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ABSTRACT

 

—To examine the synthesis and release of steroids in intestinal tissues from cynomolgus mon-
keys (

 

Macaca fascicularis

 

), we performed the following experiments: 1) incubated prepared intestinal tis-
sues with [

 

3

 

H]testosterone to study the conversion to other steroids; 2) used a radioimmunoassay to
determine steroid levels in six segments of intestinal tissues and contents (duodenum, jejunum, ileum,
cecum, colon, and rectum); 3) localized testosterone in the six intestinal segments by immunofluorescence
histochemistry; and 4) determined steroid levels in feces from males and females of various ages by radio-
immunoassay to examine a correlation between steroid levels and age or sex. In prepared intestinal tis-
sues, testosterone was converted into androstenedione, 5

 

α

 

-dihydrotestosterone, and an unidentified
substance; all of these steroids were detected in all segments of the intestinal tissues and contents by
radioimmunoassay. Immunofluorescence showed that testosterone was located in all segments of intesti-
nal epithelia. Androstenedione, testosterone, 5

 

α

 

-dihydrotestosterone, and the unidentified substance were
also detected in feces, and their levels were not affected by the age or sex of the animal. The present
findings in cynomolgus monkeys led us to conclude that 1) steroids were synthesized in the intestines; 2)
intestinal steroids were released from the six intestinal tissues to the intestinal cavities and excreted out-
side the body with feces; and 3) intestinal steroids were released irrespective of age or sex of the animal.
Intestinal steroids seem to be paracrine or exocrine agents and to have different characteristics from clas-
sical serum steroids.
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INTRODUCTION

 

Steroid hormones are generally released from ste-
roidogenic glands, such as the gonad and adrenal (Ojeda
and Griffin, 1996). When the steroids reach specific organs
in the body, steroid-converting enzymes play a crucial role
in converting the steroids to active or inactive derivatives.
For instance, 5

 

α

 

-reductase type 1 and/or type 2, which cat-
alyze the synthesis of testosterone (T) to 5

 

α

 

-dihydrotes-
tosterone (5

 

α

 

-DHT), are expressed in the prostate, seminal
vesicle, skin, liver, muscle, and other locations (Normington
and Russell, 1992; Russell and Wilson, 1994). In addition,
17

 

β

 

-hydroxysteroid dehydrogenase (17

 

β

 

-HSD) type 2,

which catalyzes the synthesis of T to androstenedione or
estradiol (E2) to estrone (Wu 

 

et al.

 

, 1993), is expressed in
the endometrium, placenta, and liver (Andersson, 1995).

On the other hand, current research has established
that the brain, which is traditionally considered a target site
for steroid hormones, synthesizes steroids 

 

de novo

 

 from
cholesterol (Baulieu, 1997; Tsutsui 

 

et al.

 

, 2000). Thus, it is
possible that steroids are also synthesized 

 

de novo

 

 from
cholesterol and released from organs other than the classi-
cal steroidogenic glands.

In the gastrointestinal tract, which is not a classical ste-
roidogenic organ, the synthesis of some steroids, e.g., T
from progesterone, E2 from androstenedione, and estrone
from E2, has been reported in rats (Dalla Valle 

 

et al.

 

, 1992;
Le Goascogne 

 

et al.

 

, 1995; Ueyama 

 

et al.

 

, 2002) and
humans (Sano 

 

et al.

 

, 2001). Steroid hormones have also
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been detected in the feces of various primates (Matsumuro

 

et al.

 

, 1999; Miyamoto 

 

et al.

 

, 2001a, b; Yoshida 

 

et al.

 

, 2001).
Identifying the source and understanding the conversion of
these intestinal or fecal steroids in nonhuman primates may
reveal a new function of intestines. In this study, biochemical
and immunofluorescence histochemical methods were used
to examine the synthesis and release of steroids in intestinal
tissues of cynomolgus monkeys (

 

Macaca fascicularis

 

).

 

MATERIALS AND METHODS

 

Animals and samples

 

Twenty-seven cynomolgus monkeys were used in this study.
Animals were bred and kept at the Tsukuba Primate Center for
Medical Science, National Institute of Infectious Diseases (NIID),
Japan (Honjo, 1985). They were fed fruits and commercial monkey
diet (type AS, Oriental Yeast, Japan). To identify the characteristics
of steroids in intestines, we divided the study into four parts: 1) con-
version of steroids in intestinal tissues, 2) steroid levels in intestinal
tissues and contents, 3) localization of testosterone in intestinal tis-
sues, and 4) steroid levels in feces of male and female monkeys of
various ages. The profiles of the animals used in each experiment

are summarized in Table 1. 
The intestines of Subjects 1 to 5 and 11 to 15 were removed

after they were euthanized under deep anesthesia with ketamine
hydrochloride and sodium pentobarbital for other studies. In exper-
iment 1, cecum tissue of Subject 1 was used to detect T-converting-
enzyme activity. In experiment 2, cecum tissue of Subject 2 was
used to measure androstenedione levels. Intestines obtained from
Subjects 3 to 5 were separated into six segments–duodenum,
jejunum, ileum, cecum, colon and rectum–and steroid levels were
measured in tissues and contents of each segment. For comparison
of steroids found in intestine and serum, blood samples were col-
lected from Subjects 6 to 10 under anesthesia with ketamine hydro-
chloride. In experiment 3, the intestines of Subjects 11 to 15 were
separated into six segments, and T was localized by immunofluo-
rescence histochemistry. Testes were also obtained from Subjects
11 to 15 for use as a positive control (Liang 

 

et al.

 

, 1999). In exper-
iment 4, the feces of Subjects 16 to 27 were collected for measure-
ment of steroid levels.

All experiments were carried out under the guidelines for ani-
mal experimentation of the NIID.

