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Background

Intrauterine food restriction (IFR) during pregnancy is associated with low birth weight (LBW) and obesity in adulthood. It is known that white adipose tissue (WAT) plays critical metabolic and endocrine functions; however, this tissue’s behavior before weight gain and obesity into adulthood is poorly studied. Thus, we evaluated the repercussions of IFR on the lipogenesis and lipolysis processes in the offspring and described the effects on WAT inflammatory cytokine production and secretion.





Methods

We induced IFR by providing gestating rats with 50% of the necessary chow daily amount during all gestational periods. After birth, we monitored the offspring for 12 weeks. The capacity of isolated fat cells from mesenteric white adipose tissue (meWAT) to perform lipogenesis (14C-labeled glucose incorporation into lipids) and lipolysis (with or without isoproterenol) was assessed. The expression levels of genes linked to these processes were measured by real-time PCR. In parallel, Multiplex assays were conducted to analyze pro-inflammatory markers, such as IL-1, IL-6, and TNF-α, in the meWAT.





Results

Twelve-week-old LBW rats presented elevated serum triacylglycerol (TAG) content and attenuated lipogenesis and lipolysis compared to control animals. Inflammatory cytokine levels were increased in the meWAT of LBW rats, evidenced by augmented secretion by adipocytes and upregulated gene and protein expression by the tissue. However, there were no significant alterations in the serum cytokines content from the LBW group. Additionally, liver weight, TAG content in the hepatocytes and serum glucocorticoid levels were increased in the LBW group.





Conclusion

The results demonstrate that IFR throughout pregnancy yields LBW offspring characterized by inhibited lipogenesis and lipolysis and reduced meWAT lipid storage at 12 weeks. The increased serum TAG content may contribute to the augmented synthesis and secretion of pro-inflammatory markers detected in the LBW group.
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Highlights

	* Intrauterine food restriction promotes elevated serum TAG content in 12-week-old offspring.

	* Poor prenatal nutrition impairs lipid storage and attenuates lipogenesis in the mesenteric adipocytes into adulthood.

	* Low birth weight 12-week-old offspring had increased IL-1, IL-6 and TNF-α gene and protein expression in the meWAT.

	* Low birth weight 12-week-old offspring presented augmented liver weight and TAG content in the hepatocytes.






1 Introduction

The amount of adipose tissue (AT) mass in the body has been the subject of scientific attention for many years, both for its intricate relationship with obesity and, metabolic syndrome, as well as its relationship with body esthetics (1–3). The hypothesis that some diseases manifested in adulthood could have their genesis during fetal development has been proposed (4). Indeed, studies in humans and animal models have revealed strong evidence of an association between birth weight (low or high) and obesity and other diseases such as type II Diabetes Mellitus, dyslipidemia, hypertension, coronary artery disease, stroke, renal failure (glomerulosclerosis), liver failure (steatohepatitis), pulmonary abnormalities, immune dysfunction, osteoporosis, Alzheimer’s disease, depression, anxiety, bipolar disorder, schizophrenia and cancer (5–8).

A well-balanced maternal diet offers the best environment for a healthy pregnancy (9). Studies have shown that poor or restricted intake of nutrients during pregnancy is associated with abnormal fetal growth patterns, resulting in low birth weight and a higher risk for obesity and diabetes for the offspring (9, 10). This alterations into adulthood makes part of the concept known as Developmental Origins of Health and Disease (DOHaD). The first studies linking in utero malnutrition to adulthood obesity occurred during the “Dutch famine” between 1944 and 1945. In these studies, Ravelli et al. (11) reported that men who suffered from in utero malnutrition during the first half of pregnancy were more likely to become obese by the time they reached 19 years of age (11). Later, Ravelli et al. (12) demonstrated that 50-year-old women that suffered in utero malnutrition had higher body mass index (BMI) and waist circumference values (12).

In mammals, the AT is the primary energy depot distributed throughout the body. It is composed of several cell types, including adipocytes and cells from the stromal vascular fraction (SVF), such as pre-adipocytes, newly differentiated adipose cells, fibroblasts, leukocytes and macrophages (13, 14). The main function of all white adipocytes is to store TAG in the cytoplasm. Thus, their size is positively related to the amount of the TAG depot.

Adipocyte expansion (hypertrophy) and retraction (hypotrophy) processes are modulated by the balance between two main metabolic processes: lipogenesis and lipolysis. Lipogenesis promotes fatty acid (FA) synthesis and TAG formation. In contrast, lipolysis mobilizes FA and glycerol from TAG hydrolysis (13–15). Therefore, an imbalance in cell renewal caused by deficient or enhanced adipocyte generation (adipogenesis) or cell apoptosis may contribute to fat gain or loss. This disruption in the metabolic and/or cellular balance may or may not be accompanied by insulin resistance or other diseases (16, 17).

Despite the ubiquitous AT distribution throughout the body, the overexpansion of the visceral white AT (vWAT; in the abdominal cavity) is strongly associated with Metabolic Syndrome and other diseases. Additionally, variations in vWAT content, particularly the mesenteric white adipose tissue (meWAT) can significantly contribute to metabolic dysfunction. For example, the meWAT releases its metabolites and secretions into the superior mesenteric artery and portal vein, directly impacting the liver. Hypertrophy of this fat pad is also associated with increased inflammatory cytokine secretion, which can disrupt the WAT balance favoring lipid accumulation (18, 19).

In the present study, we investigated the consequences of a 50% reduction in the maternal diet throughout the gestational period on lipogenesis and lipolysis and sought to identify potential relationships with the inflammation process in fat pad meWAT.




2 Materials and methods



2.1 Animals

Twelve-week-old male Wistar rats from the mating of males and females supplied by the Rat Breeding Animal Farm “Zuleica Bruno Fortes”, USP, were used. The Ethics Committee on the Use of Animals (CEUA) at ICB-USP (number 112/2016) and UNIFESP (number 9816040716) approved the experimental protocol. All experiments were conducted following the ethical principles in animal experimentation adopted by the Brazilian Society of Science in Laboratory Animals/Brazilian College of Animal Experimentation (SBCAL/COBEA).




