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Age-Characteristic Changes of Glucose Metabolism, Pancreatic Morphology and Function in Male Offspring Rats Induced by Prenatal Ethanol Exposure
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Intrauterine growth restricted offspring suffer from abnormal glucose homeostasis and β cell dysfunction. In this study, we observed the dynamic changes of glucose metabolic phenotype, pancreatic morphology, and insulin synthesis in prenatal ethanol exposure (PEE) male offspring rats, and to explore the potential intrauterine programming mechanism of the glucocorticoid-insulin-like growth factor 1 (GC-IGF1) axis. Ethanol (4 g/kg·d) was administered through oral gavage during gestational day (GD) 9–20. Serum glucose and insulin levels, pancreatic β cell mass, and expression of glucocorticoid receptor (GR), IGF1 and insulin were determined on GD20, postnatal week (PW) 6, PW12 with/without chronic stress (CS), and PW24, respectively. Both intraperitoneal glucose and insulin tolerance tests were conducted at PW12 and PW24. Results showed that the serum glucose and insulin levels as well as pancreatic β cell mass were reduced on GD20 in PEE males compared with the controls, while pancreatic GR expression was enhanced but IGF1 and INS1/2 expression were suppressed. After birth, compared with the controls, β cell mass in the PEE males was initially decreased at PW6 and gradually recovered from PW12 to PW24, which was accompanied by increased serum glucose/insulin levels and insulin resistance index (IRI) at PW6 and decreased serum glucose contents at PW12, as well as unchanged serum glucose/insulin concentrations at PW24. In addition, both improved glucose tolerance and impaired insulin sensitivity of the PEE males at PW12 were inversed at PW24. Moreover, at PW6 and PW12, pancreatic GR expression in the PEE group was decreased, while IGF1 expression was reversely increased, resulting in a compensatory increase of insulin expression. Moreover, CS induced pancreatic GR activation and inhibited IGF1 expression, resulting in impaired insulin biosynthesis. Conclusively, the above changes were associated with age and the intrauterine programming alteration of GC-IGF1 axis may be involved in prenatal and postnatal pancreatic dysplasia and impaired insulin biosynthesis in PEE male offspring.

Keywords: prenatal ethanol exposure, intrauterine growth restriction, pancreatic β cell development, insulin expression, glucocorticoids-insulin-like growth factor 1 axis

INTRODUCTION

Alcohol consumption is common in both developing and developed countries. Epidemiological studies have shown that the alcoholism rate in young women has increased in recent years (1), and some of female alcoholics could not quit drinking during pregnancy (2). Prenatal alcohol exposure can lead to a range of adverse developmental outcomes in offspring, which are collectively termed fetal alcohol spectrum disorder (FASD) (3). In European countries, the morbidity of FASD is 0.97 per 1,000 births, whereas the morbidity of FASD in U.S. is 1.95 per 1,000 births (4). As one of the primary symptoms of FASD, intrauterine growth restriction (IUGR) is usually diagnosed with a birth weight and/or length below the 10th percentile for gestational age and an abdominal circumference that is less than the 2.5th percentile, with pathologic restriction of fetal growth (5). Human surveys and animal studies indicate that IUGR offspring induced by prenatal ethanol exposure (PEE) are characterized by altered glucose homeostasis and an increased risk of type 2 diabetes (T2DM) in adulthood (6, 7). It has been suggested that PEE induces glucose intolerance and hyperinsulinemia in IUGR male rats on postnatal day (PD) 91 (6, 8) and that the abnormality of glucose metabolism is more substantial in PEE male offspring (9, 10).

Intrauterine environmental challenges can “program” pancreatic β-cell structure and function (11, 12), which lead to glucose-insulin metabolic dysfunction and increased T2DM risk in adult offspring (13). The postnatal dysfunction of metabolic phenotype and abnormal pancreatic morphology induced by PEE have been reported in some studies (6–8, 14). However, these studies have some contradictory results, which might be attributed to a single selected time point for the investigations (15). Therefore, the dynamic changes of pancreatic development and glucose metabolism in PEE offspring, as well as the intrauterine programming mechanism, remains to be clarified.

It has been documented that glucocorticoids (GC) could affect pancreatic differentiation in utero (16, 17). High levels of glucocorticoids might induce an imbalance of pancreatic differentiation, reduction of β cell mass, and deceleration of insulin expression and secretion (16, 18). Insulin-like growth factor 1 (IGF1) is one of the key factors regulating pancreatic development (19). IGF1 not only promotes rapid division and proliferation of pancreatic β cells (20, 21) but also suppresses their apoptosis (20, 22). Furthermore, the IGF1 signaling pathway could regulate the proliferation of pancreatic precursor cells to affect the directional differentiation of β cells (23). It has been documented that glucocorticoids could reduce IGF1 expression in various cells via glucocorticoid receptor (GR) activation (24, 25). The evidence mentioned above suggests that the effect of glucocorticoids on IGF1 expression may play an important role in pancreatic development and β cell mass.

Previously, we have demonstrated that ethanol administered though oral gavage on gestational day (GD) 9–20 caused IUGR in rats (26). Furthermore, PEE can induce fetal rat over-exposure to maternal GC, which program IUGR offspring to be susceptible to multiple adult diseases (26–28). It is still unknown whether high levels of glucocorticoids in fetal blood can change the expression of IGF1 in the pancreas and further affect pre- and postnatal pancreatic development and insulin synthesis. In previous studies, we found a negative relationship between serum corticosterone (CORT) levels and IGF1 contents in PEE offspring before and after birth; this negative relationship also correlates to the increased susceptibility to metabolic diseases. Based on these findings, we proposed a programming alteration mechanism of the glucocorticoid-insulin-like growth factor 1 (GC-IGF1) axis to explain multi-organ development toxicity and disease susceptibility in PEE offspring (26, 28).

Researches reveal that IUGR is associated with glucose intolerance in both men and women during adulthood (29), while the female offspring of undernourished rats do not develop glucose intolerance (30) or develop insulin resistance only in old age (31), suggesting gender-specific programming of glucose metabolism in these animals. Evidence also reveals that males are more sensitive to early life programming of insulin action than females (32). In this study, we observed dynamic changes in the glucose metabolic phenotype, pancreatic morphology and insulin synthesis in the PEE male offspring. The selected time points include GD20, postnatal week (PW) 6, 12, and 24, which are approximately equivalent to the fetus, childhood, early, and late stages of adulthood in humans (33). Moreover, a previously described chronic stress (CS) test, induced by a 2-week ice-water swimming test from PW10 (33, 34), was used to confirm the involvement of the GC-IGF1 axis in the alteration of pancreatic development and insulin synthesis induced by PEE. This study is significant for clarifying the developmental toxicity of ethanol and seeking early prevention and treatment strategies for fetal-originated adult diabetes.

MATERIALS AND METHODS

Chemicals and Reagents

Ethanol (analytical pure grade) was purchased from Zhen Xin Co., Ltd. (Shanghai, China). Isoflurane was obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Ultrasensitive Rat insulin ELISA kits, Rat insulin ELISA kits and Rat/Mouse Proinsulin ELISA kits were provided by Mercodia (Uppsala, Sweden). Glucose oxidase assay kits were purchased from Mind Bioengineering Co. Ltd. (Shanghai, China). TRIzol reagent was purchased from Invitrogen Co. (Carlsbad, CA, USA). Reverse transcription and real-time quantitative polymerase chain reaction (RT-qPCR) kits were offered by TaKaRa Biotechnology Co., Ltd. (Dalian, China). Oligonucleotide primers for rat RT-qPCR genes (PAGE purification) were custom synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). RNAlater was provided by Qiagen (Düsseldorf, North Rhine-Westphalia, Germany). Glucocorticoid receptor (GR), IGF1, and insulin gene enhancer protein isl1 (ISL1) antibodies were obtained from Abcam (San Francisco, California, USA). Insulin antibody was provided by Sigma-Aldrich (St. Louis, Missouri, USA). Immunohistochemical staining agents were purchased from Zhongshan Golden Bridge Biotechnology Co. Ltd. (Beijing, China).

