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Abstract

1. The expression of small intestinal cytochromes P450 (P450s) has not been 

systematically measured in cynomolgus monkeys, which are widely used in preclinical 

drug studies to predict pharmacokinetics and toxicity in humans: therefore, P450 

content of small intestine was quantified in 35 cynomolgus monkeys by 

immunoblotting using 11 selective antibodies.

2. CYP2D, CYP2J2, CYP3A4, and CYP3A5 were detected in all 35 animals, while 

CYP1A and CYP2C9/19 were detected in 31 and 17 animals, respectively. CYP2C9 

and CYP2C19 were detected with the same antibody. CYP1D, CYP2A, CYP2B6, 

CYP2C76, and CYP2E1 were not detected in any of the 35 animals examined.

3. On analysis of pooled microsomes (35 animals), CYP3A (3A4 + 3A5) was most 

abundant (79% of total immunoquantified CYP1-3 proteins), followed by CYP2J2 

(13%), CYP2C9/19 (4%), CYP1A (3%), and CYP2D (0.4%). On analysis of individual 

microsome samples, each P450 content varied 2- to 6-fold between animals, and no sex 

differences were observed in any P450 content.

4. These findings should help to increase the understanding of drug metabolism, 

especially the first-pass effect, in cynomolgus monkey small intestines.
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Introduction

Cytochromes P450 (P450s) are a gene superfamily consisting of a large number of genes, 57 

functional genes and 58 pseudogenes in human (Nelson et al. 2004). Many P450s, especially 

those of the CYP1-3 families, play critical roles in metabolism of drugs and other xenobiotic 

chemicals and are responsible for approximately 80% of oxidative metabolism in humans 

(Wilkinson 2005). As shown by immunoblotting, CYP3A is the most abundant, in terms of 

total hepatic P450 content, in human liver, followed by CYP2C9, CYP1A2, CYP2E1, and 

CYP2D6 (Shimada et al. 1994; Guengerich 2003). In addition to the liver, the small intestine 

is also an important site for first-pass metabolism of orally ingested drugs. For example, 

CYP3A4 in the small intestine contributes significantly to first-pass metabolism of 

midazolam (Paine et al. 1996). CYP3A is most abundant in total P450 content of human 

small intestine, followed by CYP2C, CYP1A2, CYP2E1, CYP2A6, CYP2D6, and CYP2B6 

(Paine et al. 2006).

Cynomolgus monkey (Macaca fascicularis) is a primate species widely used in drug 

metabolism studies. More than 20 cynomolgus P450s have been identified and their 

sequences are highly similar (>90%) to human P450s, except for CYP2C76, which is not 

orthologous to any human P450 and is responsible for species differences in drug 

metabolism between cynomolgus monkeys and humans (Uno et al. 2010a; Uno et al. 2011a). 

Previously we showed that CYP3A was most abundant in total hepatic P450 content of the 

cynomolgus monkey liver, followed by CYP2A, CYP2B, CYP2C, CYP2E, and CYP2D 

(Uehara et al. 2011). In cynomolgus monkey small intestine, gene expression of several 

P450s has been detected, including CYP1A1, CYP1D1, CYP2C9, CYP2C19, CYP2C76, 

CYP2D17, CYP2J2, CYP3A4, and CYP3A5 (Nakanishi et al. 2010; Uno et al. 2011b). 

However, protein content of these P450s has not been systematically measured in 

cynomolgus monkey small intestine. In this paper, cynomolgus CYP2C20, CYP2C43, 

CYP2C75, and CYP3A8 are designated as CYP2C8, CYP2C9, CYP2C19, and CYP3A4, 

respectively, as recommended by the P450 Nomenclature Committee (http://

drnelson.uthsc.edu/cytochromeP450.html) (Uno et al. 2011a).

