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ABSTRACT

Background: Nonylphenol (NP) has been detected in human cord blood and milk. Therefore,  human fetus and infant exposure to this environmental contaminant is unavoidable. 

Objectives: Previously, we observed that NP disturbed adrenal homeostasis. Using the “fetal origins adult disease” (Barker) hypothesis, we examined developmental (in utero and neonatal) exposure to NP and its effect on the predisposition of metabolic syndrome.

Methods: Two-month-old female Sprague-Dawley rats were timed mated. Throughout gestation and lactation, one group of pregnant females was given a 2 µg/mL NP drinking solution and another group was given water. After weaning, the offspring were housed in single-sex groups and had ad libitum access to food and water at all times. At 14 weeks of age (adult), the offspring from each group were decapitated.

Results: Ingestion of NP water during pregnancy and lactation resulted in an increase in the corticosterone and aldosterone concentrations in plasma, the 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) activity in the liver and adipose tissue, and adrenal aldosterone synthase activity in adult offspring. Furthermore, NP exposure caused increased body weight, adrenocorticotropin (ACTH) concentration in plasma, 11β-HSD1 protein expression in liver, steroidogenic acute regulatory (StAR) protein expression, and adrenal 11β-hydroxylase activity in male adult offspring. In addition, NP increased the corticosterone concentration in adipose tissue in female adult offspring.

Conclusions: This study shows that developmental exposure to NP, mediated through the adrenal corticoid system, can lead to a predisposition to obesity and hypertension, risk factors for Cushing’s and metabolic syndromes.

Introduction

Since Rachel Carson’s “Silent Spring” (Carson 1962) and the lay book “Our Stolen Future” (Colborn et al. 1996), it was generally understood that man made chemicals intended to benefit people, but that also exerted negative impacts on the environment, wildlife, and public health. Examples of these chemicals include bisphenol A (BPA), di-chloro di-phenyl tri-chloroethane, and diethylstilbestrol (DES). These chemicals mainly interfere or disrupt normal endocrine regulation, especially targeting the estrogen pathway. Due to tragedies observed in human reproductive integrity, such as in the case of DES (Hatch et al. 1998), the impact of endocrine disruptors (ENDR) are a main focus in reproduction, teratology, and reproductive oncology because of their estrogenic properties. For example, nonylphenol (NP) has been reported to have estrogenic activity (Laws et al. 2000; Wilson et al. 2004) and is considered an ENDR. NP is a degradation product of nonylphenol ethoxylates, nonionic surfactants that not only have wide industrial and agriculture utilizations, but are also widely used in household products such as detergents, cleaners, indoor pesticides, food packaging, cosmetics, and dry clean aids (US EPA RIN 2070-ZA09). Such wide application and use in household exposure makes NP detectable in urine samples worldwide (Calafat et al. 2005; Jing et al. 2011). NP accumulation in human adipose tissue has also been observed (Lopez-Espinosa et al. 2009; Ferrara et al. 2011). Moreover, recent attention has been given to the detection of NP in human cord blood (Chen et al. 2008) and in human milk (Ademollo et al. 2008; Chen et al. 2010), making fetus and infant exposure to this contaminant unavoidable. Based on the “fetal origins of adult disease’ (Barker) hypothesis (Barker 2007), this developmental exposure can present a major public health concern.

The pandemic of metabolic syndromes, such as obesity, diabetes, and hypertension, is a global public health problem (Kearney et al. 2005; Padwal and Sharma 2010). Convincing evidence suggests that caloric intake and physical activity are not the only factors responsible for metabolic syndromes around the world (Holtcamp 2012). Baillie-Hamilton (2002) theorized that metabolic diseases, such as obesity and hypertension, correlate with synthetic organic chemical production, many of which are ENDRs. In humans, chronic elevated adrenal steroid hormone levels can lead to Cushing’s syndrome. The main symptoms of Cushing’s syndrome are progressive obesity, glucose intolerance, and hypertension, which resemble the symptoms of metabolic syndrome. Whether NP contributes to the development of metabolic syndrome remains unclear. We previously reported that NP directly increases the production of corticosterone and aldosterone in rat adrenal cells in vitro (Chang et al. 2010, 2012). In this study, we aimed to determine if developmental exposure to NP contributes to markers of obesity and risk factors for the development of metabolic/Cushing’s syndrome later in adult life.

