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Chapter 1 

General introduction 

1.1 Overview of steroidogenesis  

 Steroids are fundamental hormones that control a variety wide of physiological 

processes such as metabolism, immune functions, and sexual characteristics (Bouguen et al., 

2015). All steroid hormones are derived from cholesterol by steroidogenic enzymes activities 

that convert cholesterol to steroid hormones such as pregnenolone, progesterone, testosterone 

and estrogens. This process, by which cholesterol converts to steroid hormones, is called 

steroidogenesis. Steroidogenesis takes place in classical steroidogenic organs such as gonadal 

tissues, adrenal and placenta (McNatty et al., 1979; Ueyama et al., 2004; Miller and Bose, et 

al.,  2011). Understanding steroidogenesis is rooted in an understanding of the biochemistry 

of the various steroidogenic enzymes and cofactors and the genes that encoded them (Miller 

and Auchus, et  al., 2010). In order to understand well about steroidogenesis, I described 

briefly about steroid hormones biosynthesis from cholesterol to estrogens.  

 The first step for steroid biosynthesis is transportation of cholesterol into 

mitochondrial inner membrane, which is carried out by StAR protein (Christenson and 

Strauss et al., 2000). Cholesterol is converted to pregnenolone  by P450scc; the presence of 

P450scc is essential for steroidogenic organs such as testis, ovary adrenal gland and brain to 

produce steroid hormones from cholesterol. (Schumacher et al., 2004; Tsutsui et al., 2006; 

Yamazaki et al., 2006). Pregnenolone is the main precursor of steroid hormones. 
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Pregnenolone acts as neurosteroid with pleiotropic actions in rodents that include the 

enhancement of learning and memory, neurotic outgrowth and myelination (Marx et al., 

2011). 

 Progesterone is the C21 steroid hormones, which is the substrate for androgens 

biosynthesis. In female, progesterone is predominantly produced by carpus luteum, which is 

necessary for maintaining of pregnancy. In the male, the major sites for progesterone 

biosynthesis are testicular Leydig cells and adrenal glands. At these sites, pregnenolone is 

converted to progesterone by 3β-HSD (Lynn and Brown, 1958; Graham and Clarke, 1997; 

Oettel and Mukhopadhyay, et al., 2004). Not only, progesterone has numerous physiological 

roles in reproductive system, but also in non-productive system, for example, progesterone 

regulates neurotransmission and glial functions, such as the formation of myelin (Baulieu et 

al., 1996). 

 Testosterone is mainly produced by Leydig cells of testis, and secreted into 

circulation. In fact, testis is counted on the major source of circulating testosterone, and 

castration lead to decrement of circulating testosterone in the male goats (Araki et al., 2000; 

Simpson et al., 2000). Progesterone is converted to androstenedione and testosterone by 

CYP17A1 and 17β-HSD3, respectively (Miller, et al., 1988). In the male, testosterone has 

crucial functions such as germ cell development, male sexual differentiation and development 

of accessory sex organs (Payne and Youngblood, 1995). Additionally, testosterone can be 

thought of as being prohormone for estrogen biosynthesis at extragonadal tissues such as 

bone, adipose tissues unable to produce C19 precursors (Simpson, 2003).   

 Historically, males make androgens whereas females make estrogens and play 

important role in generating and maintaining sexual phenotypes in mammals. Traditional 



 

 

3 

 

endocrinology has assumed that, in the male, estrogens are synthetized by testicular Leydig 

cells and Sertoli cells and circulate in bloodstream, and act throughout the body at sites where 

ERs are expressed. Estrogens evoke their functions through their receptors, which are 

expressed in reproductive tissues and non-reproductive tissues. For examples, estrogens are 

involved in Leydig cells development and functions, in the regulation of fluid resorption from 

the efferent ductus and fertility are well established (Hess et al., 2001). The presence of 

widespread ERs in non-reproductive tissues of the male such as, brain, liver, bone, GI tract, 

skin and adipose tissues, suggested that estrogens are involved in cellular functions at these 

sites. In the bone, estrogens play important role in growth of long bone, their mineralization, 

inhibition of bone resorption and epiphyseal closure. In the brain, estrogen exerts their action 

such as brain masculinization and differentiation in a various regions of brain through ERα 

and ERβ. It has been postulated that estrogens link to programming/modulation of immune 

cells function through their receptors in thymus. In the case of cardiovascular system, 

estrogens had multiple actions on vascular smooth muscle and endothelium to promote 

vasodilatory and cardioprotective changes. Thus, estrogen thought to be essential for 

homeostasis in the males (Sharpe, 1998). 

  In the case of males, it has been estimated testes can account 15% of circulating 

estrogens whereas extragonadal tissue can count for the rest of circulating estrogen. 

Extragonadal tissues such as adipose tissues, liver, stomach, bone, brain are able to aromatize 

androstenedione and testosterone. Androstenedione and testosterone are converted to estrone 

and estradiol by cytochrome P450aromatase (aromatase; CYP19A1 gene), respectively 

(Simpson and Davis, 2001). Gonadal tissues are capable of utilizing cholesterol as primary 

substrate for steroidogenesis. Unlike gonadal tissue, extragonadal tissues such as and bone do 

not contain a full complement of steroidogenic enzymes and thus are dependent for substrate 
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for aromatase activity on circulating C19steroids (Nelson et al, 2001; Simpson et al., 2000 ). 

Aromatase expression is tissue specific, and regulated by distinct promotors. For instance, in 

ovary and testis, aromatase expression is under control of promotor II, which can be activated 

or inhibited by various hormones. In These organs, LH mediates its functions in the target 

tissues by binding to LHR, resulting in increased in intracellular cAMP concentrations. The 

cAMP phosphorylates target proteins and activates gene transcription by binding to cAMP 

responsive elements present on the promoters of several genes, including aromatase. In 

addition, androgens are also strong modulators of aromatase in Leydig cells and granulosa 

cells (Nelson and Bulun, 2001; Shayu and Rao, 2006).  Increasing body of evidence 

suggested that in adipose tissues, aromatase expression is controlled by promoter I.4, which is 

regulated by cytokines and glucocorticoids (Mahendroo et al., 1993).  

1.2 Overview of gastrointestinal tract steroidogenesis  

 The first report, Della Valle et al.,( 1995 ) showed the presence of cytochrome 

CYP17A1  in both mRNA and protein levels in stomach and duodenum was identical to that 

reported for the rat testes CYP17A1(Bouguen et al., 2005). This finding suggested that GI 

tract is counted for steroidogenesis to some extent. Studies in the rats showed stomach was 

the primary organ for estrogen biosynthesis in the GI tract (Ueyama et at., 

2002).Furthermore, Immunohistochemical results depicted that gastric parietal produced 

P450c17 (gene CYP17A1), 17β-HSD3 and aromatase. Thus, stomach produced estrogen by 

the conversion of circulating progesterone and androgens and secreted into portal vein, which 

approached to the liver (Ueyama et al., 2004).  Moreover, the studies illustrated that rat 

stomach was unable to express P450scc, 3β-HSD in the stomach. Therefore, stomach cannot 

utilize cholesterol as substrate for estrogen production (Fig. 1.1; Ueyama et al., 2004).  
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 Kobayashi et al., (2013) showed that in the rat, the onset of expression of cytochrome 

P450 aromatase mRNA and protein level started from 20 d after birth, and increased until 40 

d. Furthermore, 17β-estradiol concentrations increased in portal vein after 20 d significantly 

(Kobayashi et al., 2013b). In female rat, the onset of expression of aromatase mRNA and 

protein commenced from 20 d, and increased until 40 d. interestingly, gastric aromatase 

expression was constant during estrus cycle, while aromatase expression in ovary was higher 

in proestrus phase and decreased in estrus phase. Therefore, the pattern of gastric aromatase 

expression was constant and not affected by ovarian hormones (Kobayashi et al., 2014). 

 Estrogen level increased in pathophysiological and some experimental designs. In 

patients with liver cirrhosis, circulating estrogens did not efficiently metabolize in the liver, 

therefore, estrogen concentrations increased in the circulation, which caused in 

hypogonadism and lose hair (Braunstein et al., 1999). In addition, in some experimental 

designs such as portal vein shunt, in which blood form portal vein reached directly to general 

circulation, estrogen concentrations increased (Kobayashi et al., 2013). These finding 

suggested that GI tract produce estrogens, and liver is the main organ for estrogen 

metabolism. Kobayashi et al (2013) reported that estrogen concentrations increased in portal 

vein and artery after 3 d partial hepatectomy, and decreased after 1 and 2 weeks. Circulating 

estrogen is induced  in both castrated and ovariectomized mice by partial hepatecomy 

(Umeda et al., 2015). It is postulated that extragonadal such as stomach and adipose tissues 

increased estrogen production in order to compensate the estrogen functions, and increased 

healing rate in the injured organs. 

  Pfaffl et al., (2003) reported that all compartments of bovine GI tract expressed ERs 

(Pfaffl et al., 2003). In addition, a growing body of evidence showed that the presence of ER 

in the stomach of rat, human and bovine (Campbell-Thompson et al., 2001; Pfaffl et al., 



 

 

6 

 

2003; Wang et al., 2007). Steroid hormones and their receptors may play important roles in 

the modulation and regulation in gastric as well as gut functions, cell proliferation and 

possibly in the pathophysiology of cell cancer (Pfaffl et al., 2003).  

 A growing body of evidences suggested that GI tract organs were the target of other 

hormones, which link to steroidogenesis. It is known well that GI tract motility disorders are 

often in women than men, and the symptoms worsen after ovulation when the LH 

concentration increased in circulation. Ducker et al., (1996) reported that LH/ hCG affected 

myoelectric activity of the rat small intestine in both gonadectomy or gonadectomy with 

hypophysectomy. LH may affect GI tract motility due to modification of ovarian steroid 

hormones or direct effect on GI tract through LHR (Ducker et al., 1996). Sand et al., (2013) 

showed that LHR, FSHR, GnRH1 and GnRH2 were expressed in human and rat GI tract. It is 

assumed that gonadotropin releasing hormone GnRH, FSH and LH can affect GI tract to 

regulate the GI tract functions (Yu and Liu, 2013; Sand et al., 2013). 
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Fig. 1.1. Scheme of steroidogenic pathways in the gastric mucosa of rats. Bold lines, strong 

mRNA expression; fine lines, weak mRNA expression; broken lines, no mRNA expression; 

DHEA, dehydroepiandrosterone; 5a-DHT, 5a-dihydrotestosterone; 3aDiol, 3a, 5a-

tetrahydrotestosterone. (1) P450scc, (2) 3h-HSD, (3) P45017a, (4) 17h-HSD type I, (5) 17h-

HSD type II, (6) 17hHSD type III, (7) P450arom, (8) 5a-reductase, (9) 3a-HSD, (10) 

P450c21, (11) P45011h, (12) P450AS (Ueyama et al., 2004).  
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1.3 Objective 

 Estrogens are produced not only by gonads, but also by extragonadal tissues. It is 

known well estrogens exert their actions via ERs. ERs were expressed in reproductive system 

and non-reproductive system such as digestive system. In addition, in the male, it has been 

estimated that the testes can account for 15% of circulating estrogens. Ruminants regularly 

consume a plenty of plants, which contains variety of exogenous steroid such as plant sterols. 

GI tract constructs front line for such chemicals from the food and toxic chemicals. Although 

liver is the major site for metabolism and inactivation of endogenous and exogenous steroids, 

peripheral tissues such as testis and adipose tissues are involved in metabolism of steroid 

hormones. It is postulated that goat digestive system produce steroidogenic enzymes, which 

implicated in metabolism of exogenous and endogenous steroid hormones, and cellular 

functions in the digestive system.  

   In this thesis, I focused on steroidogenesis and estrogen biosynthesis in the adult and 

neonate goat digestive system, and their control mechanisms in physiological and 

pathophysiological situations as follows: 

 1.  Steroidogenic enzymes expression and their main organ in GI tract for 

estrogen production  

 I investigated which steroidogenic enzymes were expressed for estrogen production in 

the male goat GI. In addition, which organ in the male GI tract was responsible for estrogen 

production. 
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2.  Control mechanism of steroidogenic enzymes for estrogen biosynthesis in the 

male goat GI tract 

 Aromatase expression is tissue specific, and control by hormones and cytokines. To 

know the control mechanisms of steroidogenic enzymes; therefore, I examined the effect of 

testicular hormones on abomasal steroidogenic enzymes expression in the goat GI tract using 

castration and hCG treatment. In addition to that, I conducted a study in the rat as preliminary 

study to find out whether inflammation can influence gastric estrogen in GI tract during 

pathophysiological situations.  

3. Onset of aromatase expression in the male and female goat during neonatal 

life 

 The developmental expression of aromatase, estrogen synthetase, in the abomasum of 

male and female goat has not been elucidated; therefore, the aromatase expression was 

investigated in male and female neonate goats using immunohistochemistry technique.  
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Chapter 2 

Steroidogenic enzyme expression in estrogen production and 

immunolocalization of aromatase in abomasal parietal cells 

2.1 Introduction  

 Estrogens are predominantly produced by granulosa cells of the ovary. In the case of 

male, testicular Leydig and Sertoli cells produced estrogen (McNATTY et al., 1979; 

Yamamura et al., 2014). Extragonadal tissues such as placenta (Qiang et al., 2005a), skin 

(Leshin et al., 1981), vascular smooth muscle cell (Harada et al., 1999), adipose tissue(Polari 

et al., 2015), and brain (Roselli and Resko, 2001) are also known to produce estrogens. 