In this study, expression levels were analyzed using selective antibodies for CYP1-3 

proteins, including CYP1A, CYP1D1, CYP2A, CYP2B6, CYP2C9/19, CYP2C76, CYP2D, 

CYP2E1, CYP2J2, CYP3A4, and CYP3A5 in the small intestines of 35 cynomolgus 

monkeys. Cynomolgus CYP2C9 and CYP2C19 were quantified together because the 

antibody used did not distinguish these two CYP2C isoforms. The data were used to 

calculate specific content of each P450 and presented as mean values and inter-animal 

variations.

Materials and Methods

Materials

Polyclonal antibodies used in this study were commercially available; anti-human CYP1A1 

antibody from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), anti-human CYP2A6, anti-

human CYP2C9, anti-human CYP2D6, and anti-human CYP3A4 antibodies from Nosan 

Corporation (Yokohama, Japan), anti-human CYP2B6 and anti-human CYP3A5 antibodies 
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from BD Gentest (Woburn, MA), and anti-human CYP2E1 antibody from BIOMOL 

Research Laboratories (Plymouth Meeting, PA). Anti- cynomolgus CYP2C76 and anti-

human CYP2J2 antibodies were prepared as described previously (King et al. 2002; Uno et 

al. 2006; Uno et al. 2011b). The secondary antibodies (goat anti-mouse, donkey anti-goat, 

and goat anti-rabbit horseradish peroxidase-conjugated IgGs) were purchased from Santa 

Cruz Biotechnology, Inc. Chemicals and reagents for the polyacrylamide gels, including 

sodium dodecyl sulfate (SDS), bis/acrylamide (37.5:1), ammonium persulfate, and TEMED 

were purchased from Bio-Rad Laboratories (Hercules, CA). Polyvinylidene difluoride 

membranes (Hybond-P) and an enhanced chemiluminescence Western blotting detection 

reagent were purchased from GE Healthcare (Chalfont St. Giles, Buckinghamshire, UK). All 

other chemicals and reagents were purchased from Sigma (St. Louis, MO) or Wako Pure 

Chemical Industries (Osaka, Japan) unless otherwise specified.

Tissue samples and microsomal preparation

Small intestine samples (jejunum) were collected from 35 purpose-bred cynomolgus 

monkeys (18 males and 17 females, 3–4 years of age, weighing 3–5 kg) of Cambodian 

origin (Shin Nippon Biomedical Laboratories, Ltd., Kagoshima, Japan). All cynomolgus 

monkeys were housed in a temperature and humidity-controlled room with a 12-h light/dark 

cycle, and were fed ad libitum with a standard diet, Teklad Global Certified 25% Protein 

Primate Diet (Harlan Sprague-Dawley, Indianapolis, IN, USA). This study was reviewed and 

approved by the Institutional Animal Care and Use Committee at Shin Nippon Biomedical 

Laboratories, Ltd. (Kainan, Japan). Intestinal microsomes were prepared as described 

previously (Nakanishi et al. 2011). Microsomal protein concentrations were measured by the 

Bradford method using the Bio-Rad Protein Assay Kit (Bio-Rad Laboratories) with bovine 

serum albumin as the standard.

Preparation of recombinant P450 proteins

The recombinant proteins were expressed in Escherichia Coli and cell membranes were 

prepared as described previously for CYP1A1, CYP1A2, CYP1D1, CYP2A23, CYP2A24, 

CYP2A26, CYP2B6, CYP2C8, CYP2C9, CYP2C18, CYP2C19, CYP2C76, CYP2D17, 

CYP2D44, CYP2E1, CYP2J2, CYP3A4, CYP3A5, and CYP3A43 (Uno et al. 2007; Uehara 

et al. 2010; Uno et al. 2011b). The content of each P450 protein in the cell membrane 

preparation was determined by Fe2+ · CO vs. Fe2+ difference spectra as described previously 

(Omura and Sato 1964).