Methods

Materials

NP was purchased from Fluka (Buchs, Switzerland) and dissolved in methanol as a 0.425 M stock solution. . Chemicals were purchased from Sigma Chemical Co. (St. Louis, MO, USA). [3H]-Aldosterone and [3H]-corticosterone were from Amersham Life Science Limited (Buckinghamshire, UK). Dr. D. M. Stocco (Department of Cell Biology and Biochemistry, Texas Tech University Health Sciences Center, Lubbock, TX, USA) generously provided the anti-StAR antibody. Anti-11β-HSD1 and anti-11β-hydroxylase antibodies was purchased from Abcam plc. (Cambridge, UK).  Anti-mouse and anti-rabbit IgG peroxidase-conjugated secondary antibodies were purchased from ICN Pharmaceuticals, Inc. (Aurora, OH, USA).
Animals


Female 2-month-old Sprague-Dawley rats, weighing 250–300 g, were provided by National Yang-Ming University and housed in a temperature-controlled room (22 ± 1oC) with photoperiods of 14 h (light):10 h (dark). The light was on at 6:30 a.m., and food and water were provided ad libitum. After acclimatization, rats were timed mated. A single virgin female was housed with a male in a breeding cage until an expelled vaginal plug was noted (designated F0, day zero of pregnancy); females were then housed singly throughout pregnancy until delivery, which occurred on days 20–22. One group of pregnant females was given a 2 µg/mL NP drinking solution (NP mothers), while a second group of pregnant females was given water (Veh mothers) throughout gestation and lactation. At birth, litters were sexed and termed F1 NP and F1 Veh. At approximately 3 weeks of age, the offspring were weaned and housed in single-sex groups with ad libitum access to food and water at all times. At 14 weeks of age (adult), the offspring from each group were decapitated, the trunk blood was collected, and plasma samples were separated and stored at -20°C until analysis. Liver, adipose tissue, and adrenal glands were immediately dissected and stored at -80°C.

 All animal protocols used in this study were approved by the Institutional Animal Care and Use Committee of the National Yang-Ming University. All animals received human care in compliance with the Principles of Laboratory Animal Care and the Guide for the Care and Use of Laboratory Animals, published by the National Science Council, Taiwan, R.O.C.
Tissue protein extraction

Frozen liver, adrenal, and adipose tissue samples were excised and homogenized on ice in homogenizing buffer (65 mM Tris-base, 154 mM sodium chloride, 1% NP-40, 6 mM sodium deoxychola, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM phenylmethylsulfonyl fluoride (PMSF), 5 mg/L aprotinin, 5 mg/L leupeptin, 5 mg/L pepstatin, 1 mM sodium orthovanadate, 1 mM sodium fluoride, and 1% proteinase inhibitor cocktail (pH 7.4) for liver and adipose tissues; 1.5% Na-lauroylsarcosine, 2.5 mM Tris-base, 1mM EDTA, 0.68% PMSF, and 2% proteinase inhibitor cocktail (pH 7.8) for adrenal tissue, the adrenal capsule, or the adrenal cortex) for 30 min. Homogenates were centrifuged at 4°C at 13,000 g for 30 min, and the supernatants were collected. Protein concentrations were measured by the Bradford assay (Bradford 1976) using bovine serum albumin (BSA) as the standard. 