2.2 Mating and pregnancy

Before mating, a microscopic examination of the vaginal swab collection (VSC) was performed to detect the estrous phase. Estrus was characterized by a large number of scaly, keratinized and anucleated cells in the VSC. Two females (12-16 weeks) were placed with one male (12-16 weeks) for one night to mate. On the following morning, before removing the male, the presence of sperm after a new VSC confirmed mating and marked the first day of pregnancy. At this time, the pregnant rats were divided into two groups: 50% food restriction and ad libitum food intake during gestation.




2.3 Intrauterine food restriction protocol

The intrauterine food restriction (IFR) diet was based on a previous protocol (20–22). The amount of chow [standard commercial animal feed: 22% protein, 64% carbohydrate, 4.2% fat, 5.4% fiber, in addition to a mixture of salts and vitamins (Nuvital, Nuvital Nutrientes S/A, PR, Brazil)] provided to pregnant rats was restricted during all gestational periods by 50% and was returned to normal feeding (ad libitum, 100%) after the offsprings’ birth. The control group received standard commercial animal feed ad libitum during all gestational periods. Within 24 hours after delivery, each litter was adjusted to contain eight pups to equalize maternal care opportunities.




2.4 Experimental groups

All animals were kept in the Experimental Animal Facility of the Department of Physiology and Biophysics at ICB/USP. The room was maintained at 23 °C ± 2 °C with a 12-h light/12-h dark (light period starting at 8:00 am) photoperiod. The offspring were divided after the breastfeeding period into two groups: Normal Birth Weight (NBW) - cubs from ad libitum mothers; and Low Birth Weight (LBW) - animals from mothers who had 50% food restriction during all gestational periods. The offspring were distributed in collective cages (two animals per cage) and fed a balanced standard chow (Nuvital) and provided water ad libitum until 12 weeks.




2.5 Parameters evaluated

Twelve-week-old offspring (12-h fasted) were anesthetized with an intraperitoneal injection of 4 mg/100 g bw sodium thiopental (Tiopentax, São Paulo, SP, Brazil) and euthanized by decapitation at 8:00 am. Trunk blood samples were collected, and serum was obtained after centrifugation at 2,000 × g for 20 minutes at 4°C and stored at -80°C. Immediately after decapitation and disinfection of the animal’s abdominal wall with a 70% ethanol solution, a median laparotomy was performed to remove and weigh the heart, adrenals and WAT in the subcutaneous (scWAT), mesenteric (meWAT), epididymal (epWAT), retroperitoneal (rpWAT) regions as well as interscapular brown fat (BAT). Portions of the meWAT samples were used to verify the gene expression of lipogenic and lipolytic factors and evaluate inflammatory protein expression.

Other portions of the meWAT were used for adipocyte isolation, according to Rodbell (1964) (23), and subsequently utilized for assessing lipogenesis and lipolysis activity and cytokine secretion. The cells were photographed using an optical microscope (100×) (Moticam 1000; Motic, Richmond, BC, Canada), and the average adipocyte diameters were determined by measuring the arithmetic average of 100 cells using the Motic Images Plus 2.0 software.

The serum was used to measure the following parameters: Glucose – Liquid Glucose – (#133, Labtest, Lagoa Santa, MG, Brazil); TAG - Liquid Triglycerides (#87, Labtest); Glycerol - Free Glycerol Reagent (#F6428, Sigma-Aldrich, St. Louis, MO, USA); Non-Sterified Fatty Acids (NEFA)– NEFA-HR (2) (Wako Chemicals GmbH, Neuss, Germany); Insulin – Insulin EIA kit (#A05105, Bertin Pharma, France); Corticosterone – Milliplex Map Rat Stress Hormone Kit (#RSHMAG-69K, Magnetic Bead; Millipore, Billerica, MA, USA); Leptin - Milliplex Map Kit Cytokine/Chemokine Magnetic Bead Panel (#RECYTMAG-65, Millipore).




2.6 Lipogenesis activity

The adipocyte suspension (5% lipocrit) in Krebs/Ringer/Phosphate buffer, pH 7.4 with 1% bovine serum albumin and 2 mmol/L glucose, was transferred to polypropylene test tubes containing 5 μL (1850 Bq/tube) of D [U-14C] -Glucose and incubated at 37°C in the presence or absence of insulin (10 nmol/L). The samples were then incubated (final volume = 500 μL) for one hour in a water bath at 37°C. At the end of the incubation, 2.5 mL of Dole’s reagent (isopropanol: n-heptane: sulfuric acid, 4: 1: 0.25 vol/vol/vol) were added for lipid extraction. After vigorous stirring, 1.5 mL of n-heptane and 1.5 mL of Milli-Q water were added. The tubes were decanted, and 0.5 mL of the upper phase was collected to determine 14C incorporation into lipids. Radioactivity was read in a scintillation counter (1450 LSC Counter - MicrobetaTrilux, PerkinElmer, Singapore, Singapore), and the results were expressed in nmol.10-6 cells.h-1 (24).




2.7 Lipolysis activity

Cells (5% concentration) were incubated in Earle buffer/20 mM Hepes/1% BSA with 5 mM glucose, pH 7.4, in the presence or absence of isoproterenol (lipolytic agent). Cells were pretreated for 30 min with adenosine (0.2 μM). Then, adenosine deaminase (20 mU/mL) was added with isoproterenol (5 μM) and incubated for 30 min at 37°C. The incubation mixture (total volume of 200 μL) was centrifuged in a refrigerated centrifuge at 4° C for 5 min at 7000 rpm. Aliquots (120 μL) of infranatant were collected to determine the concentration of NEFA [Waco, NEFA-HR (2)] and Glycerol (#F6428, Sigma-Aldrich).