 

Experiment 1. Conversion of steroids in intestinal tissues

 

Materials and solvents.

 

 Testosterone was obtained from Nacalai
Tesque (Japan). 5

 

β

 

-Dihydrotestosterone (5

 

β

 

-DHT) was purchased
from Steraloids (USA). [

 

3

 

H]T (101 Ci/mmol) and [

 

3

 

H]5

 

α

 

-DHT (44 Ci/

 

Table 1.

 

Characteristics of monkeys studied

Experimental use Subject no. Sex (M/F) Age (yr) Body weight (kg)

Detection of testosterone-converting enzyme activity 1 M 4.7 3.7

Measurement of androstenedione-like steroid levels in intestinal tissue 2 M 3.4 2.8

Measurement of steroid levels in intestinal tissues and contents

3 M 3.3 3.6

4 M 3.3 3.8

5 M 3.5 3.3

Measurement of steroid levels in serum

6 M 6.2 3.9

7 M 7.2 5.5

8 M 7.8 4.8

9 M 15.2 9.8

10 M 16.8 6.8

Localization of testosterone in intestinal tissues

11 M 3.4 3.0

12 M 3.5 2.6

13 M 4.2 3.4

14 M 15.0 7.2

15 M 15.1 4.9

Measurement of steroid levels in feces

16 M 1.3 1.6

17 M 1.4 1.5

18 M 2.0 2.3

19 M 10.3 5.6

20 M 10.8 6.5

21 M 10.8 5.7

22 F 1.0 1.3

23 F 1.6 1.5

24 F 2.0 2.3

25 F 10.2 3.8

26 F 10.6 3.8

27 F 10.7 2.0
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mmol) were purchased from NEN Life Science Products (USA).
[

 

3

 

H]Androstenedione (105 Ci/mmol) and [

 

14

 

C]T (56 mCi/mmol) were
obtained from Amersham Biosciences (UK).

For the parallelism test, an androstenedione enzyme-linked
immunosorbent assay (ELISA) kit (Oxford Biomedical Research,
USA) was used.

Homogenization buffer consisted of 10 mM potassium phos-
phate (pH 7.0), 150 mM potassium chloride, and 1 mM EDTA. Incu-
bation buffer consisted of 3 pmol of [

 

3

 

H]T, 6 

 

µ

 

g of T, and 25 mM
NADPH. Extraction solvent was a mixture of hexane and ether (3:2,
vol/vol).

 

Procedure.

 

 A modified method (for original method, see refs. Anders-
son and Russell, 1990; Normington and Russell, 1992 and Jakimiuk

 

et al.

 

, 1999) was used to examine the activity of T-converting
enzymes in the intestinal tissues. The cecum tissue (3.5 g) was
homogenized by a Potter-Elvejem homogenizer (B. Braun Biotech
International, Germany) in 35 ml of the ice-cold homogenization
buffer and centrifuged at 100,000 

 

×

 

 g at 4

 

°

 

C for 30 min. The result-
ing pellet was resuspended in 4 ml of homogenization buffer. The
resuspended solution (1.2 ml) was mixed with 300 

 

µ

 

l of incubation
buffer and incubated at 37

 

°

 

C for 15 or 30 min. As a control, a vehi-
cle alone was used instead of the resuspended tissue. The incubat-
ing mixtures (500 

 

µ

 

l) were added to 2.5 ml of extraction solvent.
After vigorous vortexing for 1 min, upper layers of samples were
transferred into glass tubes and then completely dried 

 

in vacuo

 

. The
dried extracts were dissolved in 200 

 

µ

 

l of 60% methanol, and 27
pmol of [

 

14

 

C]T was added as a marker. Then 100 

 

µ

 

l of each recon-
stituted sample was fractionated by reverse-phase high-perfor-
mance liquid chromatography (HPLC; TSKgel, ODS-120T; Tosoh,
Japan) using a linear gradient solvent system, from 60 to 100%
methanol (1%/min). Flow rate was 500 

 

µ

 

l/30 sec/tube, and the tem-
perature of a column was 40

 

°

 

C. The radioactivity (dpm) in each elu-
ate fraction was measured by using a liquid scintillation counter
(LSC-3500; Aloka, Japan).

To obtain a chromatogram of standard steroids to be used as

a reference, standard steroids and 

 

3

 

H-labeled standard steroids
were also fractionated by HPLC, as described above. The elution
of nonlabeled steroids was monitored at 204 nm by a combination
of UV detector (UV-8020, Tosoh) and HPLC.

 

Parallelism test.

 

 A metabolite of T was examined by the parallelism
test. The metabolite and androstenedione were diluted serially with
the buffer solution prepared with the androstenedione-ELISA kit
and then assayed. Dose-response curves of the metabolite and the
standard steroid were compared. The similarity between slopes of
both curves was determined by using the parallel line assay method
of Sakuma (Sakuma, 1964).

 

Fig. 1.

 

Typical traces showing a percentage methanol gradient
throughout chromatography and a chromatogram of steroids. The x
axis shows the tube numbers. The eluting position of [

 

3

 

H]T is stan-
dardized as tube 0. Elution of [

 

3

 

H]androstenedione (a), [

 

3

 

H]T (b),
and [

 

3

 

H]5

 

α

 

-DHT (c) was determined by measuring the radioactivity
(dpm) of each eluate fraction. Elution of 5

 

β

 

-DHT (d) was determined
by measuring the absorbance at 204 nm.

 

Fig. 2.