Estrogens have important physiological roles, such as cellular proliferation and regeneration 

via autocrine and paracrine roles, not only in reproductive organs but also in extragonadal 

tissues (Simpson et al., 2000). Therefore, estrogen biosynthesis in extragonadal tissues is 

important for homoeostasis. It is known that all steroid hormones are derived from 

cholesterol through steroidogenic enzymes activities, and the last step in estrogen 

biosynthesis is the aromatization of androgen by aromatase (CYP19A1) (Conley et al., 1996; 

Ueyama et al. (2002) have been shown that rat gastric parietal cells produced 17β-estradiol 

and secreted into the portal vein (Ueyama et al., 2002). Goat, cattle and sheep are domestic 

ruminants, which regularly consume high amount of plants including plant sterols in pasture 

or in the farm. Phytoestrogens are plant-derived chemicals with estrogen-like activities 

(Wocławek-Potocka et al., 2013). In addition, phytoestrogen are low molecular weight and 

stable structure, therefore, phytoestrogen might be able to pass cell membrane. It has reported 

that phytoestrogen interact with ERs, and be involved in sex hormone metabolism, and 
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biological activity as well as intracellular enzymes and protein synthesis (Tikkanen et al., 

1998). Although steroid hormones are conjugated either with sulphate or glucuronic acid in 

the liver in order to solubilize and deactivated, some peripheral organs such as gonads, 

adipose tissue and blood are implicated in steroid metabolism (Edwards et al., 2005). It is 

assumed that steroidogenic enzymes are expressed in the male goat GI tract, and play 

important role in the metabolism of steroid hormone prior to inactivation in the liver. The aim 

of this present study is to reveal the steroidogenic enzymes pattern and the main organs for 

steroidogenic enzymes to produce estrogen in the male goat GI tract.   

2.2 Materials and methods 

3.2.1 Animals 

 In the present study, four male Shiba goats, 12-14 months of age and weighting 18-24 

kg, were used. They were kept under normal daylight and temperature in the goat barn, which 

belonged to Tokyo University of Agriculture and Technology (TUAT). This breed shows 

nonseasonal breeding under natural photoperiod conditions in Tokyo. All procedures carried 

out in accordance with the guidelines established by the Tokyo University of Agriculture and 

Technology (approval ID#29_5). 

2. 2.2 Experimental design  

 Goats were tranquilized by atropine sulfate (atropine sulphate monohydrate, 0.022 

mg/kg; Tokyo Chemical Industry Co., Ltd., Japan), xylazine (xylazine hydrochloride, 

0.05mg/kg intramuscularly; Tokyo Chemical Industry Co., Ltd., Japan) and sodium 

pentobarbital (30mg/kg; intravenously, Somuno pentil injection®, Kyoritsu Seiyaku 

Corporation, Tokyo, Japan). Then, the animals were sacrificed by over dose of pentobarbital. 
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Tissues samples were collected from rumen to rectum, kept immediately in liquid nitrogen, 

and store -80○ C for quantification of mRNA expression of steroidogenic enzyme in estrogen 

production. Also, a portion of tissues samples were fixed in 4% paraformaldehyde in 0.05M 

phosphate buffered-saline PBS for 24 h.  

2.2.3 Real time- PCR 

 Tissues samples were harvested from rumen to rectum, and immediately kept in dry 

ice. Steroidogenic enzymes mRNA were quantified by real time PCR. All oligonucleotide 

primers for the real time PCR were designed using the primer 3 in Table 2.1. 

 Total RNA from each samples were extracted using TRizol reagent (Invitrogen Co., 

CA, USA). According to the protocol, 0.1 g of samples were homogenized in 1ml of TRizol 

reagent. The homogenate was incubated for 5 min in room temperature to allow the complete 

dissociation of nucleoprotein complexes. After the addition of 0.2ml of chloroform, the 

mixture was vigorously shaken for 20 s at room temperature and centrifuged at 14000× g for 

15 min at 4○C. The aqueous phase was transferred carefully to a new tube and an equal 

volume of 100% isopropanol was added. RNA was precipitated by centrifugation at 14000× g 

for 10 min at 4○C. The RNA pellet was washed once with 1ml of 80% ethanol. The RNA 

pellets were dried in room temperature for 10 min. Then, RNA pellets were dissolved in pure 

ultra-water (PUW). The concentration and purity of the isolated RNA were determined by 

spectrophotometrically using a NanoDrop Lite (Thermo Fisher Scientific Inc., Walthman. 

MA, USA). 

 Complementary DNA (cDNA) was synthetized using PrimeScript TM Reserve 

Transcriptase (TaKaRa Bio, Shiga, Japan) according to manufacturer’s protocol 

(http://www.takara-bio.com) PrimeScript TM 1 st strand cDNA synthesis kit contain all 
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reagents necessary to synthesis 1 st strand cDNA. Briefly, a mixture of 1μl of random 6mers 

(50μm), 1μl of dNTP mixture (10mM each), template RNA, and RNase free distal water up 

to 10μl was kept for 5 min at 65○C, then cool rapidly on ice. After that, combining the 

previous reaction with 5μl of 5× PrimeScript TM  II buffer, 0.5 μl of RNase inhibitor, 1μl of 

PrimeScript II RTase, and RNase free distal water up to 20μl, and two incubations at 30○C, 

and 42 ○C for 10 min, and 60 min, respectively. Inactivation the enzymes was then by 

incubated at 95 °C for 5 min, followed by cooling on ice. 

 Steroidogenic enzymes expressions were quantified by real time PCR technique. All 

PCR reactions were run using SYBR Premix Ex Tag II (TaKaRa Bio), and the expression of 

each target mRNA was determined using 2-ΔΔct method. All values were normalized to beta 

actin as a house keeping gene to balance RNA concentrations. 

2.2.4 Immunohistochemistry 

 To identify which cell types in abomasal mucosa produced aromatase, a double 

staining was performed.  In order to reduce background, sectioned were incubated with 10% 

normal goat serum for 60 min. For co-localization of aromatase and hydrogen, potassium 

proton pump, sections were incubated with the primaries antibodies together. Antibodies 

were used as follows: anti human placental cytochrome  P450 aromatase  at 1:4000, 1:6000 ( 

kindly provided by Dr. Y. Osawa, Medical foundation of Buffalo, NY, USA)  raised in 

rabbit, and  anti-hydrogen potassium-ATPase (H/K ATPase) beta Ab(1:200, [2G11] ab 2866, 

Abcam), raised in mouse  for overnight at 4°C. For co-localization of luteinizing hormone 

receptor (LHR) and H/K ATPase in abomasum, the sections were incubated the mixture of 

primaries antibodies as follows: anti-LHCGR (1: 200, Proteinech) and H/K ATPase together. 

After incubation of primaries antibodies, the sectioned were incubated with Alexa flour 555 
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(A21428) and Alexa flour 488 (A11001) for 60 min. DAPI was used as counterstaining and 

the normal rabbit serum and normal mice IgG were used as negative control. All pictures 

were captured by an immunofluorescence microscope BX-51 (Olympus, Osaka, Japan).  

 In order to figure out the distribution of parietal cells in abomasum, the abomasal 

tissue sections were incubated with 10 % normal horse serum to reduce background staining 

caused by the second antibody. The sections were then incubated with primary antibody (1: 

200) raised against anti-hydrogen potassium-ATPase (H/K ATPase) beta Ab (1:200, [2G11] 

ab 2866, Abcam) for overnight at 4°C. The sections were then incubated with a second 

antibody, horse anti-mouse IgG conjugated with biotin and peroxidase with avidin, using 

mouse IgG VECTASTAIN ABC kit ( Vector Laboratories, CA, USA), and subsequently 

visualized with diaminobenzidine (Nichieri Bioscience Inc., Tokyo, Japan) as a chromogen 

substrate. Finally, the sections were counterstained with hematoxylin solution. The control 

sections were treated with normal mic IgG instead of the primary antibody.  

 In order to reveal the distribution of aromatase in abomasum, the abomasal tissue 

sections were incubated with 10 % normal goat serum to reduce background staining caused 

by the second antibody. The sections were then incubated with primary antibody (1: 1000) 

raised against human placental P450 aromatase (kindly provided by Dr. Y. Osawa, Medical 

foundation of Buffalo, NY, USA ) for overnight for overnight at 4°C. The sections were then 

incubated with a second antibody, horse anti-rabbit IgG conjugated with biotin and 

peroxidase with avidin, using mouse IgG VECTASTAIN ABC kit ( Vector Laboratories, CA, 

USA), and subsequently visualized with diaminobenzidine (Nichieri Bioscience Inc., Tokyo, 

Japan) as a chromogen substrate. Finally, the sections were counterstained with hematoxylin 

solution. The control sections were treated with normal mic IgG instead of the primary 

antibody. 
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2.2.5 Statistical analysis  

 The data are presented as means ± SEM. Statistical analysis was performed one-way 

analysis of variance (ANOVA) followed by conservative Tukey’s test using GraphPad prism 

5.01 (Graphpad Software Inc., CA, USA). A value of P<0.05 was used as an indication of 

statistical significance. 

2. 3 Results 

2.3.1 Steroidogenic enzyme expression to estrogen production in male goat GI 

tract 

         To explore which site(s) of the male goat GI tract expresses steroidogenic enzymes 

involved in producing estrogens (P450scc, 3β-HSD, CYP17A1, 17 β -HSD3 and CYP19A1), I 

quantified their mRNA expression using real-time PCR (Fig.2.3.1). CYP19A1 expression was 

detected in the abomasum, testis, duodenum, jejunum, ileum, cecum, colon and rectum. 

CYP19A1 expression was significantly higher in abomasum than testis. CYP19A1 was not 

detected in rumen, reticulum, omasum (Fig. 2.3.1a). 17β-HSD3 mRNA expression was 

detected in testis, abomasum, duodenum, jejunum and ileum. 17β-HSD3 expression in 

abomasum, duodenum, jejunum and ileum expressions was weaker in comparison with the 

testis. 17β-HSD3 expression was not detected in other parts of GI tract. (Fig. 2.3.1b). 

CYP17A1 mRNA was only detected in testis and abomasum. CYP17A1 mRNA expression 

was lower in the abomasum in comparison with testis (Fig. 2.3.1c). 3β-HSD expression was 

detected mainly in duodenum, jejunum and testis. In addition, 3β-HSD mRNA was detected 

only very weakly in other parts, while it was significantly higher in jejunum than in testis 
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(Fig. 2.3.1d). P450scc expression was detected in testis while P450scc was not detected in GI 

tract organs (Fig. 2.3.1e).  

2.3.2 Co-localization of aromatase and H/K ATPase in the abomasal mucosa 

 Based on the real-time PCR results, abomasum was the main organ in the GI tract for 

aromatase mRNA expression. As a gastric mucosa is composed of different cell types, a 

double staining was performed in order to ascertain which cells type of the abomasum are 

responsible for synthesis of CYP19A1. It is known that parietal cells are characterized by H/K 

ATPase pump expression (Fig. 2.3.2).  The green color represents the immunostained cells 

against H/K ATPase antibody, the red color shows the immunostained cells with aromatase 

antibody, and the yellow color indicates the co-localization of H/K ATPase and aromatase. 

The majority of cells that stained for H/K ATPase expression co-expressed aromatase at the 

base of the gastric glands, while a few cells for H/K ATPase expression also co-expressed 

aromatase in the neck region of the gastric glands. The immunolocalization of aromatase 

were in the parietal cells.  

2.3.3 Distribution of H/K ATPase and aromatase-immunoreactive cells in 

abomasum 

 Abomasum itself is divided into two regions, fundic region and pyloric region. H/K 

ATPase-immunoreactive cells were detected in the abundantly in the fundic region. A few 

H/KATPase-immunoreactive cells were observed in pyloric region. In addition, the staining 

intensities were greater in fundic region than pyloric region. More aromatase-immunoreactive 

cells were observed in the fundic regions, and the intensity of the immunohistochemical 

signal for aromatase was higher in the fundic region than pyloric region. The double 

immunohistochemistry results suggest that parietal cell expressed aromatase. Collectively, 
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the fundic region of abomasum was the major region of abomasum for aromatase expression 

and parietal cells were responsible cells for aromatase expression.  

2.4 Discussion  

      This is the first report showing steroidogenic enzymes expression in the male goat GI 

tract. The present study was also conducted to reveal the primary organ for steroidogenic 

enzymes to produce estrogens in the male goat GI tract. P450scc, 3β-HSD, CYP17A1, 17β-

HSD and CYP19A1 mRNA were quantified by RT-PCR. CYP19A1 mRNA was detected in 

in the abomasum. In addition, 17β-HSD3 and CYP17A1 expressions were detected in 

abomasum, duodenum, jejunum and ilium. Furthermore, immunohistochemical results 

showed that parietal cells were responsible for aromatase (needed for 17β-estradiol 

production) in the abomasum. Immunohistochemical finding suggested that fundic region of 

abomasum was the major region for aromatase expression. Based on these data, the 

abomasum is the main organ for steroidogenic enzymes to produce estrogens in the male GI 

tract.  

