Technelysium Pty Ltd, Version 2.01), 
compared to the wanted sequences in ClustalW2 at EBI webpage 
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(http://www.ebi.ac.uk/Tools/clustalw2/index.html) and compared to existing nucleotide 
sequences using the Basic Local Alignment Search Tool (BLAST) at NCBI webpage 
(http://blast.ncbi.nlm.nih.gov). 
  
Preparation of microsomes 
All steps in the preparation of microsomes were performed on ice. 5 g of frozen tissue or 30 g 
of tissue stored in 0.9 % NaCl was homogenized in 10 ml cold 0.01 M KH2PO4/0.32 M KCl 
buffer pH 7.4 containing 20 % glycerol (vol/vol) and Complete EDTA-free Protease Inhibitor 
Cocktail Tablets (Roche Diagnostics GmbH, Mannheim, Germany) (0.01 M KH2PO4/0.32 M 
KCl buffer). The samples were centrifuged at 10 000 x g for 20 min at 4 ºC and the 
supernatants were thereafter transferred to new tubes and centrifuged at 105 000 x g for 60 
min at 4 ºC. The supernatants were discarded and the pellets were resuspended in 3 ml 0.01 M 
KH2PO4/ 0.32 M KCl buffer and centrifuged at 105 000 x g for 60 min at 4 ºC. The 
supernatants were discarded and the pellets resuspended in 2 ml 0.01 M KH2PO4/ 0.32 M KCl 
buffer. Determination of protein concentration was made according to the method by Smith et 
al (1985) where the protein reacts with alkaline Cu2+ and produces Cu1+ which can be 
detected with bicinchoninic acid. A microplate reader (Wallac 1420 VICTOR2, software 
version 2.0, Torku, Finland) was used for the detection. The samples were stored at -70 ºC.  
 
Determination of total cytochrome P-450 and cytochrome b5 content in microsomes 
The dithionite difference spectrum was used to determine the content of total cytochrome P-
450 and cytochrome b5 according to the method by Matsubara et al (1976) using a 
spectrophotometer (UV-1601PC, software version 3.7, Shimadzu, Columbia, MD, USA). 
Microsomes were diluted to a concentration according to an absorbance about 1 at 550 nm in 
0.01 M KH2PO4/0.32 M KCl buffer. The microsomes were bubbled with CO for 1 min, 
divided into two cuvettes and incubated on ice for 3 minutes. A baseline was thereafter 
recorded and a small amount of dithionite (Na2S2O5) was added to the sample cuvette which 
was incubated on ice for 2 min before recording of a spectrum between 550 nm and 300 nm. 
The concentration of total protein content in the measured samples was determined according 
to the method by Smith et al (1985) using a microplate reader (Wallac 1420 VICTOR2, 
software version 2.0, Torku, Finland). The amount of cytochrome P-450 was determined 
using the extinction coefficient 104 mM-1cm-1 for the absorbance difference between the peak 
at 450 nm and 490 nm (Matsubara et al 1976). The amount of cytochrome b5 was determined 
using the extinction coefficient 171 mM-1cm-1 for the difference between the peak about 423 
nm and 500 nm (Mazel 1971). 
 
Enzyme activity assay 
The enzyme activity was measured using P450-GloTM CYP3A4 Assay (Promega, Madison, 
USA) which detects the amount of bound substrate using luminescence. The CYP3A4 
substrate Luciferin-IPA was used in the assay. Microsomes were diluted to 4.2 mg/ml and 
used in the assay which was performed according to the manufacturer’s instructions using a 
microplate reader (Wallac 1420 VICTOR2, software version 2.0, Torku, Finland).   
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Statistical analysis 
All statistical analyses were performed using Minitab® software version 15 (Minitab Inc., 
State Collage, PA, USA). Levene’s test was used to test if the data followed a normal 
distribution and if this was not the case the values were transformed into logarithmic values. 
A paired t-test or a one-way ANOVA was used to test for differences between groups. 
Dunnett’s test was used as post hoc test in combination with the ANOVA. The differences 
were considered significant if the p-value was < 0.05. 
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