 

Chromatograms of T metabolites. T was incubated with prepared intestinal tissue for 15 min (A) or 30 min (B) or without tissue for 15
min (C) or 30 min (D). The x axis shows the tube numbers. The eluting position of [

 

14

 

C]T is standardized as tube 0. Insets are enlargements of
the areas enclosed by dashed lines. Eluting peaks are labeled as fractions 1 to 6 in order of eluting time. The white arrow indicates the
expected eluting position of androstenedione, and the black arrow indicates the expected eluting position of 5

 

α

 

-DHT.
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Experiment 2. Steroid levels in intestinal tissues and contents

 

Materials and solvents.

 

 For measurement of steroid levels, two
commercial kits were used: a T radioimmunoassay (RIA) kit (Tes-
tosterone ‘Eiken’, Eiken Chemical, Japan) and an androstenedione-
ELISA kit. The manufacturers of each kit reported that the antibody
used in the T-RIA was cross-reactive to 5

 

α

 

-DHT in 36.6%; to 5

 

α

 

-
androstanediol, androstenedione, androsterone, and progesterone
in less than 3%; and to E2, 17

 

α

 

-hydroxy-progesterone, deoxycorti-
sol, dehydroepiandrosterone, estrone, estriol, and cortisol in less
than 0.01% and that the antibody used in the androstenedione-
ELISA was cross-reactive to estrone in 1.5% and to pregnenolone,
deoxycorticosterone, estrone-3-sulfate, E2, hydrocortisone, pred-
nisolone, and estriol in less than 0.2%. In addition, we confirmed
that the latter antibody was also cross-reactive to 5

 

α

 

-DHT. LH-20
solvent was a mixture of benzene and methanol (85:15, vol/vol).

 

Extraction and fractionation of steroids in intestinal tissues.

 

 Extrac-
tion solvent (20 ml) was added to 2.0 g of minced intestinal tissues.
Samples were gently shaken and kept at room temperature over-
night. The upper layers of samples were transferred into glass
tubes and then completely dried 

 

in vacuo

 

. 
The dried extracts were dissolved in 300 

 

µ

 

l of LH-20 solvent,
and 300 fmol of [

 

3

 

H]T was added. These reconstituted samples
were gel filtrated on a 0.7 

 

×

 

 20-cm column of Sephadex LH-20
(Amersham Biosciences) at a flow rate of 500 

 

µ

 

l/90 sec/tube. Then
the radioactivity in each eluate fraction was measured with a liquid
scintillation counter. Fractions containing radioactivity were mixed
together and dried completely 

 

in vacuo

 

. After gel filtration, the dried
extracts were redissolved in 200 

 

µ

 

l of 60% methanol, and 700 fmol
of [

 

3

 

H]5

 

α

 

-DHT was applied. Then 100 

 

µ

 

l of the reconstituted sam-
ples were fractionated by HPLC, as described above. The radioac-
tivity in each eluate fraction was measured with a liquid scintillation
counter, and 250 

 

µ

 

l of eluate was collected from each tube and
completely dried 

 

in vacuo

 

.

 

Measurement of T-like steroid levels.

 

 After fractionation by HPLC,
the dried extracts were redissolved in 300 

 

µ

 

l of the buffer solution
prepared with the T-RIA kit and then assayed.

 

Measurement of androstenedione-like steroid levels.

 

 After fraction-
ation by HPLC, the dried extracts were redissolved in 500 

 

µ

 

l of the
buffer solution prepared with the androstenedione-ELISA kit and
then assayed.

 

Examination of steroids in intestinal contents.

 

 Intestinal contents
from six segments were freeze-dried, and extraction solvent was
added to 50 to 500 mg of dried intestinal contents at a concentra-
tion of 4–10 ml/100 mg. Samples were gently shaken and then kept
at room temperature for 1 hr. Upper layers were transferred into
glass tubes and then completely dried 

 

in vacuo

 

. HPLC fractionation
and steroid assays were the same as those for intestinal tissues.

 

Examination of steroids in serum.

 

 The serum samples from Sub-
jects 6 to 10 were mixed together, and 5 ml of extraction solvent
was added to 1 ml of the serum mixture. After vigorous vortexing
for 1 min, an upper layer of sample was transferred into a glass
tube and then completely dried 

 

in vacuo

 

. HPLC fractionation and
steroid assays were the same as those used for intestinal tissues.

 

Recovery test.

 

 [

 

3

 

H]T (1 pmol) was applied to 1 to 2 g of minced
intestinal tissues, and [

 

3

 

H]T (300 fmol) was applied to 200 to 600
mg of dried intestinal contents. After 1 hr of incubation, 20 ml of
extraction solvent was added, and samples were gently shaken and
kept overnight or for 1 hr, as described above. The radioactivity in
the upper layer of each sample was measured with a liquid scintil-
lation counter.

 

Parallelism test

 

. Substances detected by T-RIA or androstenedione-
ELISA were examined by the parallelism test. Serially diluted sub-
stances and standard steroids of androstenedione, T, 5

 

α

 

-DHT, and
5

 

β

 

-DHT were assayed with each kit. The similarity between slopes of
both dose-response curves was determined as described above.

 

Experiment 3. Localization of testosterone in intestinal tissues

 

Materials and solvents

 

. Rabbit anti-T antiserum (anti-T) was
obtained from Biogenesis (UK). Biotinylated goat anti-rabbit immu-
noglobulins and fluorescein isothiocyanate-conjugated streptavidin

 

Fig. 3.

 

Chromatograms of steroids detected by T-RIA (A) or
androstenedione-ELISA (B) in the intestinal tissue (the cecum) from
Subject 3 (A) and Subject 2 (B). Amounts of steroids were con-
verted to relative amounts derived from 1 g of tissue. The x axis
shows the tube numbers. The eluting position of [

 

3

 

H]T is standard-
ized as tube 0. The black arrow shows the eluting position of 5

 

α

 

-
DHT, and the white arrow shows the expected eluting position of
androstenedione; the triangle shows the expected eluting position of
the substance in fraction 5.