Enzyme activity assays 

The oxoreductase activity assay of 11β-HSD1 was performed by immuoassay (Eijken et al. 2005; McCormick et al. 2006) of corticosterone produced from 11-dehydrocorticosterne using a radioimmunoassay (RIA). Briefly, 20 L of 50 mM sodium phosphate buffer (pH 7.4) containing 1 mM EDTA, 1 M sodium chloride, 40% glycerol (wt/vol), and 0.4% Triton X-100 (wt/vol) was preincubated with 10 L of nicotinamide adenine dinucleotide phosphate (NADPH, 2.4 mM) and 10 µL of 11-dehydrocorticosterone (1 mM) for 3 min at 37°C. The reaction was started by adding 60 µL of tissue extract (0.5 to 1.0 mg protein), and the tubes were incubated for 1 h at 37°C. The reaction was terminated by dipping the tubes immediately into ice, and corticosterone was determined using the corticosterone RIA. Blanks were tubes where neither NADPH nor 11-dehydrocorticosterone was added. Specific activities were expressed as nanograms of corticosterone formed per hour per gram of protein.

The 11β-hydroxylase activity assay was performed by immuoassay of the corticosterone produced from deoxycorticosterne using RIA. Briefly, one-half of the adrenal cortex in 1 mL of KRBGA (Krebs–Ringer bicarbonate buffer with 3.6 mmol/K+/L, 11.1 mmol glucose/L, and 0.2% BSA) medium was preincubated for 1 h at 37°C. After preincubation, half of the adrenal cortex was transferred to a tube containing 1 µM deoxycorticosterone in 1 mL KRBGA medium and incubated for 1 h at 37°C. The reaction was terminated by dipping the tubes immediately into ice, and corticosterone was determined using corticosterone RIA. Specific activities were expressed as nanograms of corticosterone formed per hour per microgram of protein.

The aldosterone synthase activity assay was performed by immunoassay of the aldosterone produced from corticosterone using a RIA. Briefly, the capsule of half of the adrenal gland in 1 mL of KRBGA medium was preincubated for 1 h at 37°C. After preincubation, the capsule of one half of the adrenal gland was transferred to a tube (containing 0.2 µM corticosterone in 1 mL KRBGA medium) and was incubated for 1 h at 37°C. The reaction was terminated by dipping the tubes immediately into ice, and aldosterone was determined using aldosterone RIA. Specific activities were expressed as nanograms of aldosterone formed per hour per microgram of protein.

Corticosterone estimation in tissue homogenates

Adipose tissues were excised and washed repeatedly with chilled isolation media (Shukla et al. 2000) to remove adhering blood. The isolation media contained 0.25 M sucrose, 10 mM Tris-HCL pH7.4, 1 mM EDTA, and 0.25 mg BSA/mL. After mincing the tissues with scissors, 10% (w/v) homogenates were prepared using a homogenizer. Homogenates were centrifuged at 4°C at 13,000 g for 20 min, and the supernatants were collected and stored at -20°C for ether extraction and corticosterone measurement by RIA.

Western blot analysis


Liver (100 µg), adipose (200 µg), and adrenal (100 µg) protein were subjected to western blot analysis (Lo et al. 2000) to detect 11β-HSD1 (for liver and adipose tissue) and steroidogenic acute regulatory (StAR) or 11β-hydroxylase (adrenal) protein, and β-actin. For western blotting, samples containing equal amounts of protein were separated by 10% acrylamide sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The relevant proteins were detected on the blots using specific antibodies and visualized by enhanced chemiluminescence (ECL western blotting detection reagents, Amersham Pharmacia Biotech. Buckinghamshire, UK). A Luminescent Image Analyzer Las-4000 (Fuji-Film, Stamford, CT, USA) was used to scan the membranes. The MultiGauge program (Fuji-Film) was used for protein quantification. The 11β-HSD1 or StAR protein signals were corrected against the β-actin protein signal.
RIA of corticosterone, aldosterone, and ACTH 