2.8 RNA extraction and quantitative real-time polymerase chain reaction

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) was used to quantify the mRNA levels of genes involved in lipogenesis, lipolysis and inflammation. The primers used are listed in Table 1. Total RNA extraction was performed using TRIzol reagent (Invitrogen, Carlsbad, CA) and RNA purification kit (Ambion, Carlsbad, CA). RNA concentration and quality were confirmed by measuring the absorbance on an Epoch TM Microplate Spectrophotometer (BioTek Instruments, Winooski, VT, USA) and using the Gen5 Software. SuperScript III reverse transcriptase (catalog number: 18080-093, Invitrogen) was used for reverse transcription of 2 µg of isolated total RNA in a total reaction volume of 100 µL. Quantitative analysis of mRNA expression was performed using the StepOnePlus RT-PCR System (Applied Biosystems, Waltham, MA, USA) with TaqMan Gene Expression Assays (Applied Biosystems) at a concentration of 20 ng/µL for each sample. Gene expression analysis was performed by relative quantification using the comparative CT method (-ΔΔCT).


Table 1 | Primers used on the meWAT qPCR.






2.9 Cytokine quantification

Inflammatory cytokines were determined in the tissue homogenate, culture medium and serum samples. The tissue samples were homogenized in 10 mM EDTA, 10 mM sodium orthovanadate, 2 mM PMSF and 0.01 mg/mL aprotinin twice (2655 × g for 20 seconds) in the Precellys instrument (Bertin Technologies, WA, USA). After extraction and separation of the cytosolic content, protein quantification was performed using the Bradford method (25).

Isolated adipocytes (5%) were incubated in 2 mL of culture medium (DMEM – D5523, Sigma-Aldrich) for 24 hours in a Lab-line incubator at 37°C, 5% CO2. After 24-h, 500 μL of culture medium were removed from the wells, divided into aliquots and stored at -80°C for later quantification. The Milliplex Map kit (Chemokine Magnetic Bead Panel - RECYTMAG-65, Millipore) was utilized according to the manufacturer’s instructions. The data were read with a Magpix analyzer (Luminex, Austin, TX, USA) and analyzed using the Milliplex Analyst 5.0 software (Merck Millipore, Darmstadt, Germany). Data are expressed in pg/mg of protein for homogenized tissue samples, pg/106 cells/24-h for adipocytes homogenized tissue samples, pg/106 cells/24-h for adipocytes in culture medium samples and pg/mL for serum samples.




2.10 Extraction and quantification of TAG in liver samples

Livers were removed, weighed and stored at -80°C. For TAG extraction, 100 mg of liver samples were homogenized in 2 mL of chloroform: methanol (2:1) solution (26). After TAG extraction, quantification was performed with the Liquiform Triglycerides kit (Ref. 87, Labtest) according to the manufacturer’s instructions.




2.11 Statistical analysis

Data were analyzed using GraphPad Prism version 8.0 for Windows (GraphPad Software, San Diego, CA, USA). All data were assessed for normality using the Shapiro-Wilk test and the “F Test” for homogeneity. Depending on the outcome, an unpaired Student’s t-test or the Mann-Whitney test was used to compare differences between groups. The fiducial limit of significance was set at 5%. In the graphs, the symbols used were: *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001.





3 Results



3.1 General characteristics of animals

The general features of the experimental and control animals are presented in Table 2. As expected, the LBW group had less total body weight at birth than the control group (NBW animals). The 12-week-old LBW and NBW rats had similar body weights, naso-anal lengths, heart weights, adrenal weights, BAT weights, mesenteric adipocyte volumes and serum glucose, insulin and leptin levels. Notably, at 12 weeks, the weight of each fat pad (scWAT, epWAT, rpWAT and meWAT) and the percentage of these fats in relation to total body weight were reduced in the LBW group compared to the NBW group. Furthermore, the LBW group displayed elevated serum TAG and corticosterone levels compared to NBW animals.


Table 2 | General features of animal groups.






3.2 Lipogenesis

The lipogenesis process involves the synthesis and storage of TAG in the adipocyte’s cytoplasm. The expression of the LPL gene, responsible for the TAG hydrolysis in blood circulation, was reduced in LBW animals. On the other hand, there was no variation in the cluster of the CD36/FAT gene (responsible for NEFA uptake by the adipocytes). We also observed a significant decrease in the FABP4 gene expression, which is responsible for the cytoplasmic NEFA transport (Figure 1A). Except for the FASn gene, which showed no significant difference between the groups, all genes related to de novo lipogenesis were downregulated (Figure 1B). These data were corroborated by functional assays using isolated mesenteric adipocytes (Figure 1D), which displayed decreased glucose incorporation into TAG under basal (without insulin) and stimulated (with 10 nM of insulin) conditions. As shown in Figure 1C, except for the GPAT gene (p = 0.081), all genes related to fatty acid esterification (AGPAT1, AGPAT2, DGAT1 and DGAT2) were downregulated by in utero food restriction.




Figure 1 | Lipogenesis in mesenteric adipocytes is reduced. (A) LPL, CD36/FAT and FABP4 gene expression. (B) Gene expression of de novo lipogenesis – G6PDH, ME1, ACLY, ACACA, FASn and SCD1. (C) Expression of esterification genes – GPAT, AGPAT1, AGPAT2, DGAT1 and DGAT2. (D) Lipogenesis Assay – Basal (without insulin stimulation), Stimulated (10 nM Insulin) and Delta (Stimulated – Basal). Values are expressed as the mean ± SEM. N = 6-9 animals/group. The significance values of NBW vs. LBW were calculated using the Mann-Whitney test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.






3.3 Lipolysis

The LBW group had an impaired ability to perform lipolysis. Figures 2A, B indicate modifications in the lipolysis capacity (i.e., glycerol release into blood circulation). This result was verified by the quantification of serum glycerol, which was the same in both groups (Figure 2C). However, when assessing the functional capacity of adipocytes to carry out the lipolytic process and release NEFA, we found that spontaneous lipolysis and isoproterenol-stimulated lipolysis were reduced in the LBW group (Figures 2D, E). This result was further verified by the attenuated serum NEFA levels (Figure 2F). Additionally, in LBW animals, adrenergic receptor gene ADRA2A (antilipolytic gene) expression was upregulated, and ADRB2 (pro-lipolytic gene) was downregulated (Figure 2G). Interestingly, the expression levels of several lipolysis-related genes, proteins, enzymes and cofactors were suppressed in the LBW group compared to the NBW group (Figure 2H).