 

Fig. 4.

 

Chromatogram of steroids detected by T-RIA in the serum
mixture collected from five male monkeys. The x axis and symbols
are the same as those described in the legend to Fig. 3.
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were from Dako Cytomation (Denmark).
Dilution buffer consisted of 10 mM phosphate-buffered saline

(PBS; pH 7.2) with 15 

 

µ

 

g/ml of collagen type I (Wako Pure Chem-
ical Industries, Japan), 15 

 

µ

 

g/ml of collagen type III (Wako Pure
Chemical Industries), and 1.5% bovine serum albumin (albumin,
bovine fraction V powder; Sigma, USA). Ten millimolar citrate buffer
(pH 6.0) was used in pretreatment.

 

Procedure

 

. Six segments of intestinal tissues and testes were fixed
in Bouin’s solution for 4 to 5 hr and embedded in paraffin wax,
according to the method of Liang 

 

et al

 

. (2000). Anti-T was diluted
at 1:2 in the dilution buffer and then kept at 4

 

°

 

C overnight.
Deparaffinized 2-

 

µ

 

m-thick sections were pretreated by micro-
wave for 15 min in citrate buffer before the first antiserum incuba-
tion. The sections were incubated with anti-T at 4

 

°

 

C overnight and
then incubated with the anti-rabbit immunoglobulins (diluted 1:500)
at room temperature for 30 min. Sections were further incubated
with fluorescein isothiocyanate-conjugated streptavidin (diluted
1:200) at room temperature for 30 min. A negative control was pre-
pared in adjacent sections by incubation with normal rabbit serum
(diluted 1:500) instead of anti-T.

 

Experiment 4. Steroid levels in feces of male and female mon-
keys of various ages

 

Procedure

 

. Twenty milliliters of extraction solvent was added to 500
mg of freeze-dried feces. Extraction, fractionation, and steroid
assays were the same as those used for intestinal contents.

 

Recovery test

 

. The recovery of [

 

3

 

H]T from dried feces was investi-
gated by the same method as that for dried intestinal contents.

 

RESULTS

Recovery

 

Recovery of [

 

3

 

H]T in samples incubated with extraction
solvent was 74.1

 

±

 

7.3% (mean

 

±

 

SD) for intestinal tissues,
90.6

 

±

 

11.2% for intestinal contents, and 64.3

 

±

 

17.8% for
feces.

 

Fractionation by HPLC

 

Figure 1 shows typical traces of a percentage methanol
gradient throughout HPLC and a chromatogram of the ste-
roids. The eluting position of T was standardized as tube 0.
The eluting positions of androstenedione, 5

 

α

 

-DHT, and 5

 

β

 

-
DHT were tubes –6, 12, and 13, respectively.

Activity of T-converting enzymes
Figure 2A and B shows chromatograms of metabolites

derived from T in prepared intestinal tissue at different incu-
bation times. After 15 min of incubation, six eluting peaks
were detected; they are labeled as fractions 1 to 6 in order
of eluting time (Fig. 2A). After 30 min of incubation, the
amount of substances in fractions 1, 3, 4, and 5 increased,
whereas no substance was detected in fractions 2 and 6

Fig. 5. Chromatograms of steroids in six segments (A, duodenum; B, jejunum; C, ileum; D, cecum; E, colon; and F, rectum) of the intestinal
tissues and contents obtained from three monkeys. Amounts of steroids measured by T-RIA were converted to relative amounts derived from
1 g of tissues or dried contents. The x axis and symbols are the same as those described in the legend to Fig. 3. Numbers above certain plots
show the value of data points that extend beyond the y-axis scale. 
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(Fig. 2B). The substance in fraction 1 had the highest peak,
and its eluting position coincided with that of androstenedi-
one. In the parallelism test, the dose-response curve pre-
pared from the substance in fraction 1 was parallel to that
from androstenedione (P>0.05). The eluting position of the
substance in fraction 2 coincided with that of T, and the elut-
ing position of the substance in fraction 4 coincided with that
of 5α-DHT. The eluting positions of the substances in frac-
tions 3, 5, and 6 were in tubes 10, 17, and 32, respectively.
No metabolite was detected in the control incubation (Fig.
2C and D).

Steroids in intestinal tissue detected by T-RIA
A number of T-like substances were detected in the

cecum (Fig. 3A). According to chromatograms, the largest
amount of substance was found at the eluting position that
coincided with fraction 2 (see Fig. 2). A parallelism test ver-
ified that the dose-response curve prepared from the sub-
stance in fraction 2 was parallel to that from T (P>0.05). The
second largest amount of substance was detected at the
eluting position that coincided with fraction 4 (see Fig. 2). A
parallelism test verified that the dose-response curve pre-
pared from this substance was parallel to that from 5α-DHT
(P>0.05) but not to that from 5β-DHT (P < 0.05). Peaks were
also detected in the eluting positions of fractions 1 and 5 but
not in those of fractions 3 and 6 (see Fig. 2).

Steroids in intestinal tissue, detected by androstenedi-
one-ELISA

Some androstenedione-like substances were detected
in the cecum (Fig. 3B). A low peak was detected in the
eluting position of fraction 1 (see Fig. 2). A parallelism test
verified that the dose-response curve prepared from the
substance in fraction 1 was parallel to that from androstene-
dione (P>0.05). A high peak was detected in the eluting
position of fraction 4 (see Fig. 2). A parallelism test verified
that the dose-response curve prepared from this substance
was parallel to that from 5α-DHT (P>0.05). A peak was also
detected in the eluting position of fraction 5 but not fractions
2, 3, and 6 (see Fig. 2).