Animals and Treatment

This project was performed at the Center for Animal Experiment of Wuhan University (Wuhan, China), which is recognized and designated by the Association for Assessment and Accreditation of International Laboratory Animal Care. This study was carried out in accordance with the Guidelines for the Care and Use of Laboratory Animals of the Chinese Animal Welfare Committee (AAALAC International). The protocol was approved by the Committee on the Ethics of Animal Experiments of the Wuhan University School of Medicine (permit number: 14016). Specific pathogen free Wistar rats (12~13-week-old, with weights of 197–221 g for females and 241–275 g for males) were purchased from the Experimental Center of Hubei Medical Scientific Academy (No. 2012–2014, certification number: 42000600002258, license number: SCXK [Hubei]).

Animals were fed in metal wire cages in temperature-controlled conditions and allowed ad libitum access to tap water and standard chow at all times (room temperature: 18–22°C; humidity: 40–60%, light cycle: 12 h light-dark cycle; 10–15 air changes per hour). After 7 days of acclimation, each two female rats and one male rat were mated from 7:00 p.m. to 7:00 a.m. The appearance of a vaginal plug or vaginal smear with sperm cells was confirmed as successful mating. We designated that day as GD0. Pregnant rats were then transferred to individual cages. From GD9 to GD20, the pregnant rats were given ethanol (4 g/kg·d, 40%) or distilled water through oral gavage at 8:00 a.m. every day as described in previous studies (26, 35). The animal processing schedule was shown in Figure 1.
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FIGURE 1. Animal processing schedule. Intrauterine growth restriction modeling was performed using prenatal ethanol exposure (4 g/kg.d) from gestational day (GD) 9 to GD20. Beginning at postnatal week (PW) 10, some pups were subjected to a 5 min ice-water swim (5–7°C) to induce chronic stress. Pups were decapitated at GD20, PW6, PW12, PW12 with chronic stress, and PW24.



For fetal rat experiment, a portion of pregnant rats were anesthetized with isoflurane and decapitated, and fetal rats were obtained through cesarean section on GD20. To eliminate the interferences induced by litter size, only pregnant rats with 8~14 pups were included and each group finally contained 14 pregnant rats. The fetal rats were quickly picked and weighed. Fetal rats were decapitated, and the pancreases were weighed. The fetal blood or pancreases (per litter) were collected and pooled into one independent sample, respectively. Fetal blood was centrifuged at 2263 × g for 15 min, and the serum was stored at −80°C. Some intact fetal pancreases (including the head, body and tail) were weighed and put into RNAlater (1 mg: 100 μl) overnight at 4°C, and then transferred to the −80°C refrigerator for gene expression analysis. Other intact fetal pancreases (head, body, and tail) were selected and fixed per litter (n = 5) for histology observation or fixed for electron microscope observation.

For postnatal rat experiment, the remaining pregnant rats (including the control and PEE groups) were subjected to delivery. The pups remained with their original mothers after birth and throughout lactation. To ensure adequate and relatively equal intake of nutrients during the suckling period, only litters with 8~14 pups were chosen for the following experiment and normalized to 8 pups per litter (male: female = 1:1) (36). Finally, a total of 16 litters (8 controls & 8 PEEs) were included and all pups were weaned until postnatal week (PW) 4. Four male offspring rats from each litter were selected and assigned to the four studies at different postnatal time points or condition (i.e., PW6, PW12, PW12 with CS and PW24), respectively. The CS test was achieved by forced 5-min ice-water swimming per day (5–7°C) from PW10 to PW12 (33, 34). Intraperitoneal glucose tolerance tests (IPGTT) and insulin tolerance tests (ITT) were performed at PW12 and PW24. Pups were anesthetized with isoflurane and then decapitated. Blood and pancreases were collected. Intact pancreases (including head, body, and tail) were weighed. Blood was centrifuged at 2263 × g for 15 min, and the serum was stored in an −80°C refrigerator for gene expression analysis. Some pancreases were weighed and put into RNAlater (1 mg: 100 μl) overnight at 4°C, and then they were restored at −80°C. Other pancreases (n = 5) were fixed in a 10% neutral formalin solution for histology observation.

IPGTT, ITT, and Area Under the Curve (AUC)

Based on the reference (37), rats were pre-fasted for 12 h before the IPGTTs, which started at 8:00 a.m. Each rat was intraperitoneally administered glucose (2 g/kg). The interval time of administration to each animal was 2 min, and the total operating time was limited to within 30 min. Blood glucose levels which measured 0, 15, 30, 60, and 120 min after the glucose challenge were determined using a glucometer (ACCU-CHEK Performa, Roche). The AUCs were calculated using the trapezoidal rule (38). ITTs were administered after a 5 h fast (8:00 a.m.−1:00 p.m.) (39), and insulin (1 unit/kg) was intraperitoneally injected. The measurement of blood glucose levels which measured 0, 15, 30, 60, and 120 min after the insulin challenge and calculation of the corresponding AUCs was the same as that described for the IPGTTs. Con. N min represented serum glucose at each time point. Time N min-N min represented the time gap between two time points.

Con. Nmin (%) = Con. Nmin / Con. 0minAUC = (Con. 0min+Con. 15min)/2 × Time 0min-15min+ (Con. 15min+Con. 30min)/2 × Time 15min-3min+(Con. 30min+Con. 60min)/2 × Time 30min-60min+(Con. 60min+Con. 120min)/2 × Time 60min-120min

Serum Glucose/Insulin Concentrations and Pancreatic Insulin/Proinsulin Contents Determination

The serum insulin and glucose levels were measured through ELISA and biochemical assay kits, respectively, following the manufacturer's protocol. The fasting glucose (FG), fasting insulin (FI) and insulin resistance index (IRI) was acronymized as b. Pancreatic insulin and proinsulin were extracted with acidic ethanol (1.5% [vol/vol] HCl in 75% [vol/vol] ethanol) and assayed using ELISA kits.

IRI = FG (mmol/L) × FI (mIU/L)/22.5

Pancreatic Morphometric Analysis

Pancreases at GD20, PW6, PW12, and PW24 were weighed and fixed in 10% neutral buffered formalin overnight, dehydrated, and embedded in paraffin. Each analytical result of the pathological indices was obtained from a total of five animals per group, with five complete longitudinal sections (5 μm) per embedded pancreas (i.e., at their maximum widths) in (at minimum) 200 μm intervals. The hematoxylin-eosin (HE) and insulin immunohistochemical staining were subjected to the pancreases of GD20 to PW24. As a negative control, pancreatic sections underwent similar treatment, and no positive reactions to the antibody against insulin were observed (data not shown). Sections were viewed at a magnification of ×40. Approximately 3–4 fields per fetal pancreas section and 30–40 fields per postnatal pancreas section were acquired, and we used NIS-Elements Br 4.20 (Nikon, USA) to analyze the total pancreas areas and β-cell areas (insulin-positive cells). The size of the insulin-positive cell area and the pancreatic tissue area were measured (average value, five sections per animal). The β cell fraction and mass were calculated according to the formula provided below (40). The unit of β cell mass/body weight was μg/g (39). Fetal pancreases were cut and fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 2 h at 4 °C and post fixed with 1% osmium tetroxide. We dehydrated these tissues with a graded series of ethanol and then embedded them in Epon 812. Ultrathin sections (~50 nm) were cut with LKB-V ultramicrotome (Bromma, Sweden), dual stained with uranyl acetate and lead citrate and observed with a Hitachi H600 transmission electron microscope (EM) (Hitachi, Tokyo, Japan).

β cell fraction (%) = β cell area/total pancreas area × 100

β cell mass (mg) = β cell fraction × pancreas weight.