Figure 2 | Lipolysis in meWAT. (A) Basal lipolysis – glycerol release. (B) Lipolysis stimulated (10 nM insulin) – glycerol release. (C) Serum glycerol content. (D) Basal lipolysis – NEFA release. (E) Stimulated lipolysis – NEFA release. (F) Serum NEFA content. (G) Adrenergic receptors gene expression – ADRA2A, ADRA2B, ADRA2C, ADRB1, ADRB2, ADRB3. (H) Lipolysis-related gene expression (PKA, PLIN, ABHD5, ATGL, HSL, MGL and AQP7. Values are expressed as the mean ± SEm. n = 6-10 animals/group. The significance values of NBW vs. LBW were calculated using the Mann-Whitney Test or unpaired Student’s t-test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.






3.4 Liver

As shown in Figure 3A, there was an increase in liver weight from LBW compared to NBW animals. This weight gain was accompanied by elevated TAG content in the liver (Figure 3B).




Figure 3 | Liver. (A) Liver weight (g), n = 10 – 10 animals/ group; (B) Liver TAG content (mg/100 mg of liver), n = 14 – 10 animals/ group. Values are expressed as mean ± SEM. The significance values of NBW vs. LBW were calculated using the Mann-Whitney or unpaired Student’s t-test. *p ≤ 0.05, ***p ≤ 0.001.






3.5 Secretion of pro-inflammatory markers by mesenteric adipocytes and content of these proteins in the meWAT

There was a significant elevation in the pro-inflammatory markers in LBW rats. Figures 4A, B, D show the interleukin secretion (i.e., IL-1α, IL-1β and TNF-α) by mesenteric adipocytes from the LBW group after 24-hour incubation. This result was further confirmed by the Milliplex experiments, which showed increased IL-1β, IL-6 and TNF-α concentration in the meWAT homogenate of LBW rats at 12 weeks (Figures 4F–H). There was no significant difference in the IL6 by adipocytes (Figure 4C) and IL1α (Figure 4E) in the tissue homogenate.




Figure 4 | Pro-inflammatory markers secreted by adipocytes in 24 h and tissue proteins. (A) IL1α - secretion by adipocytes. (B) IL1β - secretion by adipocytes. (C) IL6 - secretion by adipocytes. (D) TNFα - secretion by adipocytes. (E) IL1α - proteins in tissue. (F) IL1β - proteins in tissue. (G) IL6 - proteins in tissue. (H) TNFα - proteins in tissue. Values are expressed as mean ± SEM. For marker secretion experiments by adipocytes, n = 4-8; for measurement of markers in tissue homogenate, n = 6-7. The significance values of NBW vs. LBW were calculated using the Mann-Whitney or unpaired Student’s t-test. *p ≤ 0.05, **p ≤ 0.01.






3.6 Gene expression of pro-inflammatory markers in meWAT and serum level

There was a significant increase in IL-1α, IL-6 and TNF-α gene expression in the meWAT of LBW animals (Figures 5A–C). However, these alterations were not detected in the serum of the LBW group when compared to NBW animals (Figures 5D–F).




Figure 5 | Pro-inflammatory markers gene expression and serum concentration (A)–IL1α - gene expression. (B)– IL6 - gene expression. (C)–TNFα - gene expression. (D) IL1β – serum concentra€n. (E) IL6 - serum concentration. (F) TNFα - serum concentration. Values are expressed as mean ± SEM. For gene expression experiments, n = 6-7 animals/group; for measurements of serum interleukin concentration, n = 7-9. The significance values of NBW vs. LBW were calculated using the Mann-Whitney or unpaired Student’s t-test. *p ≤ 0.05, **p ≤ 0.01.







4 Discussion

There is a consensus in the literature concerning the positive correlation between in utero malnutrition and low birth weight. Indeed, genetic and functional modifications observed in offspring can be associated with abnormalities into adulthood, including but not limited to hypertension, excess body fat (e.g., hypertrophy and/or hyperplasia), increased circulating TAGs, insulin resistance and its associated complications, attenuated pulmonary inflammatory response and others (7, 12, 21).

The initial birth weight of the offspring from mothers who had only 50% of the total food intake during pregnancy was low. After 12 weeks, these animals had higher body mass increments than the control group, fully recovering the weight, consistent with previous studies by our group and others (20–22, 27). This phenomenon of body weight recovery in a short time is known as catch-up growth. Early postnatal catch-up growth occurring after fetal malnutrition favors the programming of obesity in adult life which in turn could be attributed to reduced fat oxidation rate and increased carbohydrate metabolism (28, 29). However, despite having the same total body weight at 12 weeks old, the WAT weight was reduced in LBW animals.

The WAT mass is closely linked with the size and/or number of adipocytes. Adipose hypertrophy and hypotrophy depend on the fine regulation between lipolysis and lipogenesis. Regarding the number of cells, which also affects the total mass of the tissue, the increase or decrease in cellularity depends on the balance between apoptosis and adipogenesis. Additionally, the increased adipose mass is related to intracellular TAG concentrations, thus contributing to the clearance of systemic TAG (13–15). In the present study, LBW animals showed a higher serum TAG serum content than NBW animals. Bieswal et al. (28) and Thompson et al. (30) also reported augmented TAG levels in 36-week-old LBW animals (29, 30).

The LPL enzyme is essential for hydrolyzing circulating TAGs and releasing NEFA and glycerol molecules that adipocytes absorb and store. Thus, the WAT plays a crucial physiological role in limiting the increment of blood fat levels by reducing NEFA release or improving the clearance of circulating TAG-containing particles, like chylomicrons or VLDLs (31–33). In LBW animals, LPL and FABP4 [an intracytoplasmic transporter responsible for delivering molecules captured by adipocytes to esterification sites (15)] gene expression levels were significantly downregulated. Impaired LPL and FABP4 expression could contribute to the LBW animals’ elevated serum TAG levels.