Immunoblotting

To measure P450 expression in the small intestines of 35 cynomolgus monkeys, 

immunoblotting was performed as described previously using the antibodies, selectivity of 

which have been confirmed against each recombinant P450 of cynomolgus monkey as 

described below (Uehara et al. 2011). Anti-human CYP2B6, anti-cynomolgus CYP2C76, 

anti-human CYP2E1, anti-human CYP2J2, anti-human CYP3A4, and anti-human CYP3A5 

antibodies selectively react with cynomolgus CYP2B6, CYP2C76, CYP2E1, CYP2J2, 

CYP3A4, and CYP3A5, respectively. Anti-human CYP1A1, anti-human CYP2A6, anti-

human CYP2C9, anti-human CYP2D6 antibodies react with 2–3 isoforms of highly 

homologous P450s together, cynomolgus CYP1A1/2, CYP2A23/24/26, CYP2C9/19, and 
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CYP2D17/44, respectively. Anti-human CYP1A1 also reacts with cynomolgus CYP1D1, but 

size difference enables detection of cynomolgus CYP1D1 and cynomolgus CYP1A1/2 

separately. Microsomal proteins or recombinant cynomolgus P450 proteins were separated 

on 10% SDS polyacrilamide gels and transferred to Hybond-P filters. The filters were 

incubated with the primary antibody (1:200 – 1:100000), including anti-human CYP1A1, 

anti-human CYP2A6, anti-human CYP2B6, anti-human CYP2C9, anti-cynomolgus 

CYP2C76, anti-human CYP2D6, anti-human CYP2E1, anti-human CYP2J2, anti-human 

CYP3A4, and anti-human CYP3A5 antibodies. The filters were then incubated with the 

secondary antibody (1:5000). The proteins of interest were visualized using an ECL Western 

blotting detection reagent with the Chemi-Doc imaging system (Bio-Rad Laboratories). The 

optical density of the bands was quantified using Image J software (National Institutes of 

Health, Bethesda, MD). Standard curves for quantification were generated using 

recombinant P450 of cynomolgus monkey, and the amount of each P450/well was calculated 

relative to the standard curve. For cynomolgus CYP1A, CYP2A, CYP2C9/19, and CYP2D, 

the recombinant CYP1A1, CYP2A23, CYP2C9, and CYP2D17 proteins of cynomolgus 

monkey were used as standard for quantification, respectively. The amount of each P450 

protein/lane was divided by the amount of total protein loaded to determine specific content.

Results

The expression of CYP1-3 proteins in the small intestines of 35 cynomolgus monkeys was 

quantified by immunoblotting using the selective antibodies that were evaluated for their 

specificities against each cynomolgus P450 protein in our previous study (Uehara et al. 

2011). These antibodies enabled us to detect cynomolgus CYP1A1/2, CYP1D1, 

CYP2A23/24/26, CYP2B6, CYP2C9/19, CYP2C76, CYP2D17/44, CYP2E1, CYP2J2, 

CYP3A4, and CYP3A5 separately. Figure 1 shows the immunoblots of standards and five 

representative samples of small intestine microsomes. CYP2D, CYP2J2, CYP3A4, and 

CYP3A5 were detected in all 35 animals while CYP1A and CYP2C9/19 were detected in 31 

and 17 animals, respectively. CYP1D1, CYP2A, CYP2B6, CYP2C76, and CYP2E1 were 

not detected in any of the 35 animals examined (Figure 1). Therefore, CYP1A, CYP2C9/19, 

CYP2D, CYP2J2, CYP3A4, and CYP3A5 were quantified in small intestine samples.