  Ueyama et al. (2004) reported stomach was the main organ in the rat GI tract for 

estrogen production. In addition, they showed the presences of CYP17A1, 17β-HSD3 

CYP19A1 in both mRNA and protein level in the rat stomach and the parietal cells were 

responsible for estrogen production.  Based on the gene expressions and 

immunohistochemistry results, abomasum was the primary organ in the male goat GI tract for 

estrogen production. It is known that abomasum is comparable to the stomach in monogastric 

animals, which produce H/K ATPase and digestive enzymes such as pepsinogen (Beauchamp 

et al., 1989). The current finding was in agreement with previous report (Ueyama et al., 

2002). Gastric mucosa consists of multiple cell types such as parietal cells that secrete 
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hydrochloric acid and intrinsic factor, chief cells that secrete pepsinogen, and surface 

epithelial cells that secrete mucus and bicarbonate (Beauchamp et al., 1989). I further 

identified cell type responsible for aromatase expression for 17β-estradiol biosynthesis in 

abomasum gastric mucosa.  It is well known that parietal cells are characterized by H/K 

ATPase pump expression in the stomach (Ueyama et al., 2004), my findings showed that 

parietal cells expressed aromatase in the male goat GI tract. Studies in rats and humans non-

tumoral or tumoral stomach showed that the stomach expressed aromatase mRNA and gastric 

parietal cells produce aromatase in accordance with my findings (Izawa et al., 2008; Ozawa 

et al., 2011). Abomasum itself is clearly divided into two regions, a peptic region (fundic 

region) marked by large folds running parallel to the long axis of the stomach, and a pyloric 

region which is almost entirely smooth except for two or three longitudinal folds near the 

pylorus. The abomasum is separated from the duodenum by the pyloric sphincter. The fundic 

region is the true gastric gland region. Parietal cells are present it the glands, and the parietal 

cell tend to be more numerous in the middle third of the gland. Parietal cells were decreased 

from fundic region to pyloric region  (Hill, 1951). In accordance with Hill’s findings, H/K 

ATPase-immunoreactive cells were observed in the fundic regions and the 

immunohistochemical signal for H/KATPase were greater in fundic region than pyloric 

region; therefore, parietal cells were mainly located in the fundic region of abomasum. 

Aromatase-immunoreactive cells were observed abundantly in the fundic region. In addition 

to that the intensity of immunohistochemical signals for aromatase were higher in fundic 

region than pyloric region. The immunohistochemistry results suggesting the distribution of 

parietal cells were higher in the fundic regions in the male goat abomasum, and the parietal 

cells were responsible for aromatase expression. 
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       Extragonadal tissues are known to produce significant amounts of 17β-estradiol; for 

example, adipose tissue, brain, skin and vascular smooth muscle cells. Local estrogen in these 

sites has numerous physiological functions such as cell proliferation and regeneration. 

Moreover, estrogen biosynthesis in these sites is dependent on circulating precursor C19 

steroid (Mahendroo et al., 1993; Simpson, 2003). I further examined whether the GI tract can 

produce C19 steroids by its own tissues or whether it requires circulating C19.  17β-HSD3 

was highly expressed in testis, whereas weak 17β-HSD3 was detected mainly in abomasum 

and small intestine (duodenum, jejunum and ileum). It is known that 17β-HSD3 is 

responsible for converting androstenedione to testosterone in testis or estrone to 17β-estradiol 

in the stomach (Zhang et al., 1996, Uyeama et al., 2004). Therefore, for estrogen production 

in the abomasum, small amounts of androstenedione might be converted to testosterone and 

17β-estradiol by 17β-HSD3 and CYP19A1, respectively, or androstenedione might be 

converted to estrone CYP19A1 and 17β-HSD3, respectively. In addition, abomasum also 

might be able to convert circulating androgens to estrogen by aromatase in abomasum. 

CYP17A1 was detected in abomasum, yet the expression level was lower than in testis. 

Progesterone and 17α-progesterone are converted to 17α-progesterone and androstenedione 

by CYP17A1 (Ueyama et al., 2004), and the expression of CYP17A1 was weak in abomasum, 

indicating that abomasum utilized little progesterone for steroid production (Ueyama et al., 

2002). Strong expression of CYP19A1 in abomasum and weak expression of 17β-HSD3 and 

CYP17A1 in abomasum suggested that abomasal parietal cells might need circulating 

testosterone for estrogen production. In addition to that, abomasum might be able to convert 

small amounts of progesterone and androstenedione for estrogen production. In the male goat 

GI, the abomasum may mainly utilize circulating testosterone and androstenedione for 

estrogen production. 
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 I further investigated whether the GI tract can use cholesterol as a substrate for 

steroidogenic enzymes that produce estrogens. P450scc and 3β-HSD expression was 

examined in GI tract. P450scc was not detectable in abomasum and other parts of the GI 

tract. This suggested that all portions of GI tract could not utilize cholesterol as substrate. In 

addition, 3β-HSD expression was detected mainly in duodenum and jejunum, so that 

circulating pregnenolone may be converted to progesterone in these organs and may serve as 

precursor for further steroidogenesis in the GI tract or other organs. Studies in the rat showed 

that P450scc and 3β-HSD expression was not detectable in GI tract. Therefore, rat GI tract 

cannot utilize cholesterol as substrate (Ueyama et al., 2004). My results were harmony with 

the previous (Ueyama et al., 2004) that rat stomach was not capable of express P450scc and 

3β-HSD mRNA. My finding suggested that abomasum might not be able to synthetize 

estrogen from cholesterol; therefore, abomasal parietal cells may utilize progesterone and 

androgens for estrogen production.  

 Best on my finding, goat male GI tract expressed steroidogenic enzymes for estrogen 

production. In addition, abomasum was the primary organ for estrogen production in the GI 

tract, and the results of immunohistochemistry suggested that parietal cells were responsible 

for aromatase expression. 
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Fig.2.3.1.The expressions of steroidogenic enzymes to produce estrogens in the goat male GI tract. 

CYP19A1expression (Fig.1a), 17β-HSD3 expression (Fig.1b), 17CYPA1 expression, (Fig.1c) 3β-HSD 

expression (Fig.1d) and P450scc expression (Fig.1e). ND presents non detectable, a = significantly 

different (P < 0.05), b = significantly different (P < 0.01), c = significantly different (P < 0.001).  
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Fig.2.3.2. Co-localization of aromatase and H/K ATPase in abomasal mucosa. Aromatase 

was localized in the parietal cells (white triangle represents the co-localization of aromatase 

in the parietal cells). Scale bar represents 50 μm.  
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Fig. 2.3.3.  Immunohistochemical staining for H/KATPase (a, b, e, f) and aromatase 

(c, d, f, h) in the fundic regions (a, b, c, d) and pyloric region (e, f, g, h).  Scale bar 

represents 100μm (a,c, e, g) and 20 μm (b, d, f, h).  
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Target of gene Primer sequence 

CYP19A1 Forward: AGCCAAGAGCAACAAGCAT 

Reverse: TGCATTTTTCCACGGTTACA 

17β-HSD3 
Forward: GTGATCACTGGAGCAGGAGATG 

Reverse: ATGGCCTGAAGTTTTTCCAGTG 

17CYPA1 Forward: CATATTCCCTGCGCTGAAGATT 
Reverse: ATGGAGTCGCTGGTGAAGTTCT 

LHCGR Forward: AGGCATTCCGAAGGGATTTCT 

Reverse: GGGAGGGCTTATTTGATCCAG 

3HSDB Forward: CGGCATCCTGACCAATTACT 

Reverse: TTTGGTGTGGTGTGTCGTCT 

P450scc Forward: AGACCCTGCCTTCTTCTCCAA 

Reverse: CGGAGTCAGGATGAGGTTGAA 

ACTB Forward: CTGCGGCATTCACGAAACTA 

Reverse: ATGCCAGGGTACATGGTGGT 

Table 2.1. Sequences of primers for real-time PCR 
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Chapter 3 

The impact of castration on steroidogenic enzymes expression 

 in the abomasum 

3.1 Introduction 

 In the chapter 2, steroidogenic enzymes for estrogens biosynthesis in the male goat GI 

tract, was investigated. The real time- PCR results showed that abomasum was the primary 

site of estrogen biosynthesis in the male goat GI tract. In addition, immunohistochemical 

results revealed that abomasal parietal cells were responsible for estrogen production. In 

addition, gene analysis results suggested that P450scc, 3β-HSD were not expressed in 

abomasum. Furthermore, CYP17A1, 17β-HSD3 were lower expressed in the abomasum in 

comparison with testis. Therefore, abomasum cannot utilize cholesterol as substrate, and need 

circulating progesterone or androgens for estrogen production. Estrogen biosynthesis is 

occurred not only in gonadal tissue, but also in extragonadal tissue such as brain, adipose 

tissue, bone, and breast. In gonadal tissue, cholesterol is used as substrate, and converting to 

progesterone, androstenedione, testosterone and estrogen by P450scc, 3β-HSD, CYP17A1, 

17β-HSD3 and CYP19A1, respectively (Brodie, Inkster et al. 2001, Stocco. 2008). In contrast 

to gonadal tissues, estrogens biosynthesis at extragonadal tissue is dependent on circulating 

C19 precursors (Simpson et al., 2000). Androstenedione and testosterone are converted to 

estrogens by aromatase (Morishima et al., 1995). In fact, aromatase is regulated by various 

kinds of factors, including cAMP, phorbolesters, glucocorticoid, insulin, androgen, epidermal 

growth factor, fibroblast growth factor, and transforming growth factor (Harada et al., 1993). 

For example, Roselli, et al. (1997) showed that aromatase activity and mRNA levels in 
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preoptic area and hypothalamus decreased by 7 d after castration and were maintained at 

intact levels by treatment with testosterone and dihydrotestosterone, but not estradiol. In 

contrast, neither aromatase activity nor mRNA levels in the amygdala were affected by 

castration or hormone replacement (Roselli et al., 1997). In hence, aromatase expression is 

tissue-specific, regulated by different factors. The aim of this study, to investigate the control 

mechanisms of steroidogenic enzymes in the male GI tract by means of bilateral castration to 

evaluate contribution of testicular androgens for estrogen biosynthesis. 

3 2 . Materials and methods  

3.2.1 Animals 

 In the present study, 7 male Shiba goats, 12 months of age and weighing 18-24 kg 

were used. They were kept in normal daylight and temperature. Seven male Shiba goats were 

divided into two groups including castrated group and intact group. In castrated group, three 

male of them were anesthetized with atropine sulfate (atropine sulphate monohydrate, 0.022 

mg/kg; Tokyo Chemical Industry Co., Ltd., Japan), xylazine (xylazine hydrochloride, 

0.05mg/kg intramuscularly; Tokyo Chemical Industry Co., Ltd., Japan) and pentobarbital (30 

mg/kg, Somuno pentil injection®, Kyoritsu Seiyaku Corporation, Tokyo, Japan) After 

anesthesia, the scrotum was cleaned and disinfected with alcohol, the bottom third cut, and 

testes removed. After castration, the animals were cared for through recovery. Two months 

after castration, goats were sacrificed by an overdose of pentobarbital. Tissues samples were 

then collected from the gastrointestinal (GI) tract from the rumen to the rectum, and kept on 

dry ice for gene analysis of steroidogenic enzyme mRNA expression of the GI tract. In 

addition, a portion of the tissues samples were fixed in 4% paraformaldehyde in 0.05 M 

phosphate-buffered saline (PBS) for histological examination of steroidogenic enzymes and 
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their distribution. In intact group, four male goats (12-14 months of age) were used for intact 

group. The goats were sacrificed by an overdose of pentobarbital. Tissues samples were again 

collected from the rumen to the rectum and kept on dry ice to examine steroidogenic enzyme 

expression on dry ice or fixed in paraformaldehyde for histological examination.  

3.2.2 Real time- PCR 

 Tissues samples were harvested from rumen to rectum, and immediately kept in dry 

ice. Steroidogenic enzymes mRNA were quantified by real time PCR. All oligonucleotide 

primers for the real time PCR were designed using the primer 3 (Table 3.1).  

 Total RNA from each samples were extracted using TRizol reagent (Invitrogen Co., 

CA, USA). According to the protocol, 0.1 g of samples was homogenized in 1ml of TRizol 

reagent. The homogenate was incubated for 5 min in room temperature to allow the complete 

dissociation of nucleoprotein complexes. After the addition of 0.2ml of chloroform, the 

mixture was vigorously shaken for 20 s at room temperature and centrifuged at 14000× g for 

15 min at 4○C. The aqueous phase was transferred carefully to a new tube and an equal 

volume of 100% isopropanol was added. RNA was precipitated by centrifugation at 14000× g 

for 10 min at 4○C. The RNA pellet was washed once with 1ml of 80% ethanol. The RNA 

pellets were dried in room temperature for 10 min. Then, RNA pellets were dissolved in pure 

ultra-water (PUW). The concentration and purity of the isolated RNA were determined by 

spectrophotometrically using a NanoDrop Lite (Thermo Fisher Scientific Inc., Walthman. 

MA, USA). 

 Complementary DNA (cDNA) was synthetized using PrimeScript TM Reserve 

Transcriptase (TaKaRa Bio, Shiga, Japan) according to manufacturer’s protocol 

(http://www.takara-bio.com). PrimeScript TM 1 st strand cDNA synthesis kit contain all 
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reagents necessary to synthesis 1 st strand cDNA. Briefly, a mixture of 1μl of random 6mers 

(50μm), 1μl of dNTP mixture (10mM each), template RNA, and RNase free distal water up 

to 10μl was kept for 5 min at 65○C, then cool rapidly on ice. After that, combining the 

previous reaction with 5μl of 5× PrimeScript TM  II buffer, 0.5 μl of RNase inhibitor, 1μl of 

PrimeScript II RTase, and RNase free distal water up to 20μl, and two incubations at 30○C, 

and 42 ○C for 10 min, and 60 min, respectively. Inactivation the enzymes was then by 

incubated at 95 °C for 5 min, followed by cooling on ice. 

 Steroidogenic enzymes expressions were quantified by real time PCR technique. All 

PCR reactions were run using SYBR Premix Ex Tag II (TaKaRa Bio), and the expression of 

each target mRNA was determined using 2ΔΔct method. All values were normalized to beta 

actin as a housekeeping gene. 