It is important to point out that detailed lipogenesis studies have yet to be performed in LBW animals, and only a few studies have reported the expression of lipogenesis-related genes and/or proteins (34, 35). Desai et al. (34) reported a significant rise in LPL and FASn gene expression followed by greater adiposity and body weight in 9-month-old animals. Similarly, Lukaszewiski et al. (35) showed upregulated ACC and FASn gene expression levels in 16-week-old LBW animals without any changes in body weight or adiposity. Herein, we found that, except for FASn, all lipogenesis-related genes were downregulated in LBW animals. This pathway’s suppression was confirmed by observing the reduction in the functional capacity of mesenteric adipocytes to perform de novo lipogenesis (DNL). The observation that adipocytes had an inadequate response when stimulated by insulin may indicate that the WAT is resistant to the hormone. Discrepancies between our data and others could be due to different experimental ADR protocols, such as the IFR during the first ten days of pregnancy or all gestational periods, the feed supplied (20%, 50% or 70% of the ad libitum group) to mothers during the prenatal period, and/or the age of the offspring studied (3, 16 or 32 weeks).

Another critical step in lipogenesis is esterification, a process that comprises the synthesis of TAG inside the adipocyte using three enzymes: GPAT, AGPAT and DGAT (36, 37). Except for GPAT, the expression of esterification-related enzymes and their isoforms were downregulated in LBW rats. This result suggests that the meWAT of LBW animals exhibits a reduced capacity to synthesize and store energy in the form of TAG, possibly contributing to the increased serum TAG levels observed in these animals.

Lipolysis is vital for energy homeostasis since it generates the NEFA necessary for several tissues through TAG hydrolysis (38). There are only a few controversial studies involving lipolysis in LBW animals. Thompson et al. (30), after IFR of 70% during all gestational periods, demonstrated that PLIN and HSL genes expression (9-month-old animals) were the same as NBW animals and, although LBW animals showed subcutaneous (SC) and retroperitoneal (RP) adipocyte hypertrophy, the functional lipolytic capacities of these cells were preserved. However, Desai et al. (34) demonstrated a rise in the gene and protein expressions of HSL enzyme in 9-month-old LBW animals.

The functional lipolysis results show that although the LBW group displayed adipocytes with a similar functional capacity to the NBW group, the cells performed this process less intensely. It is important to point out that NEFA may be used by the same adipocyte for the re-esterification process (NEFA to TAG), which could account for the observed NEFA content decay, as evidenced by the lipolysis assay and serum concentration. However, as previously described, the free fatty acid re-esterification process was attenuated in LBW animals. We also described that the stimulation of the lipolysis pathway by catecholamines was inhibited, and that was confirmed by the elevation in the ADRA2A gene expression (antilipolytic gene) and also the decrease in the ADRB2 gene expression (pro-lipolytic beta-adrenergic receptor) in the LBW group. Finally, enzymes responsible for the TAG hydrolysis were suppressed (gene expression) in the LBW group (Figure 2H), corroborating our functional data (Figures 2D, E). According to Jaworski et al. (38), reduced lipolytic activity may contribute to the TAG accumulation in AT and consequently promote the increase in adiposity.

Thus, the drop in lipid storage measured by lipogenesis assay and the diminution in TAG hydrolysis verified through the lipolysis assay contribute to maintaining an average cell volume compatible with those observed in the NBW group. However, Fisher et al. (39) reported that the inability of visceral WAT to store excess calories in the form of TAG results in overflow and lipid ectopic accumulation in other tissues, mainly the liver, promoting local and systemic inflammation (39). This event could trigger many metabolic changes that may lead to insulin resistance, dyslipidemia and the development of metabolic syndrome. Hsiao et al. (40) also cited a study reporting that tissues such as skeletal muscle and the liver may suffer lipotoxicity when the vWAT displays the same difficulty in storing excess fat (40). Liver analyses from both experimental groups showed significant changes in LBW animals, such as increased tissue weight and enhanced ectopic fat (verified by measuring the TAG content). Therefore, the reduced ability of the meWAT to perform lipogenesis may have negatively contributed to the repercussions detected in the liver.

There is a discussion in the literature about whether obesity induces an increase in pro-inflammatory cytokines amount or if the elevation of these cytokines leads to obesity. In our experimental model, the enhanced secretion of important pro-inflammatory markers such as IL-1α, IL-1β, IL-6 and TNF-α by isolated adipocytes and their protein expression in the meWAT fat pad occurred when any change in body weight and/or increases in adiposity were observed in the offspring. Moreover, the increased synthesis and secretion of these cytokines did not result in their systemic elevation. Our findings corroborate with Egstrom et al. (2003) (41), who hypothesized that high levels of inflammatory markers occur in the early stages of the weight gain process, leading to obesity and metabolic syndrome. In this sense, the inflammation process would play a causal role in the development of the syndrome.

High levels of pro-inflammatory markers in meWAT reinforce possible variations previously analyzed. For example, TNF-α and IL-6 are cytokines expressed by different cells present in AT (i.e., adipocytes and other cell types present in the vascular stroma) that have endocrine, paracrine and autocrine effects and act in the inhibition of lipogenesis by decreasing LPL expression (42). In addition, pro-inflammatory markers promote insulin resistance by reducing GLUT4 content, insulin receptor and IRS1 gene expression (43–45). Therefore, the augmentation of TNF-α and IL-6 cytokine content described in the mesenteric fat of LBW may have contributed to the reduced lipogenesis in these animals through LPL inhibition and local insulin resistance.

TNF-α and IL-6 are also related to non-alcoholic fatty liver disease (NAFLD), a hepatic repercussion of the Metabolic syndrome (44). Zhang et al. (46) reported that IL-1β has a direct action on the genesis of liver fibrosis (46), and Kamari et al. (47) demonstrated that the cytokines IL-1α and IL-1β play a critical role in the evolution of hepatic steatosis into steatohepatitis and hepatic fibrosis (47).