RIA was used to determine the concentration of corticosterone in the plasma or media as previously described (Lo et al. 1998). RIA was established for the measurement of plasma corticosterone levels with an antiserum (PSW#4–9). The sensitivity of corticosterone RIA was 5 pg/tube, and the intra- and inter-assay coefficients of variation were 3.3% (n = 5) and 9.2% (n = 4), respectively. RIA was used to determine the concentration of aldosterone in the plasma or media, as previously described (Kau et al. 1999). RIA using the antiserum JJC-088 was established to measure plasma aldosterone levels. The sensitivity of the aldosterone RIA was 4 pg/tube. The intra-assay and inter-assay coefficients of variation were 3.9% (n = 5) and 8.2% (n = 4), respectively.

Serum levels of ACTH were assayed by a RIA method proposed previously (Wang et al. 1994) with minor modifications, using reagents supplied by NIDDK (Bathesda, MD, USA). Carrier frees 125I for hormone iodination were obtained from PerkinElmer (Waltham, MA, USA). Human ACTH (h-ACTH) was iodinated using chloramines-T (Sigma Chemical Company, St. Louis, MO, USA) as the oxidizing agent following the procedure (Greenwood et al. 1963). NIDDK anti-h-ACTH was used as antiserum at a final dilution of 1:1000. The second antibody was goat anti-rabbit γ-globulin. The sensitivity was 20 pg/assay tube.
Statistical analysis


Results are expressed as the mean ± S.E.M. A one-way analysis of variance (ANOVA) test (Steel and Torrie 1960) was first carried out to assess differences among the average body weight changes in all groups. The values of the treated groups were compared to those of the control group by a t-test analysis. Results with a value for P < 0.05 were considered statistically significant.
RESULTS

Male offspring

Body weight and plasma. Body weight, measured every 3–4 days after 3 weeks of age, was significantly increased by 13% in rat offspring exposed to NP water in utero and neonate compared to animals in the vehicle group (P < 0.01; see Supplemental Material, Figure 1(A)). Plasma ACTH, corticosterone, and aldosterone concentrations also significantly increased by 50%, 495%, and 77%, respectively, in rat offspring exposed to NP water in utero and neonate compared to those in the vehicle group (P < 0.01; Table 1).

11β-HSD1. The expression of 11β-HSD1 in the liver and adipose tissue was determined by western blot analysis (see Supplemental Material, Figure 2(A) and 3(A)). The 11β-HSD1 to β-actin protein ratio increased by approximately 50% in the livers of rat offspring exposed to NP water in utero and neonate compared to those of the vehicle group (P < 0.05; see Supplemental Material, Figure 2(A)), but this effect was not noted in adipose tissue (see Supplemental Material, Figure 3(A)). The effect of gestational and lactation exposure to NP water on the NPDPH-dependent oxoreductance activity of 11β-HSD1 was studied in liver and adipose tissues in adult offspring. A significant increase in 11β-HSD1 activity of 26.4% in the liver (P < 0.01; Table 2) and 25.6% in adipose tissue (P < 0.05; Table 2) was observed in NP water-exposed adult offspring compared to vehicle-exposed offspring.

Tissue corticosterone. Adipose tissue concentrations of corticosterone were measured in adult offspring. No significant increase was seen in corticosterone concentrations in the liver or adipose tissue in rat offspring exposed to NP water in utero and neonate compared to the vehicle group (Table 2).

Adrenal gland. The expression of StAR and 11-hydroxylase protein in adrenal tissue was determined by western blot analysis (see Supplemental Material, Figure 4(A)). The ratio of StAR to -actin increased by approximately 50% in the adrenal tissue of rat offspring exposed to NP water in utero and neonate compared to those of the vehicle group (P < 0.05; see Supplemental Material, Figure 4(A)). No difference in 11β-hydroxylase levels was noted between the two groups. The effect of gestational and lactation exposure to NP water on the activity of 11β-hydroxylase or adlosterone synthase was studied in half of the adrenal cortex or in the capsule of half of the adrenal gland. A significant increase in 11β-hydroxylase activity of 110% in the adrenal cortex (P < 0.05; Table 2) and aldosterone synthase activity of 79% in the adrenal capsule (P < 0.05; Table 2) was observed in NP water-exposed adult offspring compared to vehicle-exposed offspring.