3.2.3 Immunohistochemistry  

   In order to reduce background, sections were incubated with 10% normal goat serum 

for 60 min. For detection of co-localization of LHR and hydrogen-potassium proton pump, 

sections were incubated with the both primary antibodies. Antibody dilutions were used as 

follows: anti-hydrogen potassium-ATPase (H/K ATPase) beta Ab (1:200, [2G11] ab 2866, 

Abcam, Tokyo, Japan), raised in mouse and anti-LHCGR (luteinizing 

hormone/choriogonadotropin receptor) (1: 200, Proteinech, Chicago, USA). The sections 

were incubated with a mixture of primary antibodies as follows: and H/K ATPase and LHR 

together. After incubation of primary antibodies, the sections were incubated with Alexa flour 

555 (A21428) and Alexa flour 488 (A11001) for 60 min. DAPI was used as a counterstain, 

and the normal rabbit serum and normal mice IgG were used as negative controls. All 
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photomicrographs were captured by an immunofluorescence microscope BX-51 (Olympus, 

Osaka, Japan). 

3.2.4 Radioimmunoassay  

After deep anesthesia, blood was drained from mesenteric artery and portal vein to 

measure testosterone and 17β-estradiol. In order to measure testosterone and 17β-estradiol 

concentrations in the stomach tissue, 50 mg of stomach tissues were homogenized in 1ml of 

saline and all samples and standard were extracted by ethanol in the same time. testosterone 

and 17β-estradiol concentrations in the serum and abomasal tissues samples were measured 

with the help of a double-antibody RIA system using 125-I-labeled radio ligands. Antisera 

against T and 17β-estradiol (GDN #250, GDN#244), respectively.  

3.2.5 Statistical analysis  

The data are presented as means ± SEM. Statistical analysis was performed student’s t 

test, using GraphPad prism 5.01 (Graphpad Software Inc., CA, USA). A value of p<0.05 was 

used as an indication of statistical significance. 

3.3 Results  

3.3.1 Changes in gene expression of steroidogenic enzymes for estrogen 

production and LHCGR in abomasum  

         CYP17A1, 17β-HSD3, CYP19A1 and LHCGR mRNA level in abomasum were 

quantified in both intact and castrated by real-time PCR (Fig. 3.3.1). CYP19A1 gene 

expression was increased in castrated group significantly, (Fig. 3.3.1a).While, 17β-HSD3 

mRNA expression was tended to decrease in castrated group (Fig.3.3.1b). In addition, 
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CYP17A1 expression did not change either in intact or castrated group (Fig.3.3.1c). LHCGR 

mRNA expression appeared to increase in the castrated group; however, it was not significant 

(Fig. 3.3.1d). 

3.3.2 Co-localization of LHR in the abomasal parietal cells   

      To reveal which cells type of the abomasum were responsible for LHR expression in the 

abomasum, a double staining was performed (Fig. 3.3.2.1). The green color represents the 

immunostained cells with H/K ATPase antibody, and the red color shows the immunostained 

cells with LHR antibody. The arrow indicates cells that co-localized both H/K ATPase and 

aromatase. Based on double-staining results, a portion of the cells positive for H/K ATPase in 

the neck of the gastric glands also co-expressed LHR. To evaluate the anti-LHR specificity, 

tissue section of the goat testis were used for distribution of LHR using 

immunohistochemistry (Fig. 3.3.2.2). LHR was localized in the male goat testicular Leydig 

cells (Fig. 3.3.2.2a and Fig. 3.3.2.2b).The gene expression of LHR in abomasum was 

quantified by real-time, and compare to testis. The Gene expression of LHCGR was lower 

than testis (Fig. 3.2.2.1c).   

3.3.3 Steroid hormone concentrations in the mesenteric artery and portal vein 

 The concentration of 17β-estradiol and testosterone in the mesenteric artery and portal 

vein, were shown in Fig. 3.3.3a and 3.3.3b, respectively. Plasma concentration of 17β-

estradiol were measured between mesenteric artery and portal vein either intact or castrated 

group. Additionally, castration slightly decreased 17β-estradiol level in mesenteric artery and 

portal vein of castrated group, however, this reduction was not significant (Fig. 3.3.3a). There 

was a significant difference in testosterone concentrations in artery and portal vein after 

castration (fig. 3.3.3b).  
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3.3.4 Testosterone and 17β-estradiol concentrations in abomasum tissue 

 Concentrations of 17β-estradiol and testosterone were measured in abomasal tissues, 

shown in Fig 3. 3.4. 17β-estradiol concentrations were increased significantly in abomasum 

tissues in castrated group (Fig. 3.3.4a). While, testosterone concentrations in abomasal tissue 

did not change either in  intact group or castrated group (Fig. 3.3.4b). 

3.4 Discussion  

 The aim of the present study was to explore the control mechanism of steroidogenic 

enzymes in the goat abomasum by means of bilateral castration to evaluate contribution of 

testicular androgens for estrogen biosynthesis. Castration enhanced estrogen concentration 

and aromatase mRNA levels in abomasal tissues significantly but not estrogen concentrations 

in artery and portal vein. Castration decreased significantly testosterone concentrations in 

artery and portal vein. The gene expression for 17CYPA1 17β-HSD3 did not change 

significantly in castrated group. I further illustrated the presence of LHR in parietal cells in 

the abomasum. LHCGR mRNA level appeared to increase by castration, however, it was not 

significant (P=0.08) 

  Recently, I have been shown that abomasum was the primary site for steroidogenic 

enzymes expression to produce estrogen. In addition, CYP17A1, 17β-HSD3 and CYP19A1 

were expressed in abomasum. Based on those data, abomasum may need circulating 

progesterone or androgens to produce estrogen in abomasum or may produce estrogens 

through their androgen biosynthesis. It has not been elucidate well whether steroidogenic 

enzymes expressions are dependent on circulating androgens or produce 17β-estradiol 

independently. Therefore, the current study was conducted to reveal the impact of castration 
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on abomasal steroidogenic enzymes for estrogen production. It has been reported that 

castration led to reduce significantly circulating testosterone and 17β-estradiol (Walkden-

Brown et al., 1997; Hume and Wynne-Edwards, 2005). In addition to that, castration led to 

increase significantly LH concentrations in bloodstream. My finding illustrated that 

testosterone concentrations decreased significantly in artery and portal vein. This study’s 

results are in accordance with previous studies depicted that castration declined testosterone  

in bloodstream (Walkden-Brown et al., 1997; Hume and Wynne-Edwards, 2005). In the 

present results, castration did not change 17β-estradiol in mesenteric artery and portal vein. 

While, castrations increased 17β-estradiol concentrations significantly in abomasal tissues. It 

is supposed that castration lead to decrement in steroid hormones in bloodstream, while 

abomasal tissue may produce more estrogen in order to compensate for maintaining 

abomasum functions. Amure and Omole reported that female rats secrete less acid secretion 

than male and that the administration of estrogen to rats causes reduced gastric acid secretion. 

They suggested that estrogen may serve as regulatory factor for acid secretion (Amure and 

Omole, 1970). Adeniyi reported that castration decreased acid secretion and parietal cell 

mass, however, the mechanism has not been elucidated well (Adeniyi, 1991). The possible 

mechanism for decrement of acid secretion and parietal cell mass after castration is the 

enhancement of local estrogen biosynthesis in the stomach. Therefore, circulating estrogen 

and local estrogen biosynthesis may play an important role for acid secretion and parietal cell 

function and number. 

 Gene analysis of steroidogenic enzymes expression for estrogen production in the 

abomasum revealed that CYP19A1mRNA expression increased by castration, while 

CYP17A1 and 17β-HSD3 did not change significantly. In order to know by which mechanism 

CYP19A1 was upregulated, therefore, I showed the presence of LHR in mRNA level and 
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protein level. LHR was localized in some portion of parietal cells in the neck of abomasal 

mucosa. It is known castration lead to decreased testosterone, which induced LH biosynthesis 

in pituitary gland. In the testis, LH binds to their receptors increased intracellular cAMP 

concentration and lead to generation of phosphorylates target proteins and activates gene 

transcription by binding to cAMP responsive elements present on the promoters of several 

genes, including aromatase (Shayu and Rao, 2006).  The upregulation of aromatase in this 

study may relate to LH mediation.  

 In conclusions, Castration lead to decreased testosterone concentrations in circulation 

while aromatase expressions and 17β-estradiol biosynthesis was increased in abomasum 

tissue. These collective data suggest that LH may increase aromatase expression in the male 

goat abomasum. 
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Fig. 3.3.1. Steroidogenic enzymes and LHCGR mRNA level between intact and castrated 

group. CYP19A1 mRNA expression was increased significantly in castrated group (a). The 

mRNA expression for 17β-HSD3, CYP17A1 and LHCGR changed neither in intact group nor 

in castrated group significantly, respectively (b,c, d), a = significant difference (P<0.05). 
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Fig. 3.3.2.1. LHR-immunostained cells in the abomasum. The arrow indicated co-localization 

of LHR in parietal cells.   
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Fig. 3.3.2.2. Immunolocalization of LHR in testis to evaluate the specificity of LHR antibody 

in the goat adult testis. The magnification ×40 (a), and magnification ×20 (b); bar=20μm and 

50μm, respectively.  
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 Fig. 3.3.3. 17β-estradiol and testosterone concentrations in artery and portal vein 

between intact and castrated group. 17β-estradiol did not change either in artery or in portal 

vein after castration (a). Testosterone concentrations decrease in artery and portal vein after 

castration (b). * and ** represents significant difference (P<0.05 and P<0.01, 

reprehensively ).  
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Fig. 3.3.4. 17β-estradiol and testosterone concentrations in abomasal tissues. 17β-estradiol 

concentrations were increased significantly in abomasal tissue  after castration (a). 

Testosterone concentrations did not change after castration (b). ** represents significant 

difference (P<0.01).  
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Target of gene   Primer sequence 

CYP19A1 Forward: AGCCAAGAGCAACAAGCAT              

Reverse:   TGCATTTTTCCACGGTTACA 

17β-HSD3       
Forward: GTGATCACTGGAGCAGGAGATG        

Reverse: ATGGCCTGAAGTTTTTCCAGTG 

17CYPA1 Forward: CATATTCCCTGCGCTGAAGATT           

Reverse: ATGGAGTCGCTGGTGAAGTTCT 

LHCGR Forward: AGGCATTCCGAAGGGATTTCT             

Reverse: GGGAGGGCTTATTTGATCCAG 

ACTB  Forward: CTGCGGCATTCACGAAACTA                 

Reverse: ATGCCAGGGTACATGGTGGT 

Table 3.1. Sequences of primers for real-time PCR 
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Chapter 4 

Human choriogonadotropin hormone (hCG)-increased testicular 

androgens impacted on aromatase expression  

in the goat abomasum 

4.1 Introduction 

 Extragonadal tissues such as brain (Roselli et al. 1997), adipose tissues (Polari et al. 

2015), bone (Simpson 1998) and skin (Thiboutot et al. 2003) are known to express CYP19A, 

which converts testosterone and androstenedione to estrone and estradiol, respectively 

(Ueyama et al. 2004). Thereby, androgens can be thought of as prohormone for estrogen 

biosynthesis in the extragonadal tissues. Therefore, provision of C19 is important for estrogen 

biosynthesis at these sites (Simpson 2003). Moreover, Aromatase expression is tissues-

specific (Shayu, Rao et al 2006). In fact, aromatase is regulated by various kinds of factors, 

including androgen and cytokines (Harada, Utsumi et al. 1993). Recently, I demonstrated that 

abomasum was the primary organ in the goat GI tract to express steroidogenic enzymes in 

estrogen production. In addition, gene analysis revealed that CYP19A1, 17β-HSD3 and 

CYP17A1 were detected in abomasum. Immuohistochemical studies depicted 

immunolocalization of aromatase in parietal cells. Therefore, abomasal parietal cells may 

independently produce C19 for local estrogen biosynthesis or dependent on circulating 

testosterone. Previously, my colleague showed that human choriogonadotropin hormone 

(hCG) increased circulating testosterone concentrations after 2 hr and 4 d in adult male goats 

(Samir et al. 2015). Although all steroid hormones are metabolized and inactivated in the 

liver, peripheral tissues such as testis and adipose tissue are able to metabolize steroid 
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hormones(Edwards et al., 2005). I assumed that increased testicular steroids might influence 

steroidogenic enzymes expression in abomasum, and abomasal steroidogenic enzymes may 

involve in the regulation of androgens/ estrogens ratio. Thus, the aim of the present study was 

to figure out the whether the increased testicular testosterone influenced on abomasal 

steroidogenic enzymes for estrogen production.  

4.2 Materials and methods 

4.2.1 Animals 

 Ten male Shiba goats (age 12-14months) were used for this experiment. They were 

feed 400 g hey cubs twice daily, and had free accessibilities to water and mineral block. The 

animals were kept in a barn belonging to Physiology reproductive laboratory, Department of 

Veterinary Medicine, Tokyo University of Agriculture and Technology (TUAT).  All 

procedures were carried out in accordance with guidelines established by the TUAT. 

4.2.2 Experimental design  

 Ten male Shiba goats (12-14 months) were divided into 3 groups as follows: control 

group (n=4), hCG treatment after 2 h (T2H; n=3) and hCG treatment after 4d (T4D; n=3). 

Goats were injected by single dose of hCG (25 IU/KG, Pubergen; Yell Pharmaceuticals Co., 

Ltd., Tokyo, Japan) or saline intramuscularly. Based on previous results, the dose and the 

treatment-time were decided (hCG/ saline were injected a given time (8:00 and 9:00)).Goats 

were tranquilized by atropine sulfate (atropine sulphate monohydrate, 0.022 mg/kg; Tokyo 

Chemical Industry Co., Ltd., Japan) and xylazine (xylazine hydrochloride, 0.05mg/kg 

intramuscularly; Tokyo Chemical Industry Co., Ltd., Japan) and pentobarbital (30 mg/kg, 
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Somuno pentil injection®, Kyoritsu Seiyaku Corporation, Tokyo, Japan). Then, the animals 

were sacrificed by over dose of pentobarbital. 