The lipolysis process can also be influenced by substances produced in the adipocyte (autocrine effect; IL-6 and TNF-α) or by other cells present in the vascular stroma, such as macrophages (paracrine effect) (48). The impact of TNF-α on lipolysis is controversial in the literature. Kettelhult and Goldberg (49) demonstrated that the TNF-α injection for five days in rats did not increase basal lipolytic activity or lipolytic activity induced by catecholamines in the WAT (49). Ruan et al. (50), after infusion of TNF-α using an osmotic pump for four days, verified a reduction in ATGL and HSL gene expression (50). However, several authors demonstrate that TNF-α (43, 51, 52), IL-6 (43, 53) and IL-1 (54) are lipolysis stimulators.

Glucocorticoids are steroid hormones secreted by the adrenal cortex under the control of the HPA axis (55). That axis is highly active in obese subjects, particularly those with central obesity (56). Our LBW animals showed a significant increase in glucocorticoid content at 12 weeks old. This data reinforces the findings of Landgraf et al. (21) and others (6, 35) who also used the IFR protocol. Additionally, hypercorticosteronemia could be related to the reduced lipolysis observed in LBW since Campbell et al. (2011) (57) demonstrated that high corticosterone concentrations could reduce or stop the lipolysis process without modifying the adipocyte viability. Also, the high corticosterone levels presented could indicate a persistent stress condition in LBW animals, possibly as a tentative way to overcome the poor metabolic response of adipocytes showed here. Glucocorticoids are strong stimulators of leptin synthesis in isolated adipocytes (58) but, in our data (at 12 weeks old) the LBW animals showed normal leptin production.

In addition to inducing pre-adipocytes differentiation into mature adipocytes and fat accumulation in different fat pads and the liver, glucocorticoids also play an essential role in growth and development (59). In the WAT vascular stroma, corticosterone leads to the differentiation and accumulation of more adipocytes, thus providing increased visceral adiposity (57). Therefore, enhanced glucocorticoid contents in these animals could account for weight gain into adulthood.




5 Conclusions

In conclusion, low birth weight resulting from 50% of maternal diet restriction during all gestational periods led to modifications in the metabolic processes at 12 weeks. Reduced lipogenesis may contribute to the enhanced TAG levels measured in LBW animals. Furthermore, the inability of the AT to store excess TAG may lead to ectopic fat accumulation in the liver and an increase in pro-inflammatory markers in meWAT. The rise in cytokines amount may contribute to the decrease in local insulin response. Still, the reduction in the lipolysis process observed in the LBW group, despite the increased presence of pro-inflammatory markers, may have occurred to prevent the liver from lipid overload. Furthermore, the rise in pro-inflammatory markers in the meWAT observed occurred before any genetic, functional or phenotypic clue of weight gain, demonstrating that local inflammation appears before weight gain in our experimental model. The increased circulating glucocorticoid levels found in 12-week-old LBW rats may trigger meWAT expansion and subsequent elevation in weight/adipose into adulthood.





Data availability statement

The original contributions presented in the study are included in the article/supplementary materials. Further inquiries can be directed to the corresponding authors.





Ethics statement

The animal study was approved by Ethics Committee on the Use of Animals (CEUA) at ICB-USP (112/2016) and UNIFESP (9816040716). The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

SA: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Validation, Writing – original draft, Writing – review & editing. AK: Investigation, Writing – review & editing. FF: Investigation, Writing – review & editing. AR: Investigation, Writing – review & editing. NG: Investigation, Writing – review & editing. GA: Investigation, Writing – review & editing. RS: Investigation, Writing – review & editing. FL: Funding acquisition, Resources, Writing – review & editing. RL: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Methodology, Resources, Supervision, Validation, Writing – review & editing. ML: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Methodology, Resources, Supervision, Validation, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by São Paulo State Research Foundation – FAPESP (grants n° 2019/05242-9, 2020/16020-4 and 2016/25129-4) and Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) – Financial Code 001. RL is also thankful to National Council for Scientific and Technological Development – CNPq (Grants n° 310027/2021-7) and ML to Vice Reitoria de Pós Graduação e Pesquisa da UNIP, “Programa Individual de Pesquisa para Docente” for the scientific fellowship award.




Acknowledgments

We thank Patricia S.S. Santos for excellent technical assistance and Gabriela B. Reis for the technical support. We thank Robert Ryan Geyer for technical assistant in the English version.





Conflict of interest

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.





References

1. Vander Wal, JS, and Thelen, MH. Predictors of body image dissatisfaction in elementary-age school girls. Eat Behav (2000) 1(2):105–22. doi: 10.1016/s1471-0153(00)00011-8

2. Eknoyan, G. A history of obesity, or how what was good became ugly and then bad. Adv Chronic Kidney Dis (2006) 13(4):421–7. doi: 10.1053/j.ackd.2006.07.002

3. Calzo, JP, Sonneville, KR, Haines, J, Blood, EA, Field, AE, and Austin, SB. The development of associations among body mass index, body dissatisfaction, and weight and shape concern in adolescent boys and girls. J Adolesc Health (2012) 51(5):517–23. doi: 10.1016/j.jadohealth.2012.02.021

4. Barker, DJ. The fetal and infant origins of disease. Eur J Clin Invest (1995) 25(7):457–63. doi: 10.1111/j.1365-2362.1995.tb01730.x

5. Barker, DJP, Osmond, C, and Law, CM. The intrauterine and early postnatal origins of cardiovascular disease and chronic bronchitis. J Epidemiol Community Health (1989) 43(3):237–40. doi: 10.1136/jech.43.3.237

6. Breton, C, Lukaszewski, PY, Risold, PY, Enache, M, Guillemot, J, and Rivière, G. Maternal prenatal undernutrition alters the response of POMC neurons to energy status variation in adult male rat offspring. Am J Physiol Endocrinol Metab (2009) 296(3):E462–72. doi: 10.1152/ajpendo.90740.2008

7. Calkins, K, and Devaskar, SU. Fetal origins of adult disease. Curr Probl Pediatr Adolesc Health Care (2011) 41(6):158–76. doi: 10.1016/j.cppeds.2011.01.001