Pancreatic mRNA and Protein Expression Analysis

GD20 and PW6 pancreases (including the head, body, and tail) were grinded and mixed in liquid nitrogen. We used 25 mg of pancreatic tissue to extract total RNA, based on the manufacturer's protocol (RNA-Solv Reagent). The concentrations and purity of total RNA were measured in A260nm and A280nm, and the rates of A260nm /A280nm were kept between 1.8 and 2.0. The total RNA concentrations were adjusted to 1 μg/μL. cDNA synthesis and RT-qPCR amplification were performed using the manufacturer's protocol. Relative standard curves were constructed for the following target genes: GR, IGF1, ISL1, insulin 1 (INS1), and INS2. The oligonucleotide primers and annealing temperatures in RT-qPCR are listed in Table 1. To precisely quantify the gene transcripts, the mRNA level of the housekeeping gene glyceraldehyde phosphate dehydrogenase (GAPDH) was measured and used as the quantitative control (26, 35).


Table 1. Oligonucleotide primers and PCR conditions of rat in quantitative real-time PCR.
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The relative protein expressions of GR, IGF1, ISL1, and insulin in PW12 and PW24 were semi-quantified by immunohistochemistry (IHC) and the area of these protein expression in the pancreatic tissues also could be observed. PW12 and PW24 pancreases were embedded and sliced as mentioned above. As negative controls, pancreatic sections underwent similar treatment, and no positive reactions to the antibody against GR, IGF1, ISL1, and insulin were observed (data not shown). The mean density for pancreases in the same group was taken as the expression level for the protein of interest. Sections were viewed at a magnification of ×400. Approximately 200 fields per postnatal pancreas section were acquired, and we used NIS-Elements Br 4.20 (Nikon, USA) to analyze the mean density of GR, IGF1, ISL1, and insulin staining.

Statistical Analysis

All data presented were expressed as the mean ± S.E.M., and the statistical analysis was performed with SPSS for Windows version 19 (SPSS Science Inc., Chicago, IL, USA). The normality and homogeneity of the variances were analyzed using the one-sample Kolmogorov–Smirnov test and Levene's test, respectively. Differences between the control and PEE groups were compared using a repeated measures ANOVA (IPGTT and ITT) or two-tail Student's test. Groups which were assumed to have normal distribution, and equal variances were compared through repeated measures ANOVA and Student's two-tailed t-test. When data failed tests for normal distribution and homogeneity of variance, we chose the Mann–Whitney U test (equivalent to Wilcoxon W). Statistical significance was designated at P < 0.05 and P < 0.01.

RESULTS

In Male Fetal Rats

Islet Function and Pancreatic Morphological Changes

In our previous study, a decrease bodyweight and a high IUGR rate were observed in PEE male fetal rats (26). Based on this batch of animals, we further observed changes in islet function and pancreatic morphology of fetal rats. Compared with the controls, serum glucose and insulin levels of the PEE fetal rats were decreased (P < 0.01, Figures 2A,B), while serum proinsulin level was unchanged (Figure 2C), as a result, the ratio of serum proinsulin and insulin presented increasing trend in the PEE offspring (P = 0.06, Figure 2D). Pancreas weight (P < 0.01, Figure 2E), β cell mass (P < 0.05, Figure 2G), and β cells mass/body weight (P = 0.06, Figure 2H) were all decreased or showed a decreasing trend in the PEE fetal rats, whereas the β cell fraction (Figure 2F) did not change. The typical β cell ultrastructure could be observed in the fetal pancreases from the control group (Supplementary Figures 1E,F): the mature dense-core β-granules were highly populated, and there were halo spaces between the core and β-granule membrane. However, there was lower electron density and a lack of the characteristic halos of mature β-granules in the PEE group. The above data suggest that islet function was reduced, and pancreatic morphology was impaired in the PEE male fetal rats.
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FIGURE 2. Effects of prenatal ethanol exposure (PEE) on islet function and pancreatic morphology in male fetal rats. (A) Serum glucose, (B) serum insulin, (C) serum proinsulin, (D) ratios of serum proinsulin/insulin, (E) pancreas weight, (F) pancreatic β cell fraction, (G) pancreatic β cell mass, (H) pancreatic β cell mass/ body weight ratio, Mean ± S.E.M., n = 14 for fasting glucose serum and insulin. *P < 0.05, **P < 0.01 vs. control. The representative images of pancreatic insulin immunohistochemical staining (×40 and ×400) were shown in Supplementary Figures 1A–D.



Pancreatic Insulin Biosynthesis, GR and IGF1 Expression Changes

The results indicated that the contents of pancreatic insulin and proinsulin in the PEE group were lower than those in the controls (P < 0.05, P < 0.01, Figures 3A,B), whereas the ratio of proinsulin/insulin was unchanged (Figure 3C). Furthermore, compared with the controls, the expression levels of ISL1, INS1, and INS2 mRNA were decreased in the PEE fetal pancreases (P < 0.01, Figure 3D). Meanwhile, the GR mRNA expression level was increased, while the expression level of the IGF1 gene was decreased (P < 0.01, Figure 3E). These results suggest that pancreatic insulin biosynthesis was inhibited and that this inhibition was accompanied by increased Gr expression and decreased IGF1 expression.
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FIGURE 3. Effects of prenatal ethanol exposure (PEE) on pancreatic insulin synthesis, mRNA expression of glucocorticoid receptor (GR), and insulin-like growth factor 1 (IGF1) in male fetal rats. (A) Insulin contents, (B) proinsulin contents, (C) ratios of proinsulin/insulin, (D) mRNA expression of insulin gene enhancer protein isl1 (ISL1), insulin 1 (INS1) and INS2, and (E) gene expression of GR and IGF1. Mean ± S.E.M., n = 14. *P < 0.05, **P < 0.01 vs. control.



In Male Offspring Rats at Different Time Points After Birth

Glucose Metabolic Phenotype Changes at Different Time Points

At PW6, serum glucose, insulin levels and IRI were increased in the PEE group compared with the controls (P < 0.05, P < 0.01, Figures 4A–C). However, at PW12, the basal level of serum glucose was significantly decreased (P < 0.01, Figure 4D), while the serum insulin concentration and IRI did not change in the PEE group (Figures 4E,F). In the IPGTT of the PEE group, when compared with the controls, the serum glucose concentration at 30 min was lower in the PEE male pups (P < 0.05, Figure 4G), while the corresponding AUC was not obviously changed. In the ITT of the PEE group, the 15 min serum glucose concentration was higher than that of the control (P < 0.01), whereas the corresponding AUC in the PEE group was 1.13-fold higher than that of the controls (P = 0.08, Figure 4H). These results suggest that the glucose tolerance was increased, while the insulin sensitivity was decreased in the PEE male pups of PW12. At PW24, the basal serum glucose and insulin levels, as well as the IRI of the PEE male rats, were not altered (Figures 4I–K). However, the glucose tolerance of the PEE offspring was remarkably weakened compared with the control, as evidenced by the conspicuous increase in the concentration of blood glucose at 30 min and the increased corresponding AUC after adding the glycemic load (P < 0.01, Figure 4L). Furthermore, in the ITT, the serum glucose levels of the PEE males at 30 and 120 min, as well as the corresponding AUC, were decreased (P < 0.01, P < 0.05, Figure 4M). These data suggest that a weakened glucose intolerance and enhanced insulin sensitivity existed, although there was no significant change in the glucose metabolic phenotype in the PEE male offspring rats for PW24.
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FIGURE 4. Effects of prenatal ethanol exposure (PEE) on the glucose metabolism phenotype at postnatal week (PW) 6, PW12, and PW24 male offspring rats. (A–C) Serum glucose and insulin levels, as well as insulin resistance index (IRI) at PW6, (D–F) serum glucose and insulin levels, as well as IRI at PW12, (G) blood glucose concentrations during intraperitoneal glucose tolerance test (IPGTT) and area under the curve (AUC) at PW12, (H) blood glucose concentrations during insulin tolerance test (ITT) and the AUC at PW12, (I–K) serum glucose and insulin levels as well as IRI at PW24, (L) blood glucose concentrations during IPGTT and AUC at PW12, and (M) blood glucose concentrations during ITT and AUC at PW24. Mean ± S.E.M., n = 8. *P < 0.05, **P < 0.01 vs. control.