Female offspring

Body weight and plasma. The body weight, measured every 3–4 days after 3 weeks age, was not significantly increased in female rat offspring exposed to NP water in utero and neonate compared to animals of the vehicle group (see Supplemental Material, Figure 1(B)). The effect of gestational and lactation exposure NP water significantly increased corticosterone and aldosterone concentrations in plasma (105% and 74%, respectively) in female rat offspring compared to the vehicle group (P < 0.05 and P < 0.01, respectively; Table 1), but this effect was not seen for ACTH levels in plasma (Table 1). 

11β-HSD1. The expression of 11β-HSD1 protein in liver and adipose tissues was determined by western blot analysis (see Supplemental Material, Figure 2(B) and 3(B)).  No significant increase was noted in 11β-HSD1 protein expression in liver or adipose tissues of female rat offspring exposed to NP water in utero and neonate compared to those of the vehicle group (see Supplemental Material, Figure 2(B) and 3(B)). The effect of gestational and lactation exposure to NP water on the NPDPH-dependent oxoreductance activity of 11β-HSD1 was studied in liver or adipose tissues of female adult offspring. A significant increase in 11β-HSD1 activity of 31% in liver (P < 0.05; Table 2) and 20% in adipose tissue (P < 0.05; Table 2) was observed in NP water-exposed female adult offspring compared to the vehicle offspring.

Tissue corticosterone. The concentration of corticosterone in adipose tissue was also measured in female adult offspring. There was a significant increase in the corticosterone concentration in adipose tissue (P < 0.01; Table 2) from female rat offspring exposed to NP water in utero and neonate compared to the vehicle group.
Adrenal gland. The expression of StAR and 11β-hydroxylase protein in the adrenal gland was determined by western blot analysis (see Supplemental Material, Figure 4(B)). StAR or 11β-hydroxylase protein expression did not increase in the adrenal tissue of female rat offspring exposed to NP water in utero and neonate compared to the vehicle group. The effect of gestational and lactation exposure to NP water on the activity of 11β-hydroxylase and adlosterone synthase was also studied in half of the adrenal cortex or capsule of half of the adrenal gland. A significant increase in aldosterone synthase activity of the adrenal capsule (P < 0.05; Table 2), but not in 11β-hydroxylase activity of the adrenal cortex (Table 2), was observed in NP water-exposed female adult offspring compared to vehicle offspring.
DISCUSSION
NP exposure can occur via many routes, including drinking water, diet, and gavage. Gavage is a way to make sure the exact exposure dose. In this study, we examined adrenal activity during pregnancy and lactation. High glucocorticoid exposure during pregnancy is harmful for fetus development and progression to adult life (Baquedano et al. 2011; Seckl 2004). In addition, gavage is a stressful procedure, which increases the blood corticosterone concentration (Chang et al. 2011). To avoid non-specific interference (Brown et al. 2000), supplementation of NP into drinking water was selected as the administration route.