8. McMillen, IC, MacLaughlin, SM, Muhlhausler, BS, Gentili, S, Duffield, JL, and Morrison, JL. Developmental origins of adult health and disease: the role of periconceptional and foetal nutrition. Basic Clin Pharmacol Toxicol (2008) 102(2):82–9. doi: 10.1111/j.1742-7843.2007.00188

9. Marshall, NE, Abrams, B, Barbour, LA, Catalano, P, Christian, P, Friedman, JE, et al. The importance of nutrition in pregnancy and lactation: lifelong consequences. Am J Obstet Gynecol (2022) 226(5):607–32. doi: 10.1016/j.ajog.2021.12.035

10. Correia-Branco, A, Keating, E, and Martel, F. Maternal undernutrition and fetal developmental programming of obesity: the glucocorticoid connection. Reprod Sci (2015) 22(2):138–45. doi: 10.1177/1933719114542012

11. Ravelli, GP, Stein, ZA, and Susser, MW. Obesity in young men after famine exposure in utero and early infancy. N Engl J Med (1976) 295(7):349–53. doi: 10.1056/NEJM197608122950701

12. Ravelli, AC, van der Meulen, JH, Osmond, C, Barker, DJ, and Bleker, OP. Obesity at the age of 50 y in men and women exposed to famine prenatally. Am J Clin Nutr (1999) 70(5):811–6. doi: 10.1093/ajcn/70.5.811

13. Ahima, RS, and Flier, JS. Adipose tissue as an endocrine organ. Trends Endocrinol Metab (2000) 11(8):327–32. doi: 10.1016/s1043-2760(00)00301-5

14. Fonseca-Alaniz, MH, Takada, J, Alonso-Vale, MI, and Lima, FB. O tecido adiposo como centro regulador do metabolismo [The adipose tissue as a regulatory center of the metabolism]. Arq Bras Endocrinol Metabol (2006) 50(2):216–29. doi: 10.1590/s0004-27302006000200008

15. Proença, AR, Sertié, RA, Oliveira, AC, Campaña, AB, Caminhotto, RO, Chimin, P, et al. New concepts in white adipose tissue physiology. Braz J Med Biol Res (2014) 47(3):192–205. doi: 10.1590/1414-431X20132911

16. Hausman, DB, DiGirolamo, M, Bartness, TJ, Hausman, GJ, and Martin, RJ. The biology of white adipocyte proliferation. Obes Rev (2001) 2(4):239–54. doi: 10.1046/j.1467-789x.2001.00042

17. Kiehn, JT, Tsang, AH, Heyde, I, Leinweber, B, Kolbe, I, Leliavski, A, et al. Circadian rhythms in adipose tissue physiology. Compr Physiol (2017) 7(2):383–427. doi: 10.1002/cphy.c160017

18. West-Eberhard, MJ. Nutrition, the visceral immune system, and the evolutionary origins of pathogenic obesity. Proc Natl Acad Sci USA (2019) 116(3):723–31. doi: 10.1073/pnas.1809046116

19. Tchkonia, T, Thomou, T, Zhu, Y, Karagiannides, I, Pothoulakis, C, Jensen, MD, et al. Mechanisms and metabolic implications of regional differences among fat depots. Cell Metab (2013) 17(5):644–56. doi: 10.1016/j.cmet.2013.03.008

20. Landgraf, MA, Martinez, LL, Rastelli, VMF, Franco Mdo, C, Soto-Suazo, M, Tostes Rde, C, et al. Intrauterine undernutrition in rats interferes with leukocyte migration, decreasing adhesion molecule expression in leucocytes and endothelial cells. J Nutr (2005) 135(6):1480–5. doi: 10.1093/jn/135.6.1480

21. Landgraf, MA, Landgraf, RG, Jancar, S, and Fortes, ZB. Influence of age on the development of immunological lung response in intrauterine undernourishment. Nutrition (2008) 24(3):262–9. doi: 10.1016/j.nut.2007.12.005

22. Landgraf, MA, Landgraf, RG, Silva, RC, Semedo, P, Câmara, NO, and Fortes, ZB. Intrauterine undernourishment alters TH1/TH2 cytokine balance and attenuates lung allergic inflammation in wistar rats. Cell Physiol Biochem (2012) 30(3):552–62. doi: 10.1159/000341437

23. Rodbell, M. Metabolism of isolated fat cells. I. Effects of hormones on glucose metabolism and lipolysis. J Biol Chem (1964) 239:375–80. doi: 10.1016/S0021-9258(18)51687-2

24. Sertie, RAL, Curi, R, Oliveira, AC, Andreotti, S, Caminhotto, RO, de Lima, TM, et al. The mechanisms involved in the increased adiposity induced by interruption of regular physical exercise practice. Life Sci (2019) 222:103–11. doi: 10.1016/j.lfs.2019.02.051

25. Bradford, MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal Biochem (1976) 72:248–54. doi: 10.1006/abio.1976.9999

26. Folch, J, Lees, M, and Sloane Stanley, GH. A simple method for the isolation and purification of total lipides from animal tissues. J Biol Chem (1957) 226(1):497–509. doi: 10.1016/S0021-9258(18)64849-5

27. Franco Mdo, C, Arruda, RM, Fortes, ZB, de Oliveira, SF, Carvalho, MH, Tostes, RC, et al. Severe nutritional restriction in pregnant rats aggravates hypertension, altered vascular reactivity, and renal development in spontaneously hypertensive rats offspring. J Cardiovasc Pharmacol (2002) 39(3):369–77. doi: 10.1097/00005344-200203000-00008

28. Bieswal, F, Ahn, MT, Reusens, B, Holvoet, P, Raes, M, Rees, WD, et al. The importance of catch-up growth after early malnutrition for the programming of obesity in male rat. Obes (Silver Spring) (2006) 14(8):1330–43. doi: 10.1038/oby.2006.151

29. Frisancho, AR. Reduced rate of fat oxidation: a metabolic pathway to obesity in the developing nations. Am J Hum Biol (2003) 15(4):522–32. doi: 10.1002/ajhb.10191