Pancreatic Morphological Changes at Different Time Points

At PW6, compared with the controls, the pancreas weight (P < 0.01, Figure 5A), β cell fraction (P = 0.088, Figure 5B), β cell mass (P < 0.05, Figure 5C), and β cell mass/body weight rate (P < 0.05, Figure 5D) were all decreased or showed a decreasing trend in the PEE offspring. However, at PW12, the β cell fraction (Figure 5F), β cell mass and β cell mass/body weight rate (Figures 5G,H) showed no obvious changes, except for the lower pancreas weight (P < 0.01, Figure 5E). At PW24, the pancreas weight (P < 0.05, Figure 5I) was still decreased, while the β cell mass (P = 0.055, Figure 5K) and β cell mass/body weight rate (P = 0.058, Figure 5L) only showed a decreasing tendency in the PEE group, and the β cell fraction did not show any obvious changes (Figure 5J). The above data suggest that β cells demonstrate a “catch-up” growth pattern in the PEE male offspring.
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FIGURE 5. Effects of prenatal ethanol exposure (PEE) on the pancreatic morphology of offspring male rats at postnatal week (PW) 6, PW12 and PW24. (A) pancreas weight at PW6, (B) β cell fraction at PW6, (C) β cell mass at PW6, (D) β cell mass/body weight rates at PW6, (E) pancreas weight at PW12, (F) β cell fraction at PW12, (G) β cell mass at PW12, (H) β cell mass/body weight rates at PW12, (I) pancreas weight at PW24; (J) β cell fraction at PW 24, (K) β cell mass at PW 24, and (L) β cell mass/body weight rates at PW24. Mean ± S.E.M., n = 5. *P < 0.05 **P < 0.01 vs. control. The representative images of pancreatic insulin immunohistochemical staining (×40) were shown in Supplementary Figures 2A,B,E,F,I,J.



Pancreatic Insulin Biosynthesis, GR and IGF1 Expression Changes at Different Time Points

At PW6, when compared with the respective controls, the GR mRNA expression was unchanged while the IGF1 mRNA expression was increased (P < 0.05, Figure 6A), meanwhile, the expression levels of ISL1, INS1 and INS2 mRNA were significantly increased (P < 0.01, Figure 6B). At PW12 (Figures 6C,D), the GR protein expression level was decreased, however, the IGF1 protein expression level was increased in the PEE offspring rats (P < 0.01, P < 0.05), and the expression levels of ISL1 and insulin protein were increased (P < 0.01, P < 0.05). At PW24 (Figures 6E,F), the GR protein expression level was decreased, while that of the IGF1 protein was still increased (P < 0.05, P < 0.05), however, the protein expression levels of ISL1 and insulin were not significantly changed. These results suggest that the insulin synthesis was enhanced after birth in the PEE male offspring and that this enhancement was accompanied by the down-regulated expression of GR and the up-regulated expression of IGF1 and ISL1. Finally, the expression levels of ISL1 and insulin decreased to the control levels during the late stage of adulthood.
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FIGURE 6. Effects of prenatal ethanol exposure (PEE) on the expression of pancreatic insulin, glucocorticoid receptor (GR) and insulin-like growth factor 1 (IGF1) at postnatal week (PW) 6, PW12, and PW24 male offspring rats. (A,B) mRNA expression levels of GR, IGF1, insulin gene enhancer protein isl1 (ISL1), insulin1 (INS1) and INS2 at PW6, (C,D) the mean density of the immunohistochemistry of GR, IGF1, ISL1 and insulin at PW12, (E,F) the mean density of immunohistochemistry of GR, IGF1, ISL1 and insulin at PW24. Mean ± S.E.M., n = 5. *P < 0.05, **P < 0.01 vs. control. The representative images of pancreatic GR, IGF1, and ISL1 immunohistochemical staining (×400) were shown in Supplementary Figure 3 and the representative images of pancreatic INSULIN immunohistochemical staining (×400) were shown in Supplementary Figures 2C,D,G,H,K,L.



Glucose Metabolic Phenotype, Pancreatic GR/IGF1 Expression, and Insulin Biosynthesis Changes at PW12 After a Chronic Stress Test

Furthermore, we aimed to confirm the involvement of the GC-IGF1 axis in pancreatic development and insulin synthesis in the PEE offspring. The results showed that, in the PEE group subjected to the CS, the serum glucose level was higher, while the serum insulin level was lower (P < 0.01, P < 0.05, Figures 7A,B), and the IRI was unchanged (Figure 7C). Meanwhile, the protein expression level of GR was higher, and those of IGF1, ISL1 and insulin were all decreased, compared with the controls (P < 0.05, P < 0.01, Figures 7D,E).
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FIGURE 7. Effects of prenatal ethanol exposure (PEE) on the glucose metabolic phenotype and the expression levels of pancreatic insulin, glucocorticoid receptor (GR), and insulin-like growth factor 1 (IGF1) at postnatal week (PW) 12 in male offspring rats undergoing chronic stress (CS). (A,B) Fast serum glucose and insulin, (C) insulin resistance index (IRI), (D,E) the mean density of immunohistochemistry of glucocorticoid receptor (GR), IGF1, insulin gene enhancer protein isl1 (ISL1) and insulin, Mean ± S.E.M., n = 5. *P < 0.05, **P < 0.01 vs. control. The representative images of pancreatic GR, IGF1, ISL1 and INSULIN immunohistochemical staining (×400) were shown in Supplementary Figure 4.



DISCUSSIONS

Age-Characteristic Changes of Glucose Metabolic Abnormalities in Male PEE Offspring Rats

We have previously demonstrated that PEE causes a reduced birth weight and a high IUGR rate (26). Based on this batch of animals, in the present study, we found that the basal serum glucose and insulin levels of the PEE male offspring rats were decreased at GD20, however, transient insulin resistance appeared at PW6, manifesting as increased basal serum glucose and insulin levels and IRI, which is similar to the finding of age-dependent insulin resistance in a childhood cohort study (41). At PW12, the basal level of serum glucose was remarkably diminished, however, the basal level of serum insulin showed no significant change, and the glucose tolerance was increased, while the insulin sensitivity was decreased in the PEE male offspring. At PW24, the basal levels of serum glucose and insulin were not changed, however, weakened glucose intolerance and enhanced insulin sensitivity were found in the PEE male offspring. The evidences described above confirmed the abnormalities of glucose metabolic phenotype before and after birth, glucose tolerance and insulin sensitivity after birth in the PEE male offspring rats, which were age-characteristic changes and at least partially resulted from pancreatic dysplasia.

The Abnormalities of Pancreatic β Cell Morphology and Function in Male PEE Fetal Rats

As the sole source organ of insulin, pancreas plays an important role in the regulation of glucose metabolism. Multiple adverse intrauterine environments can induce developmental programming alterations of offspring's pancreas, further affecting its insulin synthesis (40, 42–44). In clinical studies (45–47) and IUGR animal model of food restriction (11, 48), low-protein diet and placenta-uterine deficiency (49–51), a reduction in β cell mass could often be observed. In the present study, the fetal serum glucose and insulin levels were decreased in the male fetal rats of PEE. Meanwhile, the damages in islet morphology and the EM images also suggested that PEE resulted in pancreatic morphological and insulin synthetic function abnormalities in the male fetal rats.