Steroids in serum, detected by T-RIA
The eluting position of the most abundant T-like sub-

stance (Fig. 4) coincided with that of fraction 2 (see Fig. 2).
A small amount of substance was detected in the position
of fraction 4 (see Fig. 2), but no substance was found in the
positions of fractions 1, 3, 5, or 6 (see Fig. 2).

Distribution of steroids in six segments of intestinal tis-
sues and their contents

T-like substances were detected in all six segments of

intestinal tissues and contents. The eluting positions of T-
like substances (Fig. 5) coincided with those of fractions 1,
2, 4, and 5 (see Fig. 2). Of the three monkeys used in this
experiment (Subjects 3, 4, and 5), the largest amount of
substance was found in the tissue and contents of Subject
3. In the six separate intestinal segments from three mon-
keys, there was a similarity in the distribution of a substance
whose eluting position coincided with that of fraction 2 (see
Fig. 2). The largest amount of substance was found in the
intestinal tissues and contents of the ceca, and the next
largest amount of substance was detected in adjoining
areas of the cecum, such as the ileum and the colon, except

Fig. 7. Chromatograms of steroids in the feces of immature males
(1 to 2 years of age) (A), mature males (10 years of age) (B), imma-
ture females (1 to 2 years of age) (C), and mature females (10 years
of age) (D). Amounts of steroids measured by T-RIA were con-
verted to relative amounts derived from 1 g of dried feces. The x
axis and symbols are the same as those described in the legend to
Fig. 3. Numbers above certain plots show the value of data points
that extend beyond the y-axis scale.

Fig. 6. Immunofluorescence histochemical stains of T in six segments of the intestinal tissues (A, duodenum; B, jejunum; C, ileum; D, cecum;
E, colon; and F, rectum). Typical results, obtained from Subject 13, are shown (magnification, × 400). The left column shows sections stained
with hematoxylin and eosin (A-i to F-i); the middle column shows sections stained with anti-T antiserum (A-ii to F-ii); and the right column
shows sections of the negative control with normal rabbit serum (A-iii to F-iii). Bar, 200 µm.
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in the intestinal contents from Subject 5. A similar tendency
was seen in the distribution of other substances.

Localization of testosterone, identified by immunofluo-
rescence histochemistry

Six segments of intestinal tissues were collected from
precise regions that showed no histopathologic changes
(Fig. 6A-i to F-i). In all six segments, epithelia were stained
with anti-T. In the duodenum, the glandular cells of duodenal
glands were stained (Fig. 6A-ii). In the jejunum and ileum,
the glandular cells at the basement of intestinal crypts were
stained (Fig. 6B-ii and C-ii). In the cecum, colon, and rec-
tum, the glandular cells at the intestinal crypts and the gob-
let cells distributed over the mucous membrane were
stained (Fig. 6D-ii to F-ii). These positive cells, found in all
six segments, showed granular cytoplasm. Distribution of
anti-T staining in the intestines did not differ among animals
of different ages, although Liang et al. (1999) have shown
that the reactivity against T in the testes changes during
development.

Steroid levels in feces, measured by T-RIA
T-like substances were detected in the feces of all 12

monkeys used in this experiment. According to chromato-
grams, the eluting positions of T-like substances (Fig. 7)
coincided with those of fractions 1, 2, 4, and 5 (see Fig. 2).
The amount of these substances was different in each ani-
mal. No relation was found between the amount of T-like
substances and the age or sex of the animal.

DISCUSSION

This is the first study to document the synthesis and
release of steroids in the intestinal tissues of immature and
mature cynomolgus monkeys. Since biochemical assays of
steroids in intestinal tissues have not been well established,
we identified intestinal steroids based on the eluting posi-
tions revealed by HPLC and the affinity of steroids to anti-
bodies estimated by the parallelism between dose-response
curves. We concluded that the substance detected in frac-
tion 1 was androstenedione, and the substance detected in
fraction 2 was T. DHT contains two kinds of isomers–5α-
DHT, which is a more potent androgen than T (Dorfman and
Kincl, 1963), and 5β-DHT, which is an inactive androgen
(Segaloff and Gabbard, 1962). Although the eluting posi-
tions of these two DHTs were close, the affinity to antibodies
revealed that the substance detected in fraction 4 was 5α-
DHT. The antibodies used in the T-RIA and androstenedi-
one-ELISA were also cross-reactive to the substance
detected in fraction 5, however, this substance was not iden-
tified yet.

To determine whether the steroids were synthesized in
the intestinal tissues, we incubated the prepared intestinal
tissues with [3H]T in vitro. We used cecum tissue because
the cecum has fewer digestive enzymes that might interfere
with the reactions catalyzed by T-converting enzymes, and

because it has a thinner muscle layer that is easy to homog-
enize. The results suggested that the steroids in intestinal
tissues of cynomolgus monkeys were metabolized with cer-
tain steroidogenic enzymes, such as 17β-HSD type 2 and
5α-reductase. Sano et al. (2001) reported the expression
and activity of 17β-HSD type 2 in the human gastrointestinal
tract, and Normington and Russell (1992) reported the
expression of transcripts of 5α-reductase in the rat intestine.
Furthermore, in the rat gastrointestinal tract, the enzyme
activities of cytochrome P450 17α-hydroxylase/17, 20-lyase,
17β-hydroxysteroid oxidoreductase, cytochrome P450
aromatase and 3β-hydroxysteroid dehydrogenase were
reported (Dalla Valle et al., 1992; Le Goascogne et al.,
1995; Ueyama et al., 2002). Thus, intestinal tissues of cyno-
molgus monkeys may also have more enzymes as well as
17β-HSD type 2 and 5α-reductase and use steroid which is
different from T as the first precursor for successive steps. 