Among the CYP1-3 proteins analyzed, CYP3A5 was the most abundant, and CYP3A5 

content averaged 12.6 pmol/mg protein, with a range of 9.05 to 17.3 pmol/mg protein (Table 

1). The second most abundant P450 was CYP3A4 with an average content of 8.53 pmol/mg 

protein, ranging from 4.43 to 11.9 pmol/mg protein (Table 1). The content of total CYP3A 

(CYP3A4 + CYP3A5) averaged 21.1 pmol/mg protein, ranging from 16.4 to 30.0 pmol/mg 

protein (Table 1), making it the most abundant P450 of the CYP1-3 proteins in cynomolgus 

monkey small intestine, followed by CYP2J2, CYP2C9/19, CYP1A, and CYP2D, which 

averaged 4.23, 1.14, 1.04, and 0.09 pmol/mg protein, respectively. Analysis of pooled 

samples (containing 17 males and 18 females) showed the same trend (Table 1).

Due to the limited quantities of microsomal samples which were too dilute, total P450 

content of each microsomal sample could not be measured by difference spectra. Hence, the 

content of each P450 was expressed as a percentage of total immunoquantified CYP1-3 

proteins; 79.3% (CYP3A), 13.4% (CYP2J2), 4.0% (CYP2C9/19), 3.0% (CYP1A), and 0.4% 
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(CYP2D) (Figure 2). P450 content varied 2- to 6-fold in the animals in which expression 

was detectable. CYP3A content was the least variable (1.8-fold) of the CYP1-3 proteins 

measured, followed by CYP3A5 (1.9-fold) and CYP3A4 (2.7-fold) (Table 1). CYP2C9/19 

content was the most variable (5.8-fold) of the CYP1-3 proteins (Table 1); however, the 

variability decreased (2.8-fold) when the animal with the greatest expression (3.02 pmol/mg 

protein) was excluded from the analysis (Fig. 3). Individual CYP3A and CYP2C9/19 data 

are shown in Figure 3. There were no significant sex differences in P450 content (Table 1).

Discussion

Cynomolgus monkey is an important primate species for drug metabolism studies. Although 

the small intestine is an important site for first-pass metabolism of numerous drugs and toxic 

xenobiotics, the P450 content of cynomolgus monkey small intestine has not been 

determined. Such information could increase our understanding of first-pass metabolism of 

drugs in the small intestine. Therefore, individual P450 expression levels, in small intestine 

microsomes from 35 cynomolgus monkeys, were measured by immunoblotting using 

selective P450 antibodies.

Among the CYP1-3 proteins, CYP3A (CYP3A4 + CYP3A5) was expressed most 

abundantly (79.3% of total immunoquantified CYP1-3 proteins) in cynomolgus monkey 

small intestine (Figure 2), similar to that of human (80%) (Paine et al. 2006). In all 35 

animals, CYP3A5 was most abundant of the CYP1-3 proteins in cynomolgus monkey small 

intestine, followed by CYP3A4 (Table 1), indicating that CYP3A4 and CYP3A5 might play 

important roles for drug metabolism in small intestine. Because cynomolgus CYP3A is also 

most abundant in liver (Uehara et al. 2011), CYP3A is important for overall first-pass 

metabolism of drugs in cynomolgus monkeys. CYP3A content in small intestine was lower 

in cynomolgus monkey (21 pmol/mg protein) (Table 1) than in human (74 pmol/mg protein) 

(Paine et al. 2006). A previous study reported that testosterone 6β-hydroxylation in small 

intestine (jejunum) is comparable in cynomolgus monkeys and humans (Nakanishi et al. 

2011). This could be attributable to the higher metabolic activity of CYP3A enzymes in 

cynomolgus monkeys compared to that in human (Iwasaki et al. 2010). The inter-individual 

variations of cynomolgus CYP3A content were 2.7-fold (CYP3A4) and 1.9-fold (CYP3A5) 

(Table 1), which were smaller than the inter-individual variations of human CYP3A content, 

17-fold (CYP3A4) and 5.1-fold (CYP3A5) (Paine et al. 2006). The smaller inter-individual 

variations of cynomolgus CYP3A content is possibly due to the similarities in their genetic 

background, considering that cynomolgus monkeys are bred in colonies. The abundant 

expression of CYP3A in small intestine and liver of cynomolgus monkey, similar to human, 

suggests that cynomolgus monkey might be an ideal animal species in studies of CYP3A-

mediated drug metabolism.