It has been suggested that “fetal over-exposure to maternal glucocorticoids” is one of the important factors contributing to the permanent changes in fetal structure, physiology and metabolism (52). In vivo and in vitro experiments have shown that dexamethasone can induce pancreatic dysplasia, reduce cell number, and decrease insulin expression and secretion (16). Glucocorticoids could repress IGF1 expression in multiple types of organs and cells via GR activation (24, 25), and decreased IGF1 expression could further inhibit the expression of ISL1 (53), which is one of the most important transcription factors involved in the regulation of pancreatic development and insulin expression (54). In our previous researches, we have demonstrated that PEE could induce fetal over-exposure to maternal glucocorticoids in utero (26, 55, 56), which further increased the GR expression [e.g., hippocampus (56) and adrenals (26)] and decreased IGF1 expression [e.g., adrenals (26), and liver (28)] of multiple fetal organs, and thus resulted in their developmental programming alterations. In addition, in other IUGR models induced by prenatal exposure to xenobiotics [such caffeine (57), nicotine (58)], we have also found the fetal over-exposure to maternal glucocorticoids, and the alterations of GR expression in multiple fetal organs, accompanied with related developmental programming changes. In the present study, we found that the contents of pancreatic insulin and proinsulin were lower, and the expression levels of INS1, INS2 and ISL1 mRNA were decreased in the PEE group, furthermore, the GR mRNA expression level was increased but the expression level of IGF1 mRNA was decreased. These results suggested that the lower insulin biosynthesis was likely associated with the pancreatic increased GR expression and decreased IGF1 expression by PEE-induced fetal over-exposure to maternal glucocorticoids.

The Postnatal Changes of Glucose Homeostasis, Pancreatic β Cell Morphology and Function in Male PEE Offspring Rats

The changes of pancreatic β cell morphology and function induced by adverse intrauterine environments not only appeared in utero but also emerged after birth (40, 59, 60). In the present study, the β cell mass of PEE fetal rats were significantly decreased, however, this reduction of β cell population became progressively less obvious after birth. In addition, both serum insulin levels and the insulin gene expression of the PEE offspring were not lower than those of the controls at all selected postnatal time points, which was accompanied by persistent enhanced pancreatic IGF1 expression. As we know, IGF1 is important in regulating β cell growth (61) and usually mediates the postnatal catch-up growth pattern in IUGR offspring (62). Therefore, we presumed that this persistent enhanced pancreatic IGF1 expression might contribute to the postnatal dynamic changes of pancreatic β cell morphology and function in the PEE offspring.

Glucose tolerance relies on several important aspects, including β cell mass and function-associated insulin secretion, as well as insulin availability of the targeted organs (63). At PW12, for the PEE male offspring, although the basal serum insulin level showed no significant changes, the basal serum glucose level was remarkably diminished, while the glucose tolerance was increased but the insulin sensitivity was decreased, suggesting that the sensitivity of peripheral tissues to endogenous insulin might be higher than the sensitivity to exogenous insulin. However, at PW24 in the PEE male offspring, the glucose tolerance was impaired while the insulin sensitivity seems to be improved, suggesting that the sensitivity of peripheral tissues to endogenous insulin might be lower than that to exogenous insulin in the late stage of adulthood. A previous study showed that total insulin and IGF1 resistance in pancreatic β cells causes overt diabetes (64). Therefore, we speculated that the progressive glucose intolerance of PEE offspring from PW12 to 24 might be due to the loss of sensitivity to endogenous insulin and IGF1.

GC-IGF1 Axis Programming Mechanism Might May be Involved in Age-Characteristic Changes of Pancreatic β Cell Morphology and Function Induced by PEE

Glucocorticoids are a class of key metabolic hormones regulating fetal growth and development as well as the organ maturity in utero, while IGF1 plays an insulin-like growth promoting role and is the main factor contributes to IUGR and postnatal catch-up growth (65, 66). In a series of our previous studies, we have demonstrated that PEE induces fetal overexposure to maternal glucocorticoids. The excessive circulatory glucocorticoids in fetus not only inhibits the functional development of HPA axis (67), but also alters the structure and function of multiple fetal multi-organs [i.e., liver (28) and adrenal (26)] via local GR activation and the downstream IGF1 signaling suppression. Furthermore, these changes, particularly the negative regulatory relationship between circulatory glucocorticoids (accompany with GR expression) and IGF1 signaling in various tissues, could be maintained after birth and may contribute to organ dysfunction and lead to enhanced susceptibility to adult diseases. Basing on the above, we proposed the “GC-IGF1 axis programming” mechanism might be involved in the PEE-induced multi-organ dysfunction and predisposition to adult diseases. In the present study, we also observed that the alterations of local pancreatic glucocorticoid action mediated by GR expression presented a negative relationship with changes of pancreatic IGF1, ISL1, and insulin expressions as well as insulin secretion in PEE offspring rats before (GD20) and after birth (PW12 and 24).

Recently, we have demonstrated that PEE programs the hypersensitivity of hypothalamic-pituitary-adrenal (HPA) axis of PW12 male offspring rats, presenting by the increased levels of circulatory CORT after the CS (67). Basing on this, the previously well-described CS model was employed to further verify the negative regulatory relationship between circulatory glucocorticoid (accompany with GR expression) and IGF1 signaling in pancreas and its influence on insulin biosynthesis function in PEE males. Here we found the pancreatic IGF1, ISL1, and insulin expressions of PEE males at PW12 were increased as well as the insulin secretion (Figure 6) which might be attributed to the weaken local glucocorticoid action evidenced by both unchanged CORT levels (67) and decreased pancreatic GR expression. Furthermore, for these PEE male offspring characterized by programmed hypersensitivity of HPA axis, the CS-induced elevation of circulatory CORT activated pancreatic GR, which further inhibits the downstream pancreatic IGF1 and ISL1 expressions thereby causing dysfunction of insulin biosynthesis in PEE males (Figure 7). To sum up, these results observed in PW12 animals without/with CS just collectively revealed the negative regulatory relationship between local glucocorticoid action and IGF1 signaling in pancreas as well as the corresponding influence on insulin biosynthesis. Accordingly, we proposed that “GC-IGF1 axis programming” mechanism maybe mainly mediate the dysfunction of insulin biosynthesis after birth.

It should be noted that, in this study, the degradation of adult pancreatic tissues caused by ineligible preserve condition made RT-qPCR cannot be applied to accurately quantify the relative mRNA expression for GR, IGF1, ISL1 and insulin in pancreatic tissue of PW12 and PW24 animals. Therefore, IHC was chosen to semi-quantify these relative protein expression.

Ethanol May Also Have Direct Toxic Effects on the Pancreatic Development in Offspring

A series studies reveal that ethanol may also have direct toxic effects on the pancreatic development and function. The research from Kim et al (68) suggested that in PW7 mice, chronic ethanol exposure could induce down-regulation in glucokinases, thus induced β cell apoptosis and declined the β cell function. Researches in β-cell lines (69) and isolated murine islets (70) also suggested that ethanol reduced insulin content and caused ER stress, and resulted in β cell death by apoptosis. In the present study, we found the pancreatic proinsulin/insulin ratios of PEE male fetuses were unchanged with an equally decreased contents of pancreatic insulin and proinsulin, which may be due to the direct toxic effect of EtOH on the β cell function by reducing the production of all proteins including proinsulin and insulin equally. We should further study it in the future work.

CONCLUSION

In summary, we systematically confirmed the changes in glucose metabolism and pancreatic dysfunction before and after birth in the PEE male offspring rats with different ages, and we propose here for the first time a “GC-IGF1 axis programming” mechanism maybe mainly mediate the prenatal and postnatal pancreatic dysplasia and dysfunction of insulin biosynthesis (Figure 8). This study will help to clarify the pathophysiological mechanism and explore early prevention and treatment strategies for fetal-originated adult diabetes.
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FIGURE 8. Prenatal ethanol exposure (PEE) induced dynamic changes of pancreatic development and glycometabolism in male offspring rats. GR, glucocorticoid receptor; ISL1, insulin gene enhancer protein isl1; IGF1, insulin-like growth factor 1.
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Supplementary Figure 1. Insulin immunohistochemistry and electron microscope images of pancreatic β cells of male fetal rats induced by prenatal ethanol exposure (PEE). (A–D) Representative images of pancreatic insulin immunohistochemical staining (×40 and ×400), and (E,F) electron microscope images of pancreatic β cells. n = 5 for insulin immunohistochemistry.