To determine if these steroids were also synthesized in
vivo, we examined steroids in the cecum tissues by T-RIA
and androstenedione-ELISA and compared them with the
steroids in serum detected by T-RIA. In this experiment, we
used a mixture of serum samples (i.e., samples from five
monkeys combined into a single mixture) to determine the
average relative concentrations of serum steroids. Previous
studies (Bercu et al., 1983; Plant and Dubey, 1984) reported
that the secretion of T shows a pulsatile pattern and that
serum T concentrations fluctuate for several hours. On the
other hand, temporal changes in serum 5α-DHT concentra-
tions have not been reported. Steroids detected in the
cecum tissues were different from those detected in serum,
and therefore our results suggest that steroids were also
synthesized in vivo. In the incubation with the intestinal tis-
sue preparation, a great portion of T was converted into
androstenedione, and T hardly remained after 30 minutes.
Neverthless only a small amount of androstenedione and a
large amount of T were detected in intestinal tissues. Thus,
we supposed that androstenedione synthesized excessively
was an artifact produced under in vitro experiment condi-
tions. Sano et al. (2001) suggested that 17β-HSD type 2 in
the gastrointestinal tract might take part in the inactivation of
excessive endogenous and exogenous active sex steroids.
We observed both the conversion from T to androstenedi-
one that was involved in biological inactivation and the con-
version from T to 5α-DHT that was involved in biological
activation. Therefore, we propose that the enzymes
expressed in the intestine might act cooperatively to regu-
late biological activity of the steroids in the intestine itself.
Between T-RIA and androstenedione-ELISA, we judged T-
RIA to be the more useful assay for this study, because it
detected more intestinal steroids (androstenedione, T, 5α-
DHT, and the unidentified substance detected in fraction 5)
by cross-reactivity of the antibody used.

To determine if these steroids were also synthesized in
other segments and released into the intestinal cavities, we
examined steroids in the tissues and contents of six intesti-
nal segments by T-RIA. The results suggest that steroids
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detected in the intestinal contents were released from the
intestinal tissues of the six segments. We then localized T
in the six segments by using immunofluorescence. Immuno-
histochemical demonstration of the steroids still left plenty of
room for dispute. For example, fixatives such as formalde-
hyde solution and Bouin’s solution are not able to fix with
certainty the steroids themselves in the cells or tissues for
immunochemical reaction. However, according to Kawaoi et
al. (1978), if the enzymes that localize in the microsomal or
mitochondrial fraction and catalyze the biosynthesis of the
steroids are properly fixed, the steroids bound to these
enzymes could be indirectly stabilized in the cells. Indeed,
many researchers have localized steroids in paraffin-
embedded fixed tissues by using immunohistochemistry
(Dornhorst and Gann, 1978; Kurman et al., 1979; Wong et
al., 1984; Dobashi et al., 1985; Peute et al., 1989; Regadera
et al., 1991; Liang et al., 1999, 2000). The present observa-
tions of steroids localized in the epithelia of all six intestinal
segments are compatible with the results from T-RIA. This
result is also consistent with the reports demonstrating the
existence of steroidogenic enzymes in the gastrointestinal
tract in rats (Dalla Valle et al., 1992; Le Goascogne et al.,
1995; Ueyama et al., 2002) and humans (Sano et al., 2001)
by biochemical and immunohistochemical means. Steroids
have been generally considered to be secreted as endo-
crine agents from steroidogenic cells to blood (Ojeda and
Griffin, 1996). However, our demonstration of steroids in the
intestinal cavities suggests the possibility that intestinal ste-
roids can also function as exocrine agents.

T and 5α-DHT are major androgens. The T concentra-
tions in serum correlate with age and sex (Steiner and
Bremner, 1981; Westfahl et al., 1984; Meusy-Dessolle and
Dang, 1985; Yoshida, 1990). Thus, to determine if concen-
trations of these steroids in the intestine also correlate with
age and sex, we measured concentrations of T and 5α-DHT
in the feces of 12 immature and mature monkeys of both
sexes. Cynomolgus monkeys are immature at 1 to 2 years
of age and mature at 10 years of age (Steiner and Bremner,
1981; Meusy-Dessolle and Dang, 1985; Yoshida, 1990). In
our study, steroids were detected in the feces of both imma-
ture and mature monkeys of both sexes, and their levels
were not affected by the age or sex of animal. Furthermore,
immunofluorescence showed that the distribution of T in the
intestines did not differ with age in male monkeys. Thus, the
characteristics of steroids released in the intestines seem to
be different from those found in serum.

Although the specific function of intestinal steroids is still
not known, some effects of T in the intestines have been
reported, such as the following: 1) T treatment induces
increased uptake and concentrations of 1,25-dihydroxy vita-
min D3 in intestines (Otremski et al., 1997); 2) T enhances
cell proliferation in the epithelia of small intestines (Carriere,
1966; Wright and Morley, 1971; Wright et al., 1972; Tutton
and Barkla, 1982); and 3) T is an important factor for deter-
mining susceptibility of small intestines to Toxoplasma gondii
infection (Liesenfeld et al., 2001). For these effects, the

source of the steroid in intestines is considered to be ste-
roidogenic organs, such as gonads and adrenals, whereas
our study demonstrates the synthesis of steroids in the intes-
tinal tissues themselves. Most of the released steroids were
excreted outside the body as feces without being converted,
although various conversions are accomplished in the intes-
tine by enzymes produced by the digestive system of the host
animal or microbes (Stevens, 1988). Thus, the intestinal ste-
roids seem to have different aspect from classical serum ste-
roids, e.g., in their effects as pheromones in humans (Cowley
and Brooksbank, 1991; Grosser et al., 2000).