The NP containing water in this study is only 2 g/mL. This concentration is an environmentally relevant concentration. Water consumption during pregnancy and lactation varies. During pregnancy, water consumption ranges from approximately 25 mL/day to 50 mL/day before delivery, while it gradually increases to approximately 100 mL/day during the late lactation period. In this study, for calculation purposes, we assumed an average of 50 mL NP water consumption during pregnancy, with the highest daily NP exposure approximately 400 µg/kg/day. The highest NP exposure during late lactation was approximately 800 µg/kg/day. The examined dose in this study is far below the no-observed-adverse-effect level of 45–50 mg/kg/day (Cunny et al. 1997) and above tolerable intake of 5 µg/kg/day reported by the Danish Institute of Safety & Toxicity (Ademollo et al. 2008). The exposure dose in this study is the least amount relative to other dietary exposures (Ferguson et al. 2009; Hossaini et al. 2001; Jie et al. 2010; Nagao et al. 2001), which usually falls in the range of 2–200 mg/kg/day. These doses are intended to reveal effects of pharmacologically toxic exposure. The results of body weight in this study are different from those of Chapin et al (1999). In their study, the exposure concentrations (650 ppm and 2000 ppm) were high and resulted from continuous treatment with NP. In that study, the body weight of both male and female rats decreased from that of the parental generation (F0), until the great grand offspring (F3). A decrease in body weight also observed in others studies with high concentration (2–200 mg/kg/day) of NP treatment (Ferguson et al. 2009; Hossaini et al. 2001; Jie et al. 2010; Nagao et al. 2001). The NP treatment in this study is brief (only during pregnancy and lactation in F0 generation) and has a low exposure concentration. Differences between our results and those of previous reports may reflect the different goals of the studies, i.e., toxicity vs. environmental relevant dose effect.

Developmental NP exposure increases the appetite for sodium solution (Ferguson et al. 2000, 2009). Our data and that of our previous report (Chang et al. 2012) are in agreement with those results in that NP increases aldosterone production in vivo and in vitro. Aldosterone is one of the stimulating factors to increase salt appetite in the brain (Geerling and Loewy 2008). In the brain, aldosterone acts not only on salt appetite but also on increasing sympathetic activity and vasopressin release and is one of the mechanisms that cause hypertension (Oki et al. 2012). BPA is a similar environmental obestrogen to NP. Recently, the urine BPA concentration reported was found to be significantly associated with hypertension in US adults, independently of other confounding factors (Shankar and Teppala 2012). These observations indicate that developmental exposure to NP increases risk of hypertension later in adult life.

Interestingly, plasma aldosterone significantly increased in the female NP group, while no such difference was seen for plasma ACTH concentration. Aldosterone secretion is under multi-functional control, i.e., ACTH, renin-angiotensin system (RAS), serum [K+], and arginine vasopressin (AVP). The lack of a significant increase in ACTH in this study suggests that the significant increase in aldosterone must occur through a different cascade. Plasma AVP has been reported to be higher in male than female rats (Crofton et al. 1986). In physiological conditions, serum [K+] is tightly regulated and unlikely to be responsible for the increase in aldosterone production. By excluding these three factors (ACTH, AVP, and K+), RAS may play a role in the increased aldosterone activity in female rats caused by developmental exposure to NP. The NP exposure during the developmental period in female rats may introduce epigenetic modifications to hepatocytes to produce more substrate (angiotensinogen) for RAS. Taken together, these observations suggest that developmental NP exposure increases the risk of hypertension. Similarly, in male rats, the significant increase in plasma aldosterone is mediated through RAS and ACTH stimulation, which can result in hypertension. These considerations support the concept that environmental NP may be partially responsible for the worldwide increase in the incidence of hypertension (Kearney et al. 2005). 

In vivo, chronic glucocorticoid exposure stimulates both adipogenesis and lipolysis in visceral adipose tissue (Campbell et al. 2011). Glucocorticoids also stimulate gluconeogenesis to increase blood glucose concentration. Physiologically increasing blood glucose concentrations stimulates insulin release. Glucocorticoid in combination with insulin is a strong mechanism for adipogenesis (Gathercole et al. 2011). Peroxisome proliferator-activated receptor γ (PPARγ) may also promote adipogenesis. Octylphenol is another alkylphenol similar to NP and has been reported to strongly induce the expression of PPARγ (Grun and Blumbeg 2006; Miyawaki et al. 2008). NP may have similar property in inducing PPARγ. The combination of PPARγ, glucocorticoids, and insulin is a potent adipogenic mechanism (Miyawaki et al. 2008). Therefore, NP may be a potent adipogeneic factor, clarifying the effect of NP exposure on adipogenicity and obesity. This concept supports the results of this study that chronic corticosterone elevation and NP increase adipogenesis and the body weight of male rats and supports the concept of environmental endocrine disruptoras obesogen (Newbold et al. 2007).