CYP2J2 was the second most abundant P450 among the CYP1-3 proteins in cynomolgus 

monkey small intestine, representing 13.4% of total immunoquantified CYP1-3 protein 

(Figure 2). In human small intestine, CYP2J2 is involved in first-pass metabolism of 

ebastine (Hashizume et al. 2002) and astemizole (Matsumoto et al. 2002), suggesting that 

CYP2J2 plays roles for drug metabolism in small intestine. CYP2J2 content in small 

intestine measured in this study was more abundant in cynomolgus monkey (3.51 pmol/mg 
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protein) (Table 1) than in human (~1 pmol/mg protein) (Paine et al. 2006; Wang et al. 2007). 

Moreover, the inter-individual CYP2J2 variation was smaller in cynomolgus monkey (5.8-

fold) in this study (Table 1), than in human CYP2J2 (15.5-fold) (Paine et al. 2006). 

Therefore, CYP2J2 appears to be expressed more abundantly and more stably in 

cynomolgus monkey small intestine than in human small intestine. In human, CYP2J2 

metabolizes a number of CYP3A4 substrates, due to a large active site volume, similar to 

CYP3A4 (Lee et al. 2010), raising the possibility that CYP3A4 substrates are more 

extensively metabolized in cynomolgus monkey small intestine, by CYP2J2 and CYP3A4. 

Indeed, cynomolgus monkeys show poor oral bioavailability for some CYP3A4 substrates, 

such as nifedipine, verapamil, simvastatin, and methotrexate (Takahashi et al. 2008; 

Ogasawara et al. 2009; Nishimuta et al. 2011). It is of great importance to investigate drug-

metabolizing profiles of cynomolgus CYP2J2 using CYP3A substrates.

CYP2C was the third most abundant P450 among the CYP1-3 proteins in cynomolgus 

monkey small intestine; CYP2C9/19 represented 4.0% of total immunoquantified CYP1-3 

protein (Figure 2). Although cynomolgus CYP2C9 and CYP2C19 could not be quantified 

separately in this study, CYP2C19 is expressed much more abundantly (> 20-fold) in small 

intestine than CYP2C9 (Nakanishi et al. 2010). Therefore, CYP2C19 most likely accounts 

for the bulk of the CYP2C9/19 content measured in this study, in contrast to human small 

intestine, where CYP2C9 is more abundant (approximately 7-fold) than CYP2C19 (Paine et 

al. 2006).

In cynomolgus monkeys, CYP2C9/19 content (1.04 pmol/mg protein) in small intestine 

(Table 1) was one-tenth of the CYP2C9/19 content (11 pmol/mg protein) in liver (Uehara et 

al. 2011). Catalytic activities mediated by cynomolgus CYP2C9/19, such as tolbutamide 

methylhydroxylation, diclofenac 4′-hydroxylation, and S-mephenytoin 4′-hydroxylation, 

are much lower in small intestine than in liver (Nakanishi et al. 2011). These results suggest 

that small intestine would make a small contribution to first-pass metabolism of 

CYP2C9/19-metabolized drugs.

CYP1A (1/2) represented 3.0% of total immunoquantified CYP1-3 protein in cynomolgus 

monkey small intestine (Figure 2). CYP1A content varied 5.1-fold among 31 animals 

quantifiable in this study (Table 1), partly accounting for the inter-individual variations of 7-

ethoxyresorufin O-deethylation in cynomolgus monkey small intestine (Nakanishi et al. 

2013). 7-Ethoxyresorufin O-deethylation is mediated by CYP1D1 as well as CYP1A1/2 

(Uno et al. 2011b), but CYP1D1 protein was not detected in small intestine (Figure 1). 