In conclusion, we have shown that intestinal steroids in
cynomolgus monkeys are synthesized in the intestinal tissues
themselves. Released steroids were detected not only in
intestinal cavities but also in feces. These results suggest the
possibility that intestinal steroids are paracrine or exocrine
agents. Therefore, further study should focus on whether there
is a steroid receptor in the intestinal tissues. Some studies
(Labrie, 1991; Baulieu, 1997; Tsutsui et al., 2000) have
revealed new functions of steroids, such as neurosteroids,
from organs other than classical steroidogenic organs. Our
findings contribute to these new research directions.

ACKNOWLEDGMENTS

We are grateful to the staff of the National Institute of Infectious
Disease and of the Corporation for Production and Research of
Laboratory Primates for their kind cooperation in the collection of
samples. We are also indebted to Dr. T. Enomoto and Dr. H. Hana-
moto in the Department of Morphology, Tokai University School of
Medicine, for their valuable suggestions about the method of immu-
nostaining, and to Dr. K. Takahashi and his students in the Depart-
ment of Veterinary Pathology, Nippon Veterinary and Animal Sci-
ence University, for their kind cooperation.

REFERENCES

Andersson S, Russell DW (1990) Structural and biochemical prop-
erties of cloned and expressed human and rat steroid 5α-
reductases. Proc Natl Acad Sci USA 87: 3640–3644

Andersson S (1995) 17β-Hydroxysteroid dehydrogenase: isozymes
and mutations. J Endocrinol 146: 197–200

Baulieu EE (1997) Neurosteroids: of the nervous system, by the
nervous system, for the nervous system. Recent Prog Horm
Res 52: 1–32

Bercu BB, Lee BC, Pineda JL, Spiliotis BE, Denman III DW, Hoff-
man HJ, Brown TJ, Sachs HC (1983) Male sexual development
in the monkey. I. cross-sectional analysis of pulsatile hypotha-
lamic-pituitary testicular function. J Clin Endocrinol Metab 56:
1214–1226

Carriere RM (1966) The influence of thyroid and testicular hor-
mones on the epithelium of crypts of Lieberkuhn in the rats’
intestine. Anat Rec 156: 423–431

Cowley JJ, Brooksbank BWL (1991) Human exposure to putative
pheromones and changes in aspects of social behaviour. J Ste-
roid Biochem Mol Biol 39: 647–659

Dalla Valle L, Belvedere P, Simontacchi C, Colombo L (1992)
Extraglandular hormonal steroidogenesis in aged rats. J Ste-
roid Biochem Mol Biol 43: 1095–1098

Dobashi K, Ajika K, Kambegawa A, Arai K (1985) Localization and
distribution of unconjugated steroid hormones in normal pla-
centa at term. Placenta 6: 445–454

Downloaded From: https://bioone.org/journals/Zoological-Science on 21 Jun 2024
Terms of Use: https://bioone.org/terms-of-use



S. Miyamoto et al.648

Dorfman RI, Kincl FA (1963) Relative potency of various steroids in
an anabolic-androgenic assay using the castrated rat. Endocri-
nology 72: 259–266

Dornhorst A, Gann DS (1978) Immunoperoxidase stains cortisol in
adrenal and pituitary. J Histochem Cytochem 26: 909–913

Grosser BI, Monti-Bloch L, Jennings-White C, Berliner DL (2000)
Behavioral and electrophysiological effects of androstadienone,
a human pheromone. Psychoneuroendocrinology 25: 289–299

Honjo S (1985) The Japanese Tsukuba Primate Center for Medical
Science (TPC): an outline. J Med Primatol 14: 75–89

Jakimiuk AJ, Weitsman SR, Magoffin DA (1999) 5α-reductase activ-
ity in women with polycystic ovary syndrome. J Clin Endocrinol
Metab 84: 2414–2418

Kawaoi A, Uchida T, Okano T, Matsumoto K, Shikata T (1978)
Immunocytochemical localization of progesterone in the mouse
adrenocortical adenoma cells (Y-1). Acta Histochem Cytochem
11: 1–12

Kurman RJ, Goebelsmann U, Taylor CR (1979) Steroid localization
in granulosa-theca tumors of the ovary. Cancer 43: 2377–2384

Labrie F (1991) Intracrinology. Mol Cell Endocrinol 78: C113–C118
Le Goascogne C, Sananès N, Eychenne B, Gouézou M, Baulieu

EE, Robel P (1995) Androgen biosynthesis in the stomach:
expression of cytochrome P450 17α-hydroxylase/17,20-lyase
messenger ribonucleic acid and protein, and metabolism of
pregnenolone and progesterone by parietal cells of the rat gas-
tric mucosa. Endocrinology 136: 1744–1752

Liang JH, Sankai T, Yoshida T, Cho F, Yoshikawa Y (1999) Local-
ization of immunoreactive testosterone and 3β-hydroxysteroid
dehydrogenase/∆5–∆4 isomerase in cynomolgus monkey
(Macaca fascicularis) testes during postnatal development. J
Med Primatol. 28: 62–66

Liang JH, Sankai T, Yoshida T, Yoshikawa Y (2000) Comparison of
the effects of two fixatives for immunolocalization of testoster-
one in the testes of the cynomolgus monkey, mouse and rat.
Exp Anim 49: 301–304

Liesenfeld O, Nguyen TA, Pharke C, Suzuki Y (2001) Importance of
gender and sex hormones in regulation of susceptibility of the
small intestine to peroral infection with Toxoplasma gondii tis-
sue cysts. J Parasitol 87: 1491–1493

Matsumuro M, Sankai T, Cho F, Yoshikawa Y, Yoshida T (1999) A
two-step extraction method to measure fecal steroid hormones
in female cynomolgus monkeys (Macaca fascicularis). Am J
Primatol 48: 291–298