Apparently there are sex-related dimorphic phenomena due to developmental exposure to NP. The parameters of plasma ACTH, liver 11β-HSD1 protein, adipose corticosterone concentration, adrenal StAR and 11β-hydroxylase, and body weight show sex-related dimorphic consequences due to developmental NP exposure. The significant increase in the plasma ACTH concentration along with the increase in adrenal corticoids in male rats is a very unique phenomenon. The hypothalamic-pituitary-adrenal system is under strict negative feedback regulation; physiological elevation of plasma corticosterone concentration will decrease the plasma ACTH concentration. Instead of the expected decrease in plasma ACTH, ACTH concentration also significantly increased in this study. The most probable explanation is that NP decreases the sensitivity of the negative feedback of corticoids at hypothalamic-pituitary level. Relative to female rats, the sharp increase in plasma corticosterone, liver 11β-HSD1 protein, and enzyme activity, and high activity of 11β-hydroxylase enzyme in the adrenal gland may correspond to the significant increase in body weight in male rats. This sex-related dimorphism associated with ACTH has also been observed by Garcia-Caceres et al. (2010). Differences in gonadal steroid hormones, such as estradiol and testosterone, may be another factor responsible for the differences in body weight between male and female rats. Estrogen has been reported to enhance the lipolytic effect (D’Eon et al. 2005; Palin et al. 2003), while androgen reduces the ability of catecholamine-stimulated lipolysis (Dicker et al. 2004; Xu et al. 1990). The lipolytic effect of estradiol may counteract the effect obesity inducing effect by NP. Male rats do not show such a lipolytic effect and present full obesity induced by NP. From the body weight pattern of female rats, it might show significantly increase of body weight after ceasing ovarian function (no estradiol to execute lipolytic effect) as menopausal women.

The 11β-HSD1 protein is an enzyme widely expressed among tissues, such as in the liver, adipose tissue, and muscle. It converts inactive glucocorticoids to active forms, and therefore amplifies the action of glucocorticoids in tissues. Chronic exposure to glucocorticoids is reported to down-regulate 11β-HSD1 activity (Mariniello et al. 2006). In this study, both plasma corticosterone concentration and tissue 11β-HSD1 activity increases after NP exposure. Apparently, developmental exposure to NP reduces the down-regulation mechanism of corticosterone to tissue 11β-HSD1. Transgeneic over-expression of 11β-HSD1 in liver or adipose tissue results in metabolic syndrome in mice. Furthermore, metabolic syndrome is prevented in 11β-HSD1 gene knockout mice (Stimson and Walker 2007). Due to these phenomena, 11β-HSD1 has been implicated as a key factor in the development of obesity, insulin resistance, type 2 diabetes mellitus, hyperlipidemia, and metabolic syndrome (Cooper and Stewart 2009; Pereira et al. 2012; Stimson and Walker 2007). Therefore, investigating 11β-HSD1 inhibitors for therapeutic purposes is of interest in the current metabolic syndrome pandemic (Wan et al. 2011; Feng et al. 2010). The 11β-HSD1 activities significantly increased in both genders and both types of tissue in this study, while the 11β-HSD1 protein concentration only increased in the male liver tissue, indicating that enzyme activity and protein concentration do not full correlate. This difference could potentially be due to different assay methods. Western blot measures the protein structure site with antigenic activity, while 11β-HSD1 enzyme activity measures the protein structure site with enzyme activity; the antigenic site is not necessarily the same as the enzymatic site. We are therefore comparing immuno-concentration (antigenic concentration) vs. functional activity (enzymatic concentration). Enzyme activity may be enhanced by enzyme conformation changes with the same immuno-concentration.