4.2.3 Sampling  

 For measurement of testosterone and 17β-estradiol, blood was drained from 

mesenteric artery and portal vein, and transferred into a heparinized vacationer tubes 

(Venoject II, Terumo, Tokyo, Japan).  After separation of plasma, stored at -20 °C until 

assayed for hormones. To quantify mRNA level of steroidogenic enzymes in estrogen 

biosynthesis in abomasum, a portion of abomasum sample were collected, kept immediately 

in liquid nitrogen and, stored at -80 °C. In addition, a portion of abomasum samples was kept 

in 1 ml of saline to measure steroid hormone concentrations. Moreover, a portion of 

abomasum tissues were fixed in 4% paraformaldehyde in 0.05 M phosphate-buffered saline 

(PBS) for histological examination of steroidogenic enzymes and their distribution. All 

sampling were carried out (8:30-10:00).  

4.2.4 Real time- PCR 

 Abomasal tissue samples were harvested from abomasum, and immediately kept in 

dry ice. Steroidogenic enzymes mRNA were quantified by real time PCR. All oligonucleotide 

primers for the real time PCR were designed using the primer 3(Table 4.1).  

 Total RNA from each samples were extracted using TRizol reagent (Invitrogen Co., 

CA, USA). According to the protocol, 0.1 g of samples were homogenized in 1ml of TRizol 

reagent. The homogenate was incubated for 5 min in room temperature to allow the complete 

dissociation of nucleoprotein complexes. After the addition of 0.2ml of chloroform, the 

mixture was vigorously shaken for 20 sec at room temperature, and centrifuged at 14000  g 
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for 15 min at 4°C. The aqueous phase was transferred carefully to a new tube and an equal 

volume of 100% isopropanol was added. RNA was precipitated by centrifugation at 14000  

g for 10 min at 4°C. The RNA pellet was washed once with 1ml of 80% ethanol. The RNA 

pellets were dried in room temperature for 10 min. Then, RNA pellets were dissolved in pure 

ultra-water (PUW). The concentration and purity of the isolated RNA were determined by 

spectrophotometrically using a NanoDrop Lite (Thermo Fisher Scientific Inc., Walthman. 

MA, USA). 

 Complementary DNA (cDNA) was synthetized using PrimeScript TM Reserve 

Transcriptase (TaKaRa Bio, Shiga, Japan) according to manufacturer’s protocol 

(http://www.takara-bio.com) PrimeScript TM 1 st strand cDNA synthesis kit contain all 

reagents necessary to synthesis 1 st strand cDNA. Briefly, a mixture of 1μl of random 6mers 

(50μm), 1μl of dNTP mixture (10mM each), template RNA, and RNase free distal water up 

to 10μl was kept for 5 min at 65°C, then cool rapidly on ice. After that, combining the 

previous reaction with 5μl of 5  PrimeScript TM  II buffer, 0.5 μl of RNase inhibitor, 1μl of 

PrimeScript II RTase, and RNase free distal water up to 20μl, and two incubations at 30°C, 

and 42 °C for 10 min, and 60 min, respectively. Inactivation the enzymes was then by 

incubated at 95 °C for 5 min, followed by cooling on ice. 

 Steroidogenic enzymes expressions were quantified by real time PCR technique. All 

PCR reactions were run using SYBR Premix Ex Tag II (TaKaRa Bio), and the expression of 

each target mRNA was determined using 2-ΔΔct method. All values were normalized to beta 

actin as a housekeeping gene.  
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4.2.5 Immunohistochemistry   

  After deparaffinization through xylene, sections were rehydrated by ethanol. In order 

to reduce endogenous peroxidase activity, the sections were incubated with 0.3% H2O2 in 

methanol for 30 min. Antigen retrieval was carried out using autoclave for 10 min at 121°C 

in citrate buffer,pH 6.0. After cooling down, the sections were washed in PBS for 5 min/ each 

time. For reducing background, sections were incubated with 10% normal goat serum for 30 

min. sections were incubated anti- human placental cytochrome  P450 aromatase  at 1:2000, 

1:4000 and anti-porcine testicular cytochrome 17α-hydroxylase P450 (P450c17)  at 1:2000-

4000( kindly provided by Dr. Y. Osawa, Medical foundation of Buffalo, NY, USA),  raised 

in rabbit overnight at 4°C. After 3 times washing in PBS, the sections were incubated with 

the secondary antibody against rabbit IgG conjugated with biotin and peroxidase with avidin, 

using a rabbit VECTASTAIN ABC kit (Vector lab, CA, USA), and subsequently visualized 

with diaminobenzidine ( Nichirei Biosciences Inc., Tokyo, Japan) as chromogen substrate. 

Finally, the sections were counterstained with hematoxylin solution. The control sections 

were treated with normal rabbit IgG (Santa Cruz Biotechnology Inc., CA, USA) instead of 

the primary antibody. The procedure for immunohistochemistry 

4.2.6 Radioimmunoassay  

Plasma concentrations of 17β-estradiol and testosterone were determined by a double-

antibody radioimmunoassay system using 125 I-labelled radioligands as described by Taya et 

al. 1985. Antisera against 17β-estradiol (GDN 244) and testosterone (GDN250) were kindly 

provided by G. D. Niswender (Animal Production and Biotechnology, Colorado State 

University, Fort Collins, CO; Taya, Watanabe et al. 1985).  
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4.2.7 Statistical analysis  

 The data are presented as means ± SEM. Statistical analysis was performed student’s t 

test and one-way ANOVA followed by conservative Tukey’s test, using GraphPad prism 5.01 

(Graphpad Software Inc., CA, USA). A value of P<0.05 was used as an indication of 

statistical significance. 

4.3 Results 

4.3.1 Changes in mRNA expression of steroidogenic enzymes for estrogen 

production in abomasal tissue 

 CYP17A1, 17 β -HSD3 and CYP19A1 mRNA level in abomasal tissue were quantified 

by real- time PCR, the results are shown in Fig. 4.3.1. HCG treatment increased in CYP17A1 

mRNA level in both hCG groups (2TH and 4TD) in comparison with control group (c). 

CYP19A1 mRNA level enhanced after 4days of hCG group. In addition, the CYP19A1 

mRNA expression was higher after 4d than 2h (a). HCG treatment did not change. 17β-HSD3 

mRNA level did not change in both hCG groups ( T2H and T4D; b).  

4.3.2 Immunolocalization of aromatase and P450c17 in abomasal tissue 

 Immunoreactivity for aromatase and P450C17 in abomasal tissues were shown in 

(Fig. 4.3. 2). Immunolocalized positive cells for aromatase and P450c17  were detected in 

abomasum epithelial cells in all groups. Additionally, the intensity of immunohistochemical 

signals increased in both hCG groups (T2H and T4D).  
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4.3.3 Steroid hormone concentrations in mesenteric artery and portal vein   

Testosterone and 17β-estradiol concentrations were shown in Fig. 5.3.3. Testosterone 

and 17β-estradiol concentrations were measured between mesenteric artery and portal vein 

between control, T2H and T4D. Testosterone concentrations were elevated in mesenteric 

artery after 4 days hCG treatment. HCG treatment appeared to slightly increased 17β-

estradiol concentrations in mesenteric artery and portal vein.  

4.3.4 Testosterone and 17β-estradiol concentrations in abomasal tissues  

 Testosterone and 17β-estradiol concentrations in abomasum tissue were shown in 

(Fig.3.3.4). hCG treatment appeared in decrement in T concentrations after 2h, while T 

concentrations appeared to increase in 4d group. hCG treatment caused in increased in 17β-

estradiol concentrations  after 4d, while 17β-estradiol concentrations did not change  after 2h. 

4.4 Discussion 

The aim of this chapter was to investigate the hCG- induced testicular testosterone on 

abomasal steroidogenic enzymes. HCG treatment led to increase significantly CYP17A1 in 

both treated groups (2TH and 4TD), also CYP19A1 mRNA level was elevated significantly 

after 4d. In parallel to mRNA expression of CYP17A1 and CYP19A1, the intensity of 

immunoreactivities for P450c17 and aromatase were abundant in   both hCG groups. 

Additionally, hCG evoked testosterone concentrations in mesenteric artery, and 17β-estradiol 

concentrations seem to be increased after 4 d in portal vein; however, it was not significantly. 

  I hypothesized that by hCG treatment elevated testicular androgen concentrations 

circulation, which reached at abomasum, then, impact on abomasal steroidogenic enzymes.  It 
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is speculated that testosterone are known as prohormone for estrogen biosynthesis in 

extragonadal tissues (Mahendroo, Mendelson et al. 1993, Simpson 2003). Haney et al. 2015 

showed that administration of hCG induced testosterone concentrations after 2h and 4d 

(Samir, Sasaki et al. 2015). In agreement with Haney et al. 2015, hCG increased significantly 

testosterone concentrations after 4d. In recent study, I have been shown that CYP17A1 and 

17β-HSD3 were detected in abomasum. Therefore, abomasum may independently produce 

C19 precursors for estrogen production in abomasum or abomasum may convert circulating 

C19 to estrogen. CYP17A1 expressions were increased significantly after 2h and 4d. Thus, 

abomasal CYP17A1 may metabolize circulating progesterone metabolites to androstenedione 

in abomasum. CYP17A1 is responsible to convert progesterone to 17alpha 

hydorxyprogesterone (17α-hydroxyprogesterone) and androstenedione, respectively 

(Ueyama, Shirasawa et al. 2004). Previous reports illustrated that CYP17A1 was expressed in 

rat duodenum and stomach, in which progesterone was converted to 17α-

hydroxyprogesterone or androstenedione.(Vianello, Waterman et al. 1997; Le Goascogne, 

Sananes et al. 1995).Testosterone concentrations were increased in portal mesenteric after 4d 

after hCG treatment. However, the 17β-HSD3 expressions did not change in hCG groups and 

control, therefore, the increased level of testosterone concentration in the mesenteric artery 

may not relate to the abomasum. Collectively, these results suggested abomasal steroidogenic 

are involved in conversion of circulating androgens, and play important role in ratio of 

androgens and estrogens prior to inactivation in the liver.HCG-evoked testes to increase in 

the circulation and serve as prohormone for 17 -estradiol biosynthesis in the abomasum.  

Further, I checked the CYP19A1 expression in abomasum, CYP19A1 was enhanced 

after hCG treatment 4 days. Immunhistochemistical results depicted that more intense 

immunoreactivity were observed in 2h and 4d than control. Four pathways may be involved 
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in enhancement of CYP19A1 expression. Firstly, androstenedione might be converted to 

estrone and then to estradiol by CYP19A1 and 17β-HSD3, respectively. Secondly, 

androstenedione might be converted to testosterone and then to estradiol by 17β-HSD3 and 

CYP19A1, respectively. Thirdly, abomasal aromatase may metabolize circulating elevated 

testosterone. Fourthly, hCG/LH might stimulate aromatase expression in the abomasum via 

LHR. 17β-HSD3 expression in abomasum did not change in both hCG groups, therefore, high 

expression of CYP19A1 in both mRNA and protein levels may not relate to abomasal 

androgen biosynthesis. Therefore, the first and second scheme may not be implicated for the 

upregulation of CYP19A1. Based on those data, hCG increased testosterone concentrations in 

mesenteric significantly. This result suggesting hCG stimulate testes to increase testosterone 

biosynthesis. Abomasum parietal cells converted circulating testosterone to estradiol by 

enhanced CYP19A1 expressions in abomasum. It has been reported that high level of 

aromatase in the some regions of monkey brain was regulated by androgens (Roselli and 

Resko 2001).  The present study’s results was harmony with previous study that high 

testosterone level may stimulate aromatase expression in. In addition, In the prior study, I 

showed LHR was localized in the abomasal parietal cells, therefore, hCG may bind to LHR  

in the parietal cells ,and increased aromatase expression.  

In conclusion, abomasal steroidogenic enzymes may play important roles in the  

metabolism and the regulation of androgens/estrogens ratio in the circulation prior to 

inactivation of steroid hormones in the liver.  
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Fig. 4.3.1. CYP17A1, 17β-HSD3 and CYP19A1 mRNA expression in abomasal tissues.  