Meusy-Dessolle N, Dang DC (1985) Plasma concentrations of tes-
tosterone, dihydrotestosterone, ∆4-androstenedione, dehydro-
epiandrosterone and oestradiol-17β in the crab-eating monkey
(Macaca fascicularis) from birth to adulthood. J Reprod Fertil
74: 347–359

Miyamoto S, Chen Y, Kurotori H, Sankai T, Yoshida T, Machida T
(2001a) Monitoring the reproductive status of female gorillas
(Gorilla gorilla gorilla) by measuring the steroid hormones in
fecal samples. Primates 42: 291–299

Miyamoto S, Tomoguri T, Tanoue T, Sankai T, Machida T, Yoshida
T (2001b) Fecal sex steroid hormones in chimpanzees (Pan
troglodytes): age-related changes and fluctuations during men-
strual cycles. J Growth 40: 7–16

Normington K, Russell DW (1992) Tissue distribution and kinetic
characteristics of rat steroid 5α-reductase isozymes. J Boil
Chem 267: 19548–19554

Ojeda SR, Griffin JE (1996) Organization of the endocrine system.
In “Textbook of endocrine physiology third ed” Ed by JE Griffin,
SR Ojeda, Oxford University press, New York, pp 3–17

Otremski I, Lev-Ran M, Salama R, Edelstein S (1997) The metabo-
lism of vitamin D3 in response to testosterone. Calcif Tissue Int
60: 485–487

Peute J, Schulz R, Glazenburg K, Lambert JGD, Blüm V (1989)
Pituitary steroids in two teleost species: immunohistological
and biochemical studies. Gen Comp Endocrinol 76: 63–72

Plant TM, Dubey AK (1984) Evidence from the rhesus monkey
(Macaca mulatta) for the view that negative feedback control of
luteinizing hormone secretion by the testis is mediated by a
deceleration of hypothalamic gonadotropin-releasing hormone
pulse frequency. Endocrinology 115: 2145–2153

Regadera J, Codesal J, Paniagua R, Gonzalez-Peramato P, Nistal
M (1991) Immunohistochemical and quantitative study of inter-
stitial and intratubular leydig cells in normal men, cryptorchid-
ism, and Klinefelter’s syndrome. J Pathol 164: 299–306

Russell DW, Wilson JD (1994) Steroid 5α-reductase: two genes/two
enzymes. Annu Rev Biochem 63: 25–61

Sakuma A (1964) Bioassay-design and analysis. University of
Tokyo press, Tokyo, pp 180–210 (in Japanese)

Sano T, Hirasawa G, Takeyama J, Darnel AD, Suzuki T, Moriya T,
Kato K, Sekine H, Ohara S, Segaloff A, Gabbard RB (1962) Ste-
roid structure and androgenicity. Endocrinology 71: 949–959

Shimosegawa T, Nakamura J, Yoshihama M, Harada N, Sasano H
(2001) 17β-Hydroxysteroid dehydrogenase type 2 expression
and enzyme activity in the human gastrointestinal tract. Clin Sci
(Lond) 101: 485–491

Steiner RA, Bremner WJ (1981) Endocrine correlates of sexual
development in the male monkey, Macaca fascicularis. Endo-
crinology 109: 914–919

Stevens CE (1988) Comparative physiology of the vertebrate diges-
tive system. Cambridge University press, New York, pp 125–158

Tsutsui K, Ukena K, Usui M, Sakamoto H, Takase M (2000) Novel
brain function: biosynthesis and actions of neurosteroids in
neurons. Neurosci Res 36: 261–273

Tutton PJM, Barkla DH (1982) The influence of androgens, anti-
androgens, and castration on cell proliferation in the jejunal and
colonic crypt epithelia, and in dimetylhydrazine-induced adeno-
carcinoma of rat colon. Virchows Arch 38: 351–355

Ueyama T, Shirasawa N, Numazawa M, Yamada K, Shelangouski
M, Ito T, Tsuruo Y (2002) Gastric parietal cells: potent endo-
crine role in secreting estrogen as a possible regulator of gas-
tro-hepatic axis. Endocrinology 143: 3162–3170

Westfahl PK, Stadelman HL, Horton LE, Resko JA (1984) Experi-
mental induction of estradiol positive feedback in intact male
monkeys: absence of inhibition by physiologic concentrations of
testosterone. Biol Reprod 31: 856–862

Wong LYM, Chan SH, Oon CJ, Rauff A (1984) Immunocytochemi-
cal localization of testosterone in human hepatocellular carci-
noma. Histochem J 16: 687–692

Wright NA, Morley AR (1971) The effect of testosterone on the
growth fraction of the mouse small intestine. J Endocrinol 50:
351–352

Wright NA, Morley AR, Appleton D (1972) The effect of testosterone
on cell proliferation and differentiation in the small bowel. J
Endocrinol 52: 161–175

Wu L, Einstein M, Geissler WM, Chan HK, Ellinston KO, Andersson
S (1993) Expression cloning and characterization of human
17β-hydroxysteroid dehydrogenase type 2, a microsomal
enzyme possessing 20α-hydroxysteroid dehydrogenase activ-
ity. J Biol Chem 268: 12964–12969

Yoshida T (1990) Growth and development of the laboratory-bred
cynomolgus monkey (Macaca fascicularis). J Growth 29: 75–
118 (in Japanese)

Yoshida T, Matsumuro M, Miyamoto S, Muroyama Y, Tashiro Y,
Takenoshita Y, Sankai T (2001) Monitoring the reproductive
status of Japanese monkeys (Macaca fuscata) by measure-
ment of the steroid hormones in fecal samples. Primates 42:
367–373

(Received February 23, 2004 / Accepted April 21, 2004)

Downloaded From: https://bioone.org/journals/Zoological-Science on 21 Jun 2024
Terms of Use: https://bioone.org/terms-of-use