Supplementary Figure 2. Insulin immunohistochemistry of prenatal ethanol exposure (PEE) male offspring rats at postnatal week (PW) 6, PW12 and PW24.(A–D) Representative images of insulin immunohistochemical staining at PW6 (×40 and ×400); (E–H) representative images of insulin immunohistochemical staining at PW12 (×40 and ×400); (I–L) representative images of insulin immunohistochemical staining at PW24 (×40 and ×400).

Supplementary Figure 3. Glucocorticoid receptor (GR), insulin-like growth factor (IGF1) and insulin gene enhancer protein isl1 (ISL1) immunohistochemistry of prenatal ethanol exposure (PEE) male offspring rats at postnatal week (PW) 12 and PW24. (A,B) Representative images of GR at PW12, (C,D) representative images of IGF1 at PW12, (E,F) representative images of ISL1 at PW12, (G,H) representative images of GR at PW24, (I,J) representative images of IGF1 at PW24, and (K,L) representative images of ISL1 at PW24.

Supplementary Figure 4. Glucocorticoid receptor (GR), insulin-like growth factor (IGF1), insulin gene enhancer protein isl1 (ISL1) and INSULIN immunohistochemistry of prenatal ethanol exposure (PEE) male offspring rats at postnatal week (PW) 12 with chronic stress (CS). (A,B) Representative images of GR, (C,D) representative images of IGF1, (E,F) representative images of ISL1, and (G,H) representative images of INSULIN.

REFERENCES

 1. Alati R, Betts KS, Williams GM, Najman JM, Hall WD. Generational increase in young women's drinking: a prospective analysis of mother-daughter dyads. JAMA Psychiatry (2014) 71:952–7. doi: 10.1001/jamapsychiatry.2014.513

 2. Nizhnikov ME, Pautassi RM, Carter JM, Landin JD, Varlinskaya EI, Bordner KA, et al. Brief prenatal ethanol exposure alters behavioral sensitivity to the kappa opioid receptor agonist (U62,066E) and antagonist (Nor-BNI) and reduces kappa opioid receptor expression. Alcohol Clin Exp Res. (2014) 38:1630–8. doi: 10.1111/acer.12416

 3. Chudley AE, Conry J, Cook JL, Loock C, Rosales T, LeBlanc N. Fetal alcohol spectrum disorder: canadian guidelines for diagnosis. CMAJ (2005) 172(5 Suppl.):S1–21. doi: 10.1503/cmaj.1040302

 4. May PA, Gossage JP, Kalberg WO, Robinson LK, Buckley D, Manning M, et al. Prevalence and epidemiologic characteristics of FASD from various research methods with an emphasis on recent in-school studies. Dev Disabil Res Rev. (2009) 15:176–92. doi: 10.1002/ddrr.68

 5. Clarren SK, Smith DW. The fetal alcohol syndrome. N Engl J Med. (1978) 298:1063–7. doi: 10.1056/NEJM197805112981906

 6. Chen L, Nyomba BL. Effects of prenatal alcohol exposure on glucose tolerance in the rat offspring. Metabol Clin Exp. (2003) 52:454–62. doi: 10.1053/meta.2003.50073

 7. Lopez-Tejero D, Llobera M, Herrera E. Permanent abnormal response to a glucose load after prenatal ethanol exposure in rats. Alcohol (1989) 6:469–73. doi: 10.1016/0741-8329(89)90054-2

 8. Chen L, Nyomba BL. Glucose intolerance and resistin expression in rat offspring exposed to ethanol in utero: modulation by postnatal high-fat diet. Endocrinology (2003) 144:500–8. doi: 10.1210/en.2002-220623

 9. Yao XH, Chen L, Nyomba BL. Adult rats prenatally exposed to ethanol have increased gluconeogenesis and impaired insulin response of hepatic gluconeogenic genes. J Appl Physiol. (2006) 100:642–8. doi: 10.1152/japplphysiol.01115.2005

 10. Yao XH, Nguyen HK, Nyomba BL. Prenatal ethanol exposure causes glucose intolerance with increased hepatic gluconeogenesis and histone deacetylases in adult rat offspring: reversal by tauroursodeoxycholic acid. PLoS ONE (2013) 8:e59680. doi: 10.1371/journal.pone.0059680

 11. Inoue T, Kido Y, Asahara S, Matsuda T, Shibutani Y, Koyanagi M, et al. Effect of intrauterine undernutrition during late gestation on pancreatic beta cell mass. Biomed Res. (2009) 30:325–30. doi: 10.2220/biomedres.30.325

 12. Stoffers DA, Desai BM, DeLeon DD, Simmons RA. Neonatal exendin-4 prevents the development of diabetes in the intrauterine growth retarded rat. Diabetes (2003) 52:734–40. doi: 10.2337/diabetes.52.3.734

 13. Nyirenda MJ, Lindsay RS, Kenyon CJ, Burchell A, Seckl JR. Glucocorticoid exposure in late gestation permanently programs rat hepatic phosphoenolpyruvate carboxykinase and glucocorticoid receptor expression and causes glucose intolerance in adult offspring. J Clin Investig. (1998) 101:2174–81. doi: 10.1172/JCI1567

 14. Villarroya F, Mampel T. Glucose tolerance and insulin response in offspring of ethanol-treated pregnant rats. Gen Pharmacol. (1985) 16:415–7. doi: 10.1016/0306-3623(85)90208-3

 15. Ting JW, Lautt WW. The effect of acute, chronic, and prenatal ethanol exposure on insulin sensitivity. Pharmacol Ther. (2006) 111:346–73. doi: 10.1016/j.pharmthera.2005.10.004

 16. Gesina E, Tronche F, Herrera P, Duchene B, Tales W, Czernichow P, et al. Dissecting the role of glucocorticoids on pancreas development. Diabetes (2004) 53:2322–9. doi: 10.2337/diabetes.53.9.2322

 17. Gesina E, Blondeau B, Milet A, Le Nin I, Duchene B, Czernichow P, et al. Glucocorticoid signalling affects pancreatic development through both direct and indirect effects. Diabetologia (2006) 49:2939–47. doi: 10.1007/s00125-006-0449-3

 18. Blondeau B, Lesage J, Czernichow P, Dupouy JP, Breant B. Glucocorticoids impair fetal beta-cell development in rats. Am J Physiol Endocrinol Metab. (2001) 281:E592–9. doi: 10.1152/ajpendo.2001.281.3.E592

 19. Smith FE, Rosen KM, Villa-Komaroff L, Weir GC, Bonner-Weir S. Enhanced insulin-like growth factor I gene expression in regenerating rat pancreas. Proc Natl Acad Sci USA. (1991) 88:6152–6. doi: 10.1073/pnas.88.14.6152

 20. Hugl SR, White MF, Rhodes CJ. Insulin-like growth factor I (IGF-I)-stimulated pancreatic beta-cell growth is glucose-dependent. Synergistic activation of insulin receptor substrate-mediated signal transduction pathways by glucose and IGF-I in INS-1 cells. J Biol Chem. (1998) 273:17771–9. doi: 10.1074/jbc.273.28.17771

 21. Lingohr MK, Dickson LM, McCuaig JF, Hugl SR, Twardzik DR, Rhodes CJ. Activation of IRS-2-mediated signal transduction by IGF-1, but not TGF-alpha or EGF, augments pancreatic beta-cell proliferation. Diabetes (2002) 51:966–76. doi: 10.2337/diabetes.51.4.966