To the best of our knowledge, this is the first report to show consequences of developmental exposure to NP mediated through the adrenal corticoid system. NP exposure induced a predisposition to obesity and hypertension, which are phenomena associated with metabolic syndrome. This observation does support the concept that developmental exposure results in epigenetic modifications, as presented in the “origin of adult disease etiology” (Edwards and Myers 2007). The data and considerations fully support the Barker hypothesis.

In vitro studies have demonstrated NP directly increases corticosterone and aldosterone production in adrenal cells (Chang et al. 2010, 2012). NP also has been found to directly stimulate lipid accumulation in adipocytes and hepatocytes (Wada et al. 2007). These in vitro studies have shown the effect of NP in the presence of NP. In this in vivo study, the NP exposure duration was only during the developmental period (in utero and neonatal). The observed effects at the adult stage which is in the absence of NP. These data fully support the concept of “fetal origins of adult diseases” hypothesis, which has been reported to be due to epigenetic modifications (Seki et al. 2012; Waterland and Michels 2007). The extent and detail of epigenetic modifications induced by developmental exposure to NP require further clarification. The data in this study demonstrate a predisposition to obesity and hypertension after developmental NP exposure. However, whether developmental exposure to environmental obesogen results in metabolic syndrome remains unknown.  

CONCLUSIONS

This study shows that developmental exposure to NP, mediated through the adrenal corticoid system, contributes to markers of obesity and risk factors for the development of metabolic/Cushing’s syndrome later in adult life.
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Table 1 The concentration of ACTH, corticosterone and aldosterone in plasma from rats exposed to NP. 

	
	n
	ACTH 

(ng/mL)       
	corticosterone

   (ng/mL)
	aldosterone

   (ng/mL)

	male offspring from vehicle group 
	6
	0.541±0.039
	7.219±0.562
	0.071±0.018

	male offspring from NP group
	7
	0.812±0.053++
	43.009±7.344++
	0.127±0.006++

	female offspring from vehicle group
	14
	0.517±0.032
	64.566±11.990
	0.300±0.055

	female offspring from NP group
	12
	0.487±0.066
	132.702±19.918++
	0.524±0.090+


The concentrations are measured by RIA.  NP group: rat offspring exposure to NP in utero and neonate. 

Values are shown as mean ± S.M.E. +, ++ P < 0.05 or 0.01 compared with vehicle group of the same gender.
Table 2 The enzyme activity or adipose corticosterone content from rats exposed to NP   

	
	n
	11-HSD1 activity in liver 

(ng/h/ g protein)
	11-HSD1 activity in adipose 

(ng/h/ g protein)
	11-hydroxylase 

(ng/h/g protein)
	aldosterone synthase (ng/h/g protein)
	corticosterone content in adipose 

(ng/g adipose)

	male offspring from vehicle group
	5-6
	1332.29±74.50
	3615.18±270.68
	0.730±0.138
	0.104±0.017
	38.92±9.03

	male offspring from NP group
	5-7
	1684.22±96.36++
	4542.04±428.64+
	1.514±0.241+
	0.186±0.023+
	46.05±10.79

	female offspring from vehicle group
	11-14
	1004.00±112.63
	2232.49±163.63
	0.276±0.028
	0.311±0.063
	10.36±0.55

	female offspring from NP group
	10-12
	1324.04±65.67+
	2684.50±149.53+
	0.337±0.089
	0.568±0.129+
	14.55±1.34++


NP group: rat offspring exposure to NP in utero and neonate. Values are shown as mean ± S.M.E. +, ++ P < 0.05 or 0.01 compared with vehicle group of the same gender.
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