CYP19A1 mRNA level was elevated significantly after 4d (a). 17β-HSD3 mRNA expression 

did not change after hCG treatment (b). The CYP17A1 mRNA expression was increased 

significantly after 2h (2TH) and 4TD (c). * P <0.05 and ***P<0.001. 
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Fig. 4.3.2. Immunolocalization of P450c17 and aromatase in the abomasal tissue. P450c17 

and aromatase-immuoreactive cells were observed in the control and hCG groups (2 hour s 

after hCG treatment and 4 days after hCG treatment). Intensity for immunohistochemical 

signals increased in the both hCG treatments.  
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Fig. 4.3.3. 17β-estradiol and testosterone concentrations in artery and portal vein were shown 

in (a) and (b), respectively. 17β-estradiol concentrations in mesenteric artery and portal vein 

did not change significantly in hCG treatment groups. 17β-estradiol concentrations appeared 

to slightly slightly after hCG treatment (a). Testosterone concentrations were elevated 

significantly after 4d of  hCG treatment(T4D) in mesenteric artery (b).  *** represents a 

significant difference (P<0.001). 
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Fig. 4.3.4. 17β-estradiol and testosterone concentrations in abomasal tissue, the results were 

shown in (a) and (b), respectively. 17β-estradiol concentrations in abomasal tissue did not 

change significantly, (a). Testosterone concentrations did not change after hCG treatment (b).  
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Target of gene   Primer sequence 

CYP19A1 Forward: AGCCAAGAGCAACAAGCAT              

Reverse:   TGCATTTTTCCACGGTTACA 

17β-HSD3       
Forward: GTGATCACTGGAGCAGGAGATG        

Reverse: ATGGCCTGAAGTTTTTCCAGTG 

17CYPA1 Forward: CATATTCCCTGCGCTGAAGATT           

Reverse: ATGGAGTCGCTGGTGAAGTTCT 

ACTB  Forward: CTGCGGCATTCACGAAACTA                 

Reverse: ATGCCAGGGTACATGGTGGT 

Table 4.1. Sequences of primers for real-time PCR, which were used 
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Chapter 5 

 Immunolocalization of aromatase in the neonatal  

male and female abomasum  

5.1 Introduction 

 It is well known that estrogens have important roles not only in reproductive system, 

but also in other tissues during different stages of life. For instance, estrogens have significant 

roles in sex differentiation and development of brain (Toran-Allerand, 1980; GEORGE and 

OJEDA, 1982). In addition, during postnatal life, estrogens regulate gonadotropins hormones, 

ovarian functions and spermatogenesis in testis, maintenance of bone mass, regulation of 

lipoprotein synthesis, prevention of urogenital atrophy, regulation of insulin responsiveness, 

and maintenance of cognitive function (Carani et al., 1997; Nelson and Bulun, 2001; Stocco, 

2012). During neonatal life, aromatase was expressed in low level in testicular Leydig cells, 

and immunoreactivities for aromatase were increased during adultness (Hess et al., 2003; 

Qiang et al., 2005b).In the case of men, it has been estimated that around 15% of circulating 

estrogens were built up by testis (Simpson et al., 1999).  The remaining of estrogen 

concentrations comes from extragonadal tissues such as adipose tissues, skin and other 

organs (Simpson et al., 2000). Recently, I reported that abomasum is the responsible site of 

estrogen production in the goat GI tract. Because during neonatal life, gonadal tissues 

produced a low-level estrogen, I hypothesized; abomasum may express aromatase, and may 

have important role in the function of GI tract and other tissues during neonatal life. The 

current study had conducted to explore whether abomasum produce estrogen during neonatal 

life in male and female Shiba goats.  
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5.2 Materials and methods  

5.2.1 Animals  

 Abomasal tissues samples were harvested from male and female goats at the birth.  

Tissues samples were dehydrated through a series of ethanol, and sample tissues were cleared 

with xylazine, and then embedded in paraffin. The tissues samples sectioned 4-6μM by 

microtome. The sections were mounted on slides whether for routine histology or 

immunohistochemistry for aromatase expression. 

5.2.2 Immunohistochemistry  

 After deparaffinization through xylene, sections were rehydrated by ethanol. In order 

to reduce endogenous peroxidase activity, the sections were incubated with 0.3% H2O2 in 

methanol for 30 min. Antigen retrieval was carried out using autoclave for 10 min at 121°C 

in citrate buffer pH 6.0. After cooling down, the sections were washed in PBS for 5 min/ each 

time. For reducing background, sections were incubated with 10% normal goat serum for 30 

min. sections were incubated anti- human placental cytochrome  P450 aromatase  at 1:1000, 

1:2000 ( kindly provided by Dr. Y. Osawa, Medical foundation of Buffalo, NY, USA),  

raised in rabbit overnight at 4 °C. After 3 times washing in PBS, the sections were incubated 

with the secondary antibody against rabbit IgG conjugated with biotin and peroxidase with 

avidin, using a rabbit VECTASTAIN ABC kit (Vector lab, CA, USA), and subsequently 

visualized with diaminobenzidine ( Nichirei Biosciences Inc., Tokyo, Japan) as chromogen 

substrate. Finally, the sections were counterstained with hematoxylin solution. The control 

sections were treated with normal rabbit IgG (Santa Cruz Biotechnology Inc., CA, USA) 

instead of the primary antibody.  
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5.3 Results 

5.3.1 Immunolocalization of aromatase in abomasal mucosa  

 The present study demonstrated the imumnolocalization of aromatase, estrogen 

synthetase, in the abomasal mucosa in male and female Shiba goats during neonatal life. 

Immuohistochemical findings showed that localization of aromatase were observed in the 

abomasal epithelial cells in both male and female abomasum, respectively (Fig. 5.3.1.1and 

5.3.1.2).  

5.4 Discussion 

To the best my knowledge, this is the first report that describes the 

immunolocalization of aromatase in the male and female goat’s abomasum during neonatal 

life. The Immunohistochemical results depicted that aromatase were localized in the 

abomasal epithelial cells of male and female Shiba goats at the birth. These results suggested 

that abomasal epithelial cells produce aromatase, which may play an important role in the 

development of GI tract during neonatal life. 

It is known well that estrogen is predominantly produced by granulosa cells of ovary, 

testicular Leydig cells, Sertoli cells and adrenal gland. In addition, estrogen formation were 

took place in extragonadal tissues such as adipose tissue, brain, skin and bone (Mahendroo et 

al., 1993; Simpson et al., 1994). Testosterone is catalyzed to estrogens by aromatase. 

Circulating estrogen concentrations was low in neonate male and female. Gonadal tissues 

express steroidogenic enzyme to produce estrogen. In the case of male, testis can be thought 

that is the main source of estrogen in the circulation. Although, aromatase activity in 

granulosa cells and testicular cells were low during neonatal life, aromatase activity was high 
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in some extragonadal tissue such as hypothalamus. In addition, the cellular origin of 

aromatase changed in testicular cells for example; aromatase expressed in Sertoli cells and 

Leydig cells in immature and mature rats respectively (Hess, 2003). Recently, I showed that 

abomasum was the primary site of estrogen production in the male goat gastrointestinal tract, 

and the aromatase was localized in the abomasal parietal cells in male adult goat. 

 Epithelial cells consist of different cell types such as pit cells, parietal cells, stem 

cells, preneck cells and zymogenic cells. Stem cells anchored in the isthmus region are 

responsible for the production of parietal cells (Karam, 2010). Furthermore, GI tract major 

has one of the most rapid turnover rates of any tissue in the body. Normal functioning of the 

tissue depends on a regulated rate of division of proliferating cells deep within the mucosa. 

Normal proliferation occurs in undifferentiated precursor or stem cells within the crypts of 

the small intestine and colon in the mucous neck cells within the glands of the gastric 

mucosa. In the present study, aromatase was localized in the epithelial cells in both male and 

female goats. Moreover, during neonatal life, the parietal cells are very low, but increase 10 

folds the first of 72 hours. In addition, HCL secretion is also very low at the birth, and 

increased by ages (Guilloteau et al., 2009). It is postulated stem cells of epithelium produced 

estrogen, which paly local function in the abomasum, and induced cell proliferations of 

abomasal mucosa cells including parietal cells. Additionally, this finding suggested that the 

aromatase expression in the abomasum might transit from epithelial cells to parietal cells. 

Kobayashi et al (2013) showed that rat stomach produced aromatase, and 17β-estradiol 

concentrations increased in portal vein after postnatal 20 in both male and female. However, 

In the current study, aromatase was localized in the abomasal epithelial cells in the male and 

female goats at the birth. This difference might be due to different species, ages and fetal 
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development. Since pregnancy period in the goat is long enough; therefore, goat fetus grow 

completely during pregnancy.  

In conclusion, aromatase was localized in epithelial cells of abomasum in male and 

female at the birth. In addition, the current study suggested that abomasum might serve as 

producing estrogen organ, and play an important role in the development of GI tract during 

neonatal life.  
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Fig.5.3.1. Immunolocalization of aromatase in abomasal epithelial cells. Immunolocalization 

of aromatase in abomasa epithelial cells of neonatal male goats. Lamina properia and 

submucosa (lp+sb), epithelial cells (e), bar= 20μm and 50μm.  . 
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Fig.5.3.2. Immunolocalization of aromatase in abomasal epithelial cells in neonatal female 

goats. Epithelial cells of abomasum in male neonate goat (a) Lamina properia and submucosa 

(lp+sb), epithelial cells (e). Bar= 20μm and 50μm  
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Chapter 6 

Local inflammation induced gastric estrogen biosynthesis 

 in the male rat 

6.1 Introduction  

 Estrogens participated in numerous cellular functions such as cell proliferation and 

differentiation (Yamashita et al., 1998). It is well known estrogens exerts their functions via 

estrogen receptors (ERs), which were expressed in reproductive organs and non-reproductive 

organs including digestive system (Cunha et al., 2004; Smith et al., 2008; Batmunkh et al., 

2017). Ueyama et al (2002) reported stomach was the main organ in rat digestive system for 

estrogen production. In addition, gastric parietal cells expressed aromatase, estrogen 

synthetase, and secreted 17β-estradiol in to portal vein (Ueyama et al., 2002). The final step 

in the estrogens biosynthesis is catalyzed by the cytochrome P450 aromatase (P450 arom), 

which converts androstenedione and testosterone to estrone and 17β-estradiol, respectively 

(Macdonald et al., 1979). P450 arom is transcribed from a single gene CYP19A1, which was 

controlled by a set of cytokines and hormones (Simpson et al., 2002). For examples, 

aromatase expression and activity were increased by inflammation in the mouse and humans 

mammary glands (Morris et al., 2011; Subbaramaiah et al., 2011). Kobayashi et al. (2013) 

reported 17β-estradiol concentrations were increased three folds in portal vein after 3 days of 

partial hepatectomy. In addition to that, Umeda et al. (2015) showed 17β-estradiol level was 

elevated after partial hepatectomy either in ovariectomized and intact mice. It is assumed 
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during serious inflammation or injury, extragonadal tissue, including stomach produce more 

estrogen in order to increase healing rate in damaged organs. To the best my know, it has not 

been elucidated whether inflammation induce estrogen biosynthesis in the stomach. To find 

out, whether inflammation induces stomach to increase gastric estrogen, gastritis was induced 

with absolute ethanol. It is known well that ethanol treatment is a common application to 

induce gastritis (Chen et al., 2005; Almasaudi et al., 2015) 

6.2 Materials and methods  

6.2.1 Animals  

Adult Wistar-Imamichi male rats at age 2 months were purchased from Institute for 

Animal Reproduction (Ibaraki, Japan). They were housed at 23±2 °C under a 14 h lighting 

schedule (lights on 05:00 to 19:00) with free access to food and water. All experiments were 

performed according to the guidelines of the Institutional Animals care and Use committee of 

Tokyo University of Agriculture and Technology. 

6.2.2. Experimental design 

For induction acute gastritis, all rats kept fasting overnight to make empty stomach. 

All rats were housed in wire mesh to avoid coprophagy. Male rats (n=10) were divided into 

two groups randomly, in each group 5 male rats. Control group/treatment group was treated 

by 1ml/200g RO water/ absolute ethanol through intragastric gavage, respectively. After 1 h 

treatment, all rats were anesthetized with a combination 0.15 mg/kg Medetomidine 

Hydrochloride (Domitor, ZENOAQ, Koriyama, Japan), 2 mg /kg Midazolam (Midazolam, 

Fuji Pharma, Fuji, Japan) and 2.5mg/kg Butorphanol tartrate (Vetophale, Meji, Seika, Tokyo, 

Japan). Then,   blood drained form portal vein in order to check testosterone and17β-estradiol 
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concentrations in the portal vein. Stomach, liver, testes and adrenal were removed, and 

weighted. Then, stomach sample were cut into two parts, one part for histology which fixed 

in 4% paraformaldehyde for 24 hr and the another part were kept immediately in dry ice to 

quantify the genes expression of steroidogenic enzyme and proinflammatory cytokines. In 

addition, the small part of stomach were kept in saline, and homogenized to measure 

testosterone and 17-β estradiol in the stomach tissues.  

6.2.2 Radioimmunoassay  

Testosterone and 17β-estradiol concentrations in plasma and gastric tissue were 

measured by a double-antibody radioimmunoassay (RIA) system using 125I-Labeled 

hormones in portal vein and stomach tissues. Anti-bodies against testosterone (GDN250) and 

17β-estradiol (GDN244) were kindly provided by Dr. GD Niswender (Animal Production 

and Biotechnology, Colorado State University, Fort Collins, CO, USA). For measuring 

testosterone and 17β-estradiol concentrations in the stomach tissue, 50 mg of stomach tissues 

were homogenized in 1ml of saline and all samples and standard were extracted by ethanol in 

the same time. 

6.2.4 Immunohistochemistry 

 After deparaffinization through xylene, sections were rehydrated through a serial 

ethanol. In order to reduce endogenous peroxidase activity, the sections were incubated with 

0.3% H2O2 in methanol for 30 min. Antigen retrieval was carried out using autoclave for 10 

min at 121°C in citrate buffer pH 6.0. After cooling down, the sections were washed in PBS 

for 5 min/ each time. For reducing background, sections were incubated with 10% normal 

goat serum for 30 min. sections were incubated anti- human placental cytochrome  P450 

aromatase  at 1:4000, 1:8000 ( kindly provided by Dr. Y. Osawa, Medical foundation of 
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Buffalo, NY, USA),  raised in rabbit overnight at 4 °C. After 3 times washing in PBS, the 

sections were incubated with the secondary antibody against rabbit IgG conjugated with 

biotin and peroxidase with avidin, using a rabbit VECTASTAIN ABC kit (Vector lab, CA, 

USA), and subsequently visualized with diaminobenzidine ( Nichirei Biosciences Inc., 

Tokyo, Japan) as chromogen substrate. Finally, the sections were counterstained with 

hematoxylin solution. The control sections were treated with normal rabbit IgG (Santa Cruz 

Biotechnology Inc., CA, USA) instead of the primary antibody.  