 22. Hill DJ, Petrik J, Arany E, McDonald TJ, Delovitch TL. Insulin-like growth factors prevent cytokine-mediated cell death in isolated islets of Langerhans from pre-diabetic non-obese diabetic mice. J Endocrinol. (1999) 161:153–65. doi: 10.1677/joe.0.1610153

 23. Withers DJ, Burks DJ, Towery HH, Altamuro SL, Flint CL, White MF. Irs-2 coordinates Igf-1 receptor-mediated beta-cell development and peripheral insulin signalling. Nat Genet. (1999) 23:32–40. doi: 10.1038/12631

 24. Hyatt MA, Budge H, Walker D, Stephenson T, Symonds ME. Ontogeny and nutritional programming of the hepatic growth hormone-insulin-like growth factor-prolactin axis in the sheep. Endocrinology (2007) 148:4754–60. doi: 10.1210/en.2007-0303

 25. Inder WJ, Jang C, Obeyesekere VR, Alford FP. Dexamethasone administration inhibits skeletal muscle expression of the androgen receptor and IGF-1–implications for steroid-induced myopathy. Clin Endocrinol. (2010) 73:126–32. doi: 10.1111/j.1365-2265.2009.03683.x

 26. Huang H, He Z, Zhu C, Liu L, Kou H, Shen L, et al. Prenatal ethanol exposure-induced adrenal developmental abnormality of male offspring rats and its possible intrauterine programming mechanisms. Toxicol Appl Pharmacol. (2015) 288:84–94. doi: 10.1016/j.taap.2015.07.005

 27. Ni Q, Tan Y, Zhang X, Luo H, Deng Y, Magdalou J, et al. Prenatal ethanol exposure increases osteoarthritis susceptibility in female rat offspring by programming a low-functioning IGF-1 signaling pathway. Sci Rep. (2015) 5:14711. doi: 10.1038/srep14711

 28. Shen L, Liu Z, Gong J, Zhang L, Wang L, Magdalou J, et al. Prenatal ethanol exposure programs an increased susceptibility of non-alcoholic fatty liver disease in female adult offspring rats. Toxicol Appl Pharmacol. (2014) 274:263–73. doi: 10.1016/j.taap.2013.11.009

 29. Phipps K, Barker DJ, Hales CN, Fall CH, Osmond C, Clark PM. Fetal growth and impaired glucose tolerance in men and women. Diabetologia (1993) 36:225–8. doi: 10.1007/BF00399954

 30. Sugden MC, Holness MJ. Gender-specific programming of insulin secretion and action. J Endocrinol. (2002) 175:757–67. doi: 10.1677/joe.0.1750757

 31. Fernandez-Twinn DS, Wayman A, Ekizoglou S, Martin MS, Hales CN, Ozanne SE. Maternal protein restriction leads to hyperinsulinemia and reduced insulin-signaling protein expression in 21-mo-old female rat offspring. Am J Physiol Regul Integr Comp Physiol. (2005) 288:R368–73. doi: 10.1152/ajpregu.00206.2004

 32. Kind KL, Clifton PM, Grant PA, Owens PC, Sohlstrom A, Roberts CT, et al. Effect of maternal feed restriction during pregnancy on glucose tolerance in the adult guinea pig. Am J Physiol Regul Integr Comp Physiol. (2003) 284:R140–52. doi: 10.1152/ajpregu.00587.2001

 33. Liu L, Liu F, Kou H, Zhang BJ, Xu D, Chen B, et al. Prenatal nicotine exposure induced a hypothalamic-pituitary-adrenal axis-associated neuroendocrine metabolic programmed alteration in intrauterine growth retardation offspring rats. Toxicol Lett. (2012) 214:307–13. doi: 10.1016/j.toxlet.2012.09.001

 34. Xu D, Wu Y, Liu F, Liu YS, Shen L, Lei YY, et al. A hypothalamic-pituitary-adrenal axis-associated neuroendocrine metabolic programmed alteration in offspring rats of IUGR induced by prenatal caffeine ingestion. Toxicol Appl Pharmacol. (2012) 264:395–403. doi: 10.1016/j.taap.2012.08.016

 35. Zhu Y, Zuo N, Li B, Xiong Y, Chen H, He H, et al. The expressional disorder of the renal RAS mediates nephrotic syndrome of male rat offspring induced by prenatal ethanol exposure. Toxicology (2018) 400–401:9–19. doi: 10.1016/j.tox.2018.03.004

 36. Manuel-Apolinar L, Zarate A, Rocha L, Hernandez M. Fetal malnutrition affects hypothalamic leptin receptor expression after birth in male mice. Arch Med Res. (2010) 41:240–5. doi: 10.1016/j.arcmed.2010.06.002

 37. Linden MA, Fletcher JA, Morris EM, Meers GM, Laughlin MH, Booth FW, et al. Treating NAFLD in OLETF rats with vigorous-intensity interval exercise training. Med Sci Sports Exerc. (2015) 47:556–67. doi: 10.1249/MSS.0000000000000430

 38. Zambrano E, Bautista CJ, Deas M, Martinez-Samayoa PM, Gonzalez-Zamorano M, Ledesma H, et al. A low maternal protein diet during pregnancy and lactation has sex- and window of exposure-specific effects on offspring growth and food intake, glucose metabolism and serum leptin in the rat. J Physiol. (2006) 571(Pt 1):221–30. doi: 10.1113/jphysiol.2005.100313

 39. Valtat B, Riveline JP, Zhang P, Singh-Estivalet A, Armanet M, Venteclef N, et al. Fetal PGC-1alpha overexpression programs adult pancreatic beta-cell dysfunction. Diabetes (2013) 62:1206–16. doi: 10.2337/db12-0314

 40. Garofano A, Czernichow P, Breant B. Beta-cell mass and proliferation following late fetal and early postnatal malnutrition in the rat. Diabetologia (1998) 41:1114–20. doi: 10.1007/s001250051038

 41. Raab J, Haupt F, Kordonouri O, Scholz M, Wosch A, Ried C, et al. Continuous rise of insulin resistance before and after the onset of puberty in children at increased risk for type 1 diabetes - a cross-sectional analysis. Diabetes Metab Res Rev. (2013) 29:631–5. doi: 10.1002/dmrr.2438

 42. Green AS, Rozance PJ, Limesand SW. Consequences of a compromised intrauterine environment on islet function. J Endocrinol. (2010) 205:211–24. doi: 10.1677/JOE-09-0399

 43. Gatford KL, Simmons RA. Prenatal programming of insulin secretion in intrauterine growth restriction. Clin Obstet Gynecol. (2013) 56:520–8. doi: 10.1097/GRF.0b013e31829e5b29

 44. Blondeau B, Avril I, Duchene B, Breant B. Endocrine pancreas development is altered in foetuses from rats previously showing intra-uterine growth retardation in response to malnutrition. Diabetologia (2002) 45:394–401. doi: 10.1007/s00125-001-0767-4

 45. Van Assche FA, De Prins F, Aerts L, Verjans M. The endocrine pancreas in small-for-dates infants. Br J obstetr Gynaecol. (1977) 84:751–3

 46. Nicolini U, Hubinont C, Santolaya J, Fisk NM, Rodeck CH. Effects of fetal intravenous glucose challenge in normal and growth retarded fetuses. Horm Metab Res. (1990) 22:426–30.

 47. Beringue F, Blondeau B, Castellotti MC, Breant B, Czernichow P, Polak M. Endocrine pancreas development in growth-retarded human fetuses. Diabetes (2002) 51:385–91. doi: 10.2337/diabetes.51.2.385

 48. Garofano A, Czernichow P, Breant B. In utero undernutrition impairs rat beta-cell development. Diabetologia (1997) 40:1231–4.