Similarly, in human small intestine, a large inter-individual variation (88-fold) is observed in 

7-ethoxyresorufin O-deethylation (Paine et al. 1999), which might be attributable to 

variations in CYP1A protein content (Paine et al. 2006). Cynomolgus CYP1A protein was 

not detected in liver in our previous study (Uehara et al. 2011), but was detected in the small 

intestine of most animals in this study. If this implies more abundant CYP1A content in 

small intestine than in liver, intestine might play important roles in first-pass metabolism of 

CYP1A substrates.

CYP2D (17/44), highly similar to human CYP2D6, represented 0.4% of total 

immunoquantified CYP1-3 protein in cynomolgus monkey small intestine (Figure 2). 
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CYP2D content (0.11 pmol/mg protein) (Table 1) is much lower (> 30-fold) in small 

intestine than in liver (3.2 pmol/mg protein) (Uehara et al. 2011). The difference of CYP2D 

content might account for the slower rate of bufuralol 1′-hydroxylation in small intestine 

than in liver (Nakanishi et al. 2011), because bufuralol 1′-hydroxylation is catalyzed by 

cynomolgus CYP2D17/44 (Uno et al. 2010b). CYP2D content in cynomolgus monkey liver 

is only 3% (Uehara et al. 2011), together with low CYP2D content in the small intestine, 

suggest a minor contribution of CYP2D to overall first-pass metabolism in cynomolgus 

monkeys.

In conclusion, CYP1-3 proteins were analyzed, and CYP3A was found to be the most 

abundant (79.3% of total immunoquantified CYP1-3 proteins) in cynomolgus monkey small 

intestine, followed by CYP2J (13.4%), CYP2C9/19 (4.0%), CYP1A (3.0%), and CYP2D 

(0.4%). Inter-individual variation of P450 content was 2- to 6-fold in cynomolgus monkey, 

which is generally less than in human (5- to 17-fold). These findings should help deepen our 

understanding of drug metabolism, especially first-pass metabolism, in cynomolgus monkey 

small intestine.
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Figure 1. 
Immunoblotting of cynomolgus monkey small intestine microsomes.

The amounts of recombinant proteins (standards), cynomolgus CYP1A1, CYP1D1, 

CYP2A23, CYP2B6, CYP2C9, CYP2C76, CYP2D17, CYP2E1, CYP2J2, CYP3A4, and 

CYP3A5, ranged from 0.01 to 0.1, 0.025 to 0.15, 0.025 to 0.4, 0.025 to 0.2, 0.01 to 0.15, 

0.01 to 0.1, 0.0005 to 0.005, 0.01 to 0.2, 0.001 to 0.3, 0.005 to 0.2, and 0.01 to 0.2 pmol, 

respectively. Small intestine microsomes were analyzed for each animal at 30 μg of 

microsomal protein for CYP1A (1/2), CYP1D1, CYP2A(23/24/26), CYP2C9/19, CYP2C76, 

CYP2D (17/44), CYP2E1, and CYP2J2, 10 μg of microsomal protein for CYP3A4, or 5 μg 

of microsomal protein for CYP3A5. The results are shown for five representative animals, 

and for the pooled sample (prepared from 17 males and 18 female microsomes) in triplicate.
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Figure 2. 
Pie graph of P450 in cynomolgus monkey small intestine. Mean expression of each P450 is 

indicated as a percentage of total immunoquantified CYP1-3 protein.
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Figure 3. 
Variations in P450 content in cynomolgus monkeys. The amounts of CYP3A (CYP3A4 + 

CYP3A5) and CYP2C9/19 immunoquantified in 35 cynomolgus monkey small intestines 

are shown. The x-axis represents individual jejunum samples, for which animal numbers and 

sex are also indicated. Of 35 animals analyzed, the CYP3A amount varied the least. In 

contrast, the CYP2C9/19 amount varied the most among 17 animals with quantifiable 

CYP2C9/19, but the variations were greatly smaller when the animal with the greatest 

expression was excluded from the analysis.
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