6.2.5 Real Time- PCR 

 Total RNA from each samples were extracted using TRizol reagent (Invitrogen Co., 

CA, USA). According to the protocol, 0.1 g of samples were homogenized in 1ml of TRizol 

reagent. The homogenate was incubated for 5 min in room temperature to allow the complete 

dissociation of nucleoprotein complexes. After the addition of 0.2ml of chloroform, the 

mixture was vigorously shaken for 20 s at room temperature and centrifuged at 14000  g for 

15 min at 4°C. The aqueous phase was transferred carefully to a new tube and an equal 

volume of 100% isopropanol was added. RNA was precipitated by centrifugation at 14000  

g for 10 min at 4°C. The RNA pellet was washed once with 1ml of 80% ethanol. The RNA 

pellets were dried in room temperature for 10 min. Then, RNA pellets were dissolved in pure 

ultra-water (PUW). The concentration and purity of the isolated RNA were determined by 

spectrophotometrically using a NanoDrop Lite (Thermo Fisher Scientific Inc., Walthman. 

MA, USA). 

 Complementary DNA (cDNA) was synthetized using PrimeScript TM Reserve 

Transcriptase (TaKaRa Bio, Shiga, Japan) according to manufacturer’s protocol 

(http://www.takara-bio.com) PrimeScript TM 1 st strand cDNA synthesis kit contain all 
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reagents necessary to synthesis 1 st strand cDNA. Briefly, a mixture of 1μl of random 6mers 

(50μm), 1μl of dNTP mixture (10mM each), template RNA, and RNase free distal water up 

to 10μl was kept for 5 min at 65°C, then cool rapidly on ice. After that, combining the 

previous reaction with 5μl of 5  PrimeScript TM  II buffer, 0.5 μl of RNase inhibitor, 1μl of 

PrimeScript II RTase, and RNase free distal water up to 20μl, and two incubations at 30°C, 

and 42 °C for 10 min, and 60 min, respectively. Inactivation the enzymes was then by 

incubated at 95 °C for 5 min, followed by cooling on ice. 

 Steroidogenic enzymes expressions were quantified by real time- PCR technique. All 

oligonucleotide primers for real time- PCR were designed using Primer 3 website (Table 

6.1).All PCR reactions were run using SYBR Premix Ex Tag II (TaKaRa Bio), and the 

expression of each target mRNA was determined using 2-ΔΔct method. All values were 

normalized to beta actin as a housekeeping gene. 

6.2.7 Statistical analysis 

 The data are presented as the mean ± SEM. Statistical analysis is performed by 

Students’t test using graph pad prism 5.01. Differences with P< 0.05 were considered 

statistically significant. 

6.3 Results 

6.3.1 Macroscopic and microscopic examination in stomach and liver  

Ethanol treatment caused in visible gastric lesions, ulcer and hypertrophy in stomach 

after ethanol treatment (Fig 6.3.1.1b), while there was no abnormal and pathological 

parameter (Fig. 6.3.1.1a). Ethanol treatment led to occur necrotic area, leukocytes infiltration 
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and edema in the gastric mucosa (Fig. 6.3.1.1d), while gastric mucosa was normal and 

without any pathological findings (Fig. 6.3.1.1c). Ethanol treatment caused in injury in the 

liver after ethanol treatment (Fig. 6.3.1.2). Representative H&E histology sections of liver 

tissue from RO water or ethanol treatment, respectively (Fig. 6.3.1.2a and Fig. 6.3.1.2b). 

Ethanol treatment injured liver, which recognized by edema and leukocytes in the liver. 

Black arrow represents edema and leukocytes infiltration in the liver.  

6.3.2 Changes in stomach and liver indexes 

The changes in stomach and liver indexes between control and ethanol treatment are 

shown in Fig. 6.3.2. In the experimental rats, ethanol treatment increased significantly 

stomach indexes (Fig. 6.3.2a; P< 0.01). Ethanol treatment did not change liver indexes in 

treated group. 

6.3.3 Changes in testosterone and 17β-estradiol concentrations plasma of portal 

vein and 17β-estradiol concentrations in gastric tissues  

 The concentrations of 17β-estradiol and testosterone in the portal vein were measured 

after 1 h ethanol treatment, and the results were shown in Fig. 6.3.3. Ethanol treatment 

increased 3.5 times 17β-estradiol concentrations in portal vein (P<0.01) were shown in (Fig. 

6.3.3b). In addition, ethanol treatment elevated 17β-estradiol concentrations significantly in 

the gastric tissues. Ethanol treatment did not change in testosterone concentrations in ethanol 

treatment (Fig. 6.3.3c).  
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6.3.4 Changes in mRNA level for aromatase and proinflammatory cytokines, and 

aromatase-immunoreactive cells in stomach  

  Aromatase, IL-6, IL-1 and TNFα mRNA were quantified by real time- PCR; results 

were shown in (Fig 6.3.4.1). Ethanol treatment increased significantly the aromatase 

expression in the stomach (a). In addition, proinflammatory cytokines mRNA level were 

increased by ethanol treatment. TNF-α mRNA level increased in ethanol treatment group (b). 

IL-6 mRNA increased after ethanol treatment (c). IL-1 mRNA expression appeared to 

increase in ethanol treatment group. In addition, I performed immunohistochemistry to 

illustrate immunolocalization of aromatase in the gastric mucosa (Fig. 6.3.4.2, e, f, g and h). 

The immunohistochemical results depicted that aromatase was localized in the parietal cells 

of control (Fig. 6.3.4 e and f). The intensity of immunoreactivity signals  for aromatase were 

increased in the gastric parietal cells in ethanol treatment.   

6.3.5 Changes in mRNA expression of aromatase and proinflammatory cytokines  

 TNF-α, IL-6 and IL-1 mRNA were quantified by real time- PCR, were shown in (Fig. 

6.3.5). TNF-α mRNA increased in ethanol treatment group (a). IL-6 mRNA elevated in 

ethanol treatment group (b). Ethanol treatment group enhanced IL-1 mRNA (c).  

6.4 Discussion 

 The present study has shown that ethanol treatment caused in severe gastritis, which is 

recognized with visible hemorrhagic and necrotic area in stomach. In addition, ethanol 

treatment elevated significantly IL-6 and TNF-α mRNA expression in stomach. In addition, 

IL-1, IL-6 and TNF-α mRNR was increased in liver after ethanol treatment. Furthermore, 

gastric CYP19A1 mRNA level was upregulated after ethanol treatment group. Moreover, 
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17β-estradiol concentrations also enhanced in portal vein and gastric tissue after ethanol 

treatment. This study suggested that inflammation in stomach induced gastric aromatase 

expression and 17β-estradiol biosynthesis. 

 It has been reported that the model of ethanol-induced gastritis is used for evaluation 

of gastroprotective activity of many new therapeutic and natural product, and recognized with 

severe hemorrhagic area, necrotic area and increased cytokine mRNA expression in stomach 

(Park et al., 2008; Chen et al., 2005; Almasudi et al., 2015). The present study’s results 

confirmed that administration of absolute ethanol induced gastritis, which was associated 

with significant enhancement of stomach weight, severe hemorrhagic area and necrotic area 

in the middle portion of gastric mucosa. In addition, real-time PCR results showed that IL-6 

and TNF-α RNA level were upregulated in stomach and also IL-6, LI-1 and TNF-α mRNA 

level was elevated in liver after ethanol treatment. The current study’s results were in 

harmony with previous studies that ethanol treatment also led to elevation of in TNF-α, IL-1 

and IL-6  mRNA expression such as in stomach(Park et al., 2008; Chen et al., 2005; 

Almasudi et al., 2015). Thus, ethanol treatment caused in gastritis, which was, associated 

with increment of IL-6 and TNF-α mRNA expression in the stomach and liver. Ueyama et al., 

(2002) reported that stomach was the main organ in GI tract for estrogen biosynthesis. In 

addition, they showed that gastric parietal cells expressed aromatase in both mRNA and 

protein level, which converted androgens to estrogens, and secrete a higher amount of 17β-

estradiol level in portal vein than artery (Ueyama et al., 2002). Immunohistochemistry 

findings illustrated that aromatase was localized in parietal cells. In accordance with the 

previous studies that depicted that gastric parietal cells of various species such as rat and 

human expressed aromatase (Izawa et al., 2008; Ozawa et al., 2011, Kobayashi et al., 2013). 

Aromatase expression is tissue specific, and controlled by a set of cytokines and hormones. 
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For instance, obesity associated with inflammation induced aromatase expression in the 

adipose tissues and mammary glands. It has been reported that circulating 17β-estradiol 

concentrations increased after partial hepatectomy, in gonadoectomized mice  as well as in 

the male rats(Kobayashi et al., 2013; Umeda et al., 2015). However, it has not been 

understood the function of gastric estrogen in the case of inflammation or serious injury such 

as partial hepatectomy.  It is assumed that gastric parietal cells increase aromatase expression 

and estrogen biosynthesis during serious injury and inflammation in order to induced healing 

rate in the injured organs. In addition, Ozawa et al. (2011) demonstrated that aromatase 

expression was increased in fatigued rats and they suggested that gastric aromatase might be 

implicated in pathophysiological conditions (Ozawa et al., 2011). Pathophysiological 

conditions in liver and stomach or in stressful status are associated with elevation of 

cytokines (Yang et al., 1998; Liu and Cho, 2000; Patarca, 2001). Based on the present results, 

aromatase mRNA expression and 17β-estradiol concentrations were upregulated after 

ethanol-induced gastritis. Previous reports indicate aromatase expression is tissue-specific, 

and controlled by a set of cytokines such as IL-6. (Polari et al., 2015). My finding suggested 

that gastric aromatase might induce by proinflammatory cytokines (TNF-α and IL-6). It is 

known well that estrogens exerts their actions at sites, where expressed estrogen receptors. In 

addition, several reports illustrated the presence of estrogen ER-α in the liver and stomach, 

using real time- PCR or immunohistochemistry (Ueyama et al., 2002; Campbell-Thompson 

et al., 2001). The liver’s ability to regenerate in mammals is relative unique. It has been 

illustrated that estrogen administration prior to partial hepatectomy increased healing in the 

liver. Based on those results that showed 17β-estradiol concentrations was increased in portal 

vein and portal vein after ethanol-induced gastritis, suggested that stomach increase 17β-

estradiol biosynthesis in order to increase healing in the stomach and liver. 
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 Based on the present study, ethanol-induced gastritis is associated with elevated 

aromatase and gastric 17β-estradiol biosynthesis. The current study suggested inflammation 

might induce stomach to increase 17β-estradiol production, which may play important roles 

in stomach and liver regeneration. 
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6.3.1.1. Macroscopic and microscopic examinations of gastric mucosa after ethanol treatment. 

Macroscopic examination of gastric mucosa in control group and ethanol treatment, 

respectively (a, b). Microscopic examination of gastric mucosa in control group and ethanol 

treatment group, respectively (c, d). Ethanol treatment resulted in serious gastric ulcer, 

necrotic area, leukocyte infiltration and edema in the gastric mucosa. White arrow represents 

necrotic area and back arrow represents edema in gastric mucosa. Scale bar represents 100μm. 
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6.3.1.2. Ethanol treatment injured liver tissues. Representative H&E histology sections of 

liver tissue from RO water or ethanol treatment, respectively (a) and (b). Ethanol treatment 

injured liver which recognized by edema and leukocytes in the liver. Black arrow represents 

edema and leukocytes infiltration in the liver. Scale bar represents 50μm. 
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Fig. 6.3.2. Changes in the stomach and liver indexes. Ethanol treatment increased stomach 

index significantly (a). Liver indexes did not change significantly (b). *** represents the 

significant difference (P<0.001). 

a 

b 



 

 

74 

 

17 -estradiol concentrations

Control Treatment 
0

50

100

150

200

250 **

p
g

/m
l

17  -estradiol concentrations

control Treatment 
0

20

40

60 *

pg
/1

0m
g

Tesotsterone concentrations

control Treatment 
0.0

0.5

1.0

1.5

2.0

2.5

ng
/m

l

c

b

a

 

Fig. 6.3.3. Testosterone and 17β-estradiol concentrations in portal vein and gastric tissue. 