 49. Limesand SW, Rozance PJ, Macko AR, Anderson MJ, Kelly AC, Hay WW Jr. Reductions in insulin concentrations and beta-cell mass precede growth restriction in sheep fetuses with placental insufficiency. Am J physiol Endocrinol Metab. (2013) 304:E516–23. doi: 10.1152/ajpendo.00435.2012

 50. Bertin E, Gangnerau MN, Bellon G, Bailbe D, Arbelot De Vacqueur A, Portha B. Development of beta-cell mass in fetuses of rats deprived of protein and/or energy in last trimester of pregnancy. Am J Physiol Regul Integr Comp Physiol. (2002) 283:R623–30. doi: 10.1152/ajpregu.00037.2002

 51. Limesand SW, Rozance PJ, Zerbe GO, Hutton JC, Hay WW Jr. Attenuated insulin release and storage in fetal sheep pancreatic islets with intrauterine growth restriction. Endocrinology (2006) 147:1488–97. doi: 10.1210/en.2005-0900

 52. Reynolds RM. Glucocorticoid excess and the developmental origins of disease: two decades of testing the hypothesis−2012 Curt Richter Award Winner. Psychoneuroendocrinology (2013) 38:1–11. doi: 10.1016/j.psyneuen.2012.08.012

 53. Yang Z, Zhang Q, Lu Q, Jia Z, Chen P, Ma K, et al. ISL-1 promotes pancreatic islet cell proliferation by forming an ISL-1/Set7/9/PDX-1 complex. Cell cycle (2015) 14:3820–9. doi: 10.1080/15384101.2015.1069926

 54. Karlsson O, Thor S, Norberg T, Ohlsson H, Edlund T. Insulin gene enhancer binding protein Isl-1 is a member of a novel class of proteins containing both a homeo- and a Cys-His domain. Nature (1990) 344:879–82.

 55. Liang G, Chen M, Pan XL, Zheng J, Wang H. Ethanol-induced inhibition of fetal hypothalamic-pituitary-adrenal axis due to prenatal overexposure to maternal glucocorticoid in mice. Exp Toxicol Pathol. (2011) 63:607–11. doi: 10.1016/j.etp.2010.04.015

 56. Lu J, Wen Y, Zhang L, Zhang C, Zhong W, Zhang L, et al. Prenatal ethanol exposure induces an intrauterine programming of enhanced sensitivity of the hypothalamic–pituitary–adrenal axis in female offspring rats fed with post-weaning high-fat diet. Toxicol Res. (2015) 4:1238–49. doi: 10.1039/C5TX00012B

 57. He Z, Zhu C, Huang H, Liu L, Wang L, Chen L, et al. Prenatal caffeine exposure-induced adrenal developmental abnormality in male offspring rats and its possible intrauterine programming mechanisms. Toxicol Res. (2016) 5:388–98. doi: 10.1039/c5tx00265f

 58. Xu D, Liang G, Yan YE, He WW, Liu YS, Chen LB, et al. Nicotine-induced over-exposure to maternal glucocorticoid and activated glucocorticoid metabolism causes hypothalamic-pituitary-adrenal axis-associated neuroendocrine metabolic alterations in fetal rats. Toxicol Lett. (2012) 209:282–90. doi: 10.1016/j.toxlet.2012.01.006

 59. Matveyenko AV, Singh I, Shin BC, Georgia S, Devaskar SU. Differential effects of prenatal and postnatal nutritional environment on ss-cell mass development and turnover in male and female rats. Endocrinology (2010) 151:5647–56. doi: 10.1210/en.2010-0978

 60. Simmons RA, Templeton LJ, Gertz SJ. Intrauterine growth retardation leads to the development of type 2 diabetes in the rat. Diabetes (2001) 50:2279–86. doi: 10.2337/diabetes.50.10.2279

 61. van Haeften TW, Twickler TB. Insulin-like growth factors and pancreas beta cells. Eur J Clin Investig. (2004) 34:249–55. doi: 10.1111/j.1365-2362.2004.01337.x

 62. Fall CH, Pandit AN, Law CM, Yajnik CS, Clark PM, Breier B, et al. Size at birth and plasma insulin-like growth factor-1 concentrations. Arch Dis Child. (1995) 73:287–93.

 63. Kahn SE, Prigeon RL, McCulloch DK, Boyko EJ, Bergman RN, Schwartz MW, et al. Quantification of the relationship between insulin sensitivity and beta-cell function in human subjects. Evidence for a hyperbolic function. Diabetes (1993) 42:1663–72.

 64. Ueki K, Okada T, Hu J, Liew CW, Assmann A, Dahlgren GM, et al. Total insulin and IGF-I resistance in pancreatic beta cells causes overt diabetes. Nat Genet. (2006) 38:583–8. doi: 10.1038/ng1787

 65. McGowan PO, Matthews SG. Prenatal stress, glucocorticoids, and developmental programming of the stress response. Endocrinology (2018) 159:69–82. doi: 10.1210/en.2017-00896

 66. Tosh DN, Fu Q, Callaway CW, McKnight RA, McMillen IC, Ross MG, et al. Epigenetics of programmed obesity: alteration in IUGR rat hepatic IGF1 mRNA expression and histone structure in rapid vs. delayed postnatal catch-up growth. Am J Physiol Gastrointest Liver Physiol. (2010) 299:G1023–9. doi: 10.1152/ajpgi.00052.2010

 67. Lu J, Jiao Z, Yu Y, Zhang C, He X, Li Q, et al. Programming for increased expression of hippocampal GAD67 mediated the hypersensitivity of the hypothalamic-pituitary-adrenal axis in male offspring rats with prenatal ethanol exposure. Cell Death Dis. (2018) 9:659. doi: 10.1038/s41419-018-0663-1

 68. Kim JY, Song EH, Lee HJ, Oh YK, Park YS, Park JW, et al. Chronic ethanol consumption-induced pancreatic {beta}-cell dysfunction and apoptosis through glucokinase nitration and its down-regulation. J Biol Chem. (2010) 285:37251–62. doi: 10.1074/jbc.M110.142315

 69. Dembele K, Nguyen KH, Hernandez TA, Nyomba BL. Effects of ethanol on pancreatic beta-cell death: interaction with glucose and fatty acids. Cell Biol Toxicol. (2009) 25:141–52. doi: 10.1007/s10565-008-9067-9

 70. Nguyen KH, Lee JH, Nyomba BL. Ethanol causes endoplasmic reticulum stress and impairment of insulin secretion in pancreatic beta-cells. Alcohol (2012) 46:89–99. doi: 10.1016/j.alcohol.2011.04.001

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Xiao, Kou, Gui, Ji, Guo, Wu and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fendo-10-00034-g005.gif





OPS/images/fendo-10-00034-g006.gif





OPS/images/fendo-10-00034-g003.gif





OPS/images/fendo-10-00034-g004.gif
g L1 L
S RN M
o U1 TEFTTE






OPS/images/fendo-10-00034-t001.jpg
Genes Forward primer Reverse primer Accession number Product (bp) Annealing (°C)

IsL1 ACTGAGTGACTTCGCCTTGC ATCTGGGAGCTGAGAGGACA NM_017339.3 133 60
INS1 TCAGCAAGCAGGTCATTGTT AGGTACAGAGCCTCCACCAG NM_019129.3 147 57
INS2 TCTTCTACACACCCATGTCCC GGTGCAGCACTGATCCAC NM_019130.2 149 55
IGF1 GACCAAGGGGCTTTTACTTCAAC TTTGTAGGCTTCAGCGGAGCAC NM_178866.4 148 60
GR CACCCATGACCCTGTCAGTG AAAGCCTCCCTCTGCTAACC NM_012576.2 156 54
GAPDH GCAAGTTCAACGGCACAG GCCAGTAGACTCCACGACA NM_017008.4 140 60

ISL1, insuln gene enhancer protein isl1; INST, insulin 1; INS2, insulin2; IGF1, insulin-fike growth factor 1; GR, glucocorticoid receptor; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.
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