Ethanol treatment increased 17β-estradiol in gastric tissues (a). Ethanol treatment increased 

17β-estradiol concentrations in the portal vein (b). Ethanol treatment did not change T 

concentrations in the portal vein(c). * and ** represents the significant difference (P<0.05 and 

P<0.01 respectively). 
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Fig. 6.3.4.1. Gene expression levels of aromatase, IL-6, TNF-α and IL-1 in stomach. Aromatase 

mRNA increased significantly in ethanol treatment (a). IL-6, TNF-α mRNA increased significantly in 

ethanol treatment group, respectively (b and c). IL-1 mRNA appeared to increase in ethanol treatment 

group (d).  Each result shows the mean, and the bar represent error of 5 animals.* P<0.05, ** 

P<0.01 and ***P<0.001 
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6.3.4.2. The immunolocalization of aromatase in the gastric mucosa of control and ethanol treatment 

group. (e and f ) represents control group. (g and h) represents ethanol group. scale bar in (e, g) 

represents (20 μm) and scale bar in ( f ,h) represents 40μm. 
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Fig. 6.3.5. Gene expression levels of TNF-α, IL-6 and IL-1 in liver. TNF-α, IL-6, and IL-1 and 

were quantified by real time PCR. TNF-α mRNA increased significantly in ethanol treatment 

(a). IL-6 mRNA increased significantly in ethanol treatment (b).  IL-1 mRNA elevated in ethanol 

group (c). ** and *** represent the significant difference (P<0.01 and P<0.001, respectively). 
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Target of gene Primer sequence 

TNF-α Forward: tgtgcctcagcctcttctcat 

Reverse:   actgatgagagggagcccatt 

CYP19A1      Forward: attggcatgcacgagaatgg 

Reverse: tgctgcttgatggattccac 

IL-1B Forward: ttgtgcaagtgtctgaagcag 

Reverse: ctgtcagcctcaaagaacagg 

IL-6 Forward: ggtgccttgccagtattctca 

Reverse: acctgcttccgacactgtttg 

ACTINB Forward: agccatgtacgtagccatcc 

Reverse ctctcagctgtggtggtgaa 

Table 6.1. Sequences of primers for real-time PCR 
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Chapter 7 

General discussion 

 Estrogens are produced by gonadal tissues and extragonadal tissues, and exert their 

functions through their receptors (Simpson et al., 2000). It is well known that estrogen 

receptors were expressed in not only reproductive tissues, but also non-reproductive tissues 

such as brain, liver and GI tract (Beauchamp et al., 1989; Kobayashi et al., 2013a ). Even at 

non-reproductive tissues, estrogens were shown to have important physiological functions, 

such as differentiation and growth (Simpson et al., 1999). Previous results showed GI tract of 

ruminants expressed steroid receptors including estrogen receptors α and β, therefore, GI tract 

can thought to the target tissues for steroids (Pfaffl et al., 2003). In the male, it has been 

estimated that the testes can account for 15% of circulating estrogens at the best (Simpson et 

al., 1999). Therefore, estrogen productions in extragonadal tissues are important for 

homeostasis. In addition, ruminants regularly consume a plenty of plants, which contains 

variety of plant sterols. Liver is the major site for metabolism and inactivation of all many 

chemicals including endogenous and exogenous steroids. GI tract constructs front line for 

such chemical from the feed. Steroidogenic enzymes in GI tract might be involved in 

inactivation of endogenous and exogenous steroid. Therefore, steroidogenic enzymes in 

digestive system may be involved in different physiological and pathophysiological 

processes. In addition, steroidogenic enzymes in GI tract might be counted on control of 

endogenous steroid hormones. 

 The aims of this dissertation were to investigate which parts of GI tract (from rumen 

to reticulum) were able to produce steroidogenic enzymes, which steroidogenic enzymes 

were expressed in the male goat GI tract, and the control mechanisms behind. The present 
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results demonstrated that the goat male GI tract was able to express steroidogenic enzymes 

such as CYP17A1, 17β-HSD3 and CYP19A1. These enzymes were detectable in the 

abomasum. It is known that abomasum is comparable to the stomach in monogastric animals, 

which produce H/K ATPase and digestive enzymes pepsinogen ( Beauchamp et al., 1989). In 

addition, male goat GI tract may not utilize cholesterol as substrate, since P40scc was not 

detectable in all parts of the goat GI tract. Based on those results, abomasum may be able to 

produce some amount of estrogen by using circulating progesterone and androgens. It is 

assumed that steroidogenic enzymes in GI tract may be involved in conversion of exogenous 

and endogenous steroids. Pfaffl et al., (2003) reported that steroid receptors including ERs 

were expressed in all part of bovine GI tract. (Pfaffl et al., 2003). In addition, estrogen 

biosynthesis in GI tract might be involved in regulation of the functions of GI tract and liver 

(Fig. 7.1). 

 Those results showed that GI tract might not utilize cholesterol as substrate. However, 

it has not been illustrated whether steroidogenic enzymes expression in the GI tact were 

dependent on circulating androgens. Therefore, I conducted a study to investigate whether 

steroidogenic enzymes for estrogen production were dependent on testicular androgen 

(Chapter 3). Results showed that aromatase mRNA and estrogen content increased in 

abomasum by castration. In addition, I showed that presence of LHCGR mRNA and its 

protein in the abomasum. These finding suggested that castration might influence 

steroidogenic enzymes expression by LH mediation. In addition, it is speculated in case of 

castration, when estrogen concentration decreased, LH may stimulate abomasal aromatase to 

produce more estrogen  in order to compensate (Fig. 7.2). 

 I also evaluated the response of steroidogenic enzymes in the case of elevation of 

testicular androgens through hCG administration. HCG stimulated testicular Leydig cell to 
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enhance androgen production, and increased circulating testosterone. My results showed that 

increment of circulating testosterone increased CYP17A1 and CYP19A1 mRNA and their 

protein in abomasum. It is postulated the increment of CYP17A1 and CYP19A1 due to direct 

and indirect pathways. In direct pathway, hCG/LH may bind to LHR directly, and increased 

aromatase expression. In indirect pathway, hCG stimulated testis to increase androgen 

production, and increased circulating testosterone which lead to increment of conversion of 

androgens in abomasum. Based on the current results abomasal steroidogenic enzymes may 

have important functions in metabolism of steroid hormone, and the regulation of estrogen/ 

androgens  ratio. (Fig. 7.3). 

 Digestive system (GI tract and liver) is likely be exposed to toxic chemicals, which 

lead to inflammation in liver or GI tract. Aromatase expression is reported to be tissue-

specific, and control by hormones and cytokines (Polari et al., 2015). I conducted a study to 

find out the effect of local inflammation on the gastric estrogen production in the rat. Finding 

represented oral treatment of absolute ethanol induced local inflammation in stomach and 

liver. In consequence, TNF-α, IL-1 and IL-6 mRNA increased in liver and stomach. 

Furthermore, estrogen concentrations increased in the portal vein and gastric tissues after 

ethanol treatment. Aromatase mRNA was upregulated in stomach after gastritis-induced by 

ethanol treatment. My results suggested that local inflammation induced gastric estrogen 

biosynthesis. Kobayashi et.al, (2013) reported that estrogen were involved in cellular 

proliferation in the liver (Kobayashi et al., 2013). My finding suggested that gastric estrogens 

might play important roles in healing and regeneration in the liver or GI tract. (Fig. 7.4) 

 During neonatal life, aromatase activities in gonads were very low. However, in some 

extragonadal tissues such as hypothalamus, aromatase activities were higher several times 

than gonads, and play some important roles (Hess et al., 2003). Aromatase was localized in 
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epithelial cells in abomasum, and the intensities of immunoreactivities did not differ between 

male and female goat during neonatal life (Fig.5.3.1 and 5.3.2). It is postulated that 

abomasum may produce estrogen during neonatal life, when aromatase activities were low in 

gonadal tissues. My result together suggested that abomasum might play important roles in 

the development of digestive tract during neonatal life. 
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Fig. 7.1. Steroidogenic enzymes expression in male goat GI tract 

Reference of picture. http://www.thegoatguide.com 
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Fig. 7.2. Effect of castration on abomasal aromatase expression 
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Fig. 7.3. Effect of hCG administration on abomasal steroidogenic enzymes 

 



 

 

86 

 

 

Fig. 7.4. Local inflammation induced gastric estrogen production 
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General conclusion  

 The present study exposes a new insight of view on function of steroidogenic 

enzymes in physiological and pathophysiological situations. 

Based on the present results, steroidogenic enzymes were expressed in the male GI 

tract. GI tract is able to produce steroid hormones. Additionally, male goat GI tract could not 

utilize cholesterol as substrate directly, and needed circulating progesterone and androgens 

for estrogen production.  Abomasum was the main parts of GI tract to produce estrogens.  

Abomasal estrogens may play important roles in regulation of functions of GI tract and liver. 

          Steroidogenic enzymes in GI tract were under control of hormones and cytokines. In 

the term of castration, when circulating androgen and estrogen concentrations decreased in 

the male, abomasal parietal cells produced extra estrogen production to compensate a normal 

function in digestive system. In the term of increment of androgens by hCG/LH, abomasum 

might be involved in the metabolism and the regulation of androgen/estrogen. Furthermore, 

gastric estrogen production was induced by local inflammation in stomach and liver.  In 

gastritis or hepatitis, gastric estrogens increased in order to increase healing and regeneration 

in the stomach and liver.  

          The present study showed steroidogenesis and its functions in digestive system. 

Steroidogenic enzymes in digestive system appeared to be one of the crucial factors, which 

link digestive system, endocrine system and immune system. The present study might light 

on the future studies on the improvement of the digestive functions and reproduction system 

in the ruminant animals. 
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Study on Function of Steroidogenesis in the Goat Digestive System 

                               Hadi MOHIBBI  

       The United Graduate School of Veterinary Sciences, Gifu University  

 (Tokyo University of Agriculture and Technology) 

                                                    Abstract 

Estrogens are produced by gonadal tissues and extra-gonadal tissues, and exert their 

functions through their receptors. Estrogen receptors were expressed in not only reproductive 

tissues, but also non-reproductive tissues such as brain, liver and gastrointestinal tract (GI 

tract). Even at non-reproductive tissues, estrogens were shown to have important 

physiological functions, such as differentiation and growth of cells. GI tract of ruminants 

expressed steroid receptors including estrogen receptors α and β, therefore, GI tract can 

thought to the target tissues for steroids. Liver is the major site for metabolism and 

inactivation of all many chemicals including endogenous and exogenous steroids. 

Steroidogenic enzymes in GI tract might be involved in inactivation of endogenous and 

exogenous steroids. Steroidogenic enzymes in digestive system may be involved in different 

physiological and pathophysiological processes. In the present thesis, steroidogenesis in the 

digestive system and it’s physiological function was investigated using male goats as a 

typical ruminant model animals. 
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1. Steroidogenic enzyme expression in estrogen production and immune- 

localization of aromatase in parietal cells of abomasum 

Abomasum was the primary organ in the male goat GI tract to express steroidogenic 

enzymes. P450scc, 3β-HSD, CYP17A1, 17β-HSD3 and CYP19A1 were quantified by RT-

PCR. P450scc and 3β-HSD were not detectable through GI tract except for jejunum, which 

expressed 3β-HSD. These results suggested that GI tract could not utilize cholesterol as 

substrate; therefore, estrogen production in the GI tract required circulating steroid hormones. 

The present studies showed that CYP17A1, 17β-HSD3 and CYP19A1 were detectable mainly 

in abomasum. The weak detection of CYP17A1 and 17β-HSD3 observed in the small intestine. 

These results suggested that abomasum might produce a small quantity of C19 steroids by 

itself, and may convert circulating androgens for estrogen biosynthesis in the abomasum. 

Additionally, cytochrome P450arom was expressed in the abomasal parietal cells, suggesting 

that parietal cells were responsible for aromatase expression in the GI tract. 

2. The impact of castration on steroidogenic enzymes expression in the 

abomasum 

The present study showed that abomasum could not utilize cholesterol as substrate, 

suggesting that circulating steroid hormones such as androgens, and abomasum might be able 

to produce C19 steroids for estrogen biosynthesis. To clarify whether estrogen biosynthesis in 

the abomasum depends on circulating androgens, the effect of castration has been examined. 

CYP19A1 mRNA expression was up regulated significantly by castration. Additionally, 17β-

estradiol concentrations in abomasal tissues significantly increased after castration. 

Furthermore, the presence of luteinizing hormone receptor (LHR) mRNA was detected in 
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abomasum, immunohistochemistry results depicted that localization of LHR in the some 

portion of parietal cells in abomasum. These finding suggested that LH stimulate aromatase 

expression in abomasum. 

3. Human chorionic gonadotropin hormone (hCG) increased testicular 

androgens impacted on aromatase expression in the goat abomasum 

The effect of hCG on testicular androgens synthesis and steroidogenic enzymes 

production for estrogen biosynthesis has been investigated. hCG treatment increased 

significantly testosterone concentrations after 4 days in mesenteric artery. Additionally, 17β-

estradiol concentrations tend to increase in the portal vein. RT-PCR, CYP17A1 and 

CYP19A1mRNA expression were up-regulated by hCG treatment. In addition, an increase in 

the immunohistochemical signal for CYP17A1 and CYP19A1 were observed after hCG 

treatment. While the level of mRNA expression of 17β-HSD3 did not change after hCG 

treatment. The present study suggested that steroidogenic enzymes expressions for estrogen 

biosynthesis were stimulated by increased testicular androgens and/or LH, and play an 

important role in the balance between estrogen/androgens prior to inactivation in the liver. 

4. Immunolocalization of aromatase in the neonatal male and female abomasum 

The onset of aromatase expression in male and female goat during neonatal life was 

studied by immunohistochemistry. Immunoreactivities for aromatase were detected in the 

epithelium of abomasum. In addition, the intensities of immunohistochemical signal for 

aromatase did not change between male and female goats during the first day of life. The 

present study suggested that the abomasum is one of the source of estrogen in the male and 

female goats during neonatal life. 
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In addition, these results suggest that stomach is the primary organ in GI tract for 

estrogen biosynthesis, and might be implicated in several cellular mechanism including 

cellular proliferation in the liver. 

5. Local inflammation induced gastric estrogen concentration in portal vein in 

the male rat 

    The impact of ethanol-induced gastritis on aromatase expression, has been studied. 

Administration of absolute ethanol orally, resulted in gastric ulcers, hemorrhagic area, 

necrotic area and edema in the rat stomach. In addition, proinflammatory cytokines such as 

TNF-α and IL-6 mRNA increased in stomach and liver after ethanol treatment. Therefore, 

ethanol treatment induced local inflammation in the stomach and liver. Moreover, ethanol 

treatment resulted in elevation of 17β-estradiol concentrations in the gastric tissues and portal 

vein, while testosterone concentrations did not change in ethanol treatment group. 

Furthermore, the aromatase expression in gastric tissues was quantified by real time PCR. 

Aromatase expression increased significantly in the ethanol treatment group. Ethanol induced 

gastritis, which was associated with increment of aromatase expression and estrogen 

concentration in portal vein. Collectively, the present study, suggested that gastric estrogen 

was elevated during pathophysiological situations in GI tract in order to increase healing and 

cell proliferation during pathophysiological situations in GI tract. 
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