30. Thompson, N, Huber, K, Bedürftig, M, Hansen, K, Miles-Chan, J, and Breier, BH. Metabolic programming of adipose tissue structure and function in male rat offspring by prenatal undernutrition. Nutr Metab (Lond) (2014) 11(1):50. doi: 10.1186/1743-7075-11-50

31. Kersten, S. Physiological regulation of lipoprotein lipase. Biochim Biophys Acta (2014) 1841(7):919–33. doi: 10.1016/j.bbalip.2014.03.013

32. Song, Z, Xiaoli, AM, and Yang, F. Regulation and metabolic significance of De Novo lipogenesis in adipose tissues. Nutrients (2018) 10(10):1383. doi: 10.3390/nu10101383

33. Frayn, K. Adipose tissue as a buffer for daily lipid flux. Diabetologia (2002) 45(9):1201–10. doi: 10.1007/s00125-002-0873-y

34. Desai, M, Guang Han, G, Ferelli, M, Kallichanda, N, and Lane, RH. Programmed upregulation of adipogenic transcription factors in intrauterine growth-restricted offspring. Reprod Sci (2008) 15(8):785–96. doi: 10.1177/1933719108318597

35. Lukaszewski, MA, Mayeur, S, Fajardy, I, Delahaye, F, Dutriez-Casteloot, I, Montel, V, et al. Maternal prenatal undernutrition programs adipose tissue gene expression in adult male rat offspring under high-fat diet. Am J Physiol Endocrinol Metab (2011) 301(3):E548–59. doi: 10.1152/ajpendo.00011.2011

36. Agarwal, AK, and Garg, A. Congenital generalized lipodystrophy: significance of triglyceride biosynthetic pathways. Trends Endocrinol Metab (2003) 14(5):214–21. doi: 10.1016/s1043-2760(03)00078-x

37. Coleman, RA, and Lee, DP. Enzymes of triacylglycerol synthesis and their regulation. Prog Lipid Res (2004) 43(2):134–76. doi: 10.1016/s0163-7827(03)00051-1

38. Jaworski, K, Sarkadi-Nagy, E, Duncan, RE, Ahmadian, M, and Sul, HS. Regulation of triglyceride metabolism. IV. Hormonal regulation of lipolysis in adipose tissue. Am J Physiol Gastrointest Liver Physiol (2007) 293(1):G1–4. doi: 10.1152/ajpgi.00554.2006

39. Fischer, IP, Irmler, M, Meyer, CW, Sachs, SJ, Neff, F, Hrabě de Angelis, M, et al. A history of obesity leaves an inflammatory fingerprint in liver and adipose tissue. Int J Obes (Lond) (2018) 42(3):507–17. doi: 10.1038/ijo.2017.224

40. Hsiao, WY, and Guertin, DA. De Novo lipogenesis as a source of second messengers in adipocytes. Curr Diabetes Rep (2019) 19(11):138. doi: 10.1007/s11892-019-1264-9

41. Engström, G, Hedblad, B, Stavenow, L, Lind, P, Janzon, L, and Lindgärde, F. Inflammation-sensitive plasma proteins are associated with future weight gain. Diabetes (2003) 52(8):2097–101. doi: 10.2337/diabetes.52.8.2097

42. Cawthorn, WP, and Sethi, JK. TNF-α and adipocyte biology. FEBS Lett (2008) 582(1):117–31. doi: 10.1016/j.febslet.2007.11.051

43. Volp, ACP, Alfenas Rde, C, Costa, NM, Minim, VP, Stringueta, PC, and Bressan, J. Capacidade dos biomarcadores inflamatórios em predizer a síndrome metabólica [Inflammation biomarkers capacity in predicting the metabolic syndrome. Arq Bras Endocrinol Metabol (2008) 52(3):537–49. doi: 10.1590/s0004-27302008000300015

44. Stojsavljević, S, Gomerčić Palčić, M, Virović Jukić, L, Smirčić Duvnjak, L, and Duvnjak, M. Adipokines and proinflammatory cytokines, the key mediators in the pathogenesis of nonalcoholic fatty liver disease. World J Gastroenterol (2014) 20(48):18070–91. doi: 10.3748/wjg.v20.i48.18070

45. Lacerda, MS, Malheiros, GC, and Abreu A de, OW. Tecido adiposo, uma nova visão: as adipocinas e seu papel endócrino/ Adiposo tissue, new vision: adipocines and its endocrine paper. Rev Científica da FMC (2016) 11(2):25–31. doi: 10.29184/1980-7813.rcfmc.6.vol.11.n2.2016

46. Zhang, YP, Yao, XX, and Zhao, X. Interleukin-1 beta up-regulates tissue inhibitor of matrix metalloproteinase-1 mRNA and phosphorylation of c-jun N-terminal kinase and p38 in hepatic stellate cells. World J Gastroenterol (2006) 12(9):1392–6. doi: 10.3748/wjg.v12.i9.1392

47. Kamari, Y, Shaish, A, Vax, E, Shemesh, S, Kandel-Kfir, M, Arbel, Y, et al. Lack of interleukin-1α or interleukin-1β inhibits transformation of steatosis to steatohepatitis and liver fibrosis in hypercholesterolemic mice. J Hepatol (2011) 55(5):1086–94. doi: 10.1016/j.jhep.2011.01.048

48. Lafontan, M, and Langin, D. Lipolysis and lipid mobilization in human adipose tissue. Prog Lipid Res (2009) 48(5):275–97. doi: 10.1016/j.plipres.2009.05.001

49. Kettelhut, IC, and Goldberg, AL. Tumor necrosis factor can induce fever in rats without activating protein breakdown in muscle or lipolysis in adipose tissue. J Clin Invest (1988) 81(5):1384–9. doi: 10.1172/JCI113467

50. Ruan, H, Miles, PD, Ladd, CM, Ross, K, Golub, TR, Olefsky, JM, et al. Profiling gene transcription in vivo reveals adipose tissue as an immediate target of tumor necrosis factor-alpha: implications for insulin resistance. Diabetes (2002) 51(11):3176–88. doi: 10.2337/diabetes.51.11.3176

51. Green, A, Dobias, SB, Walters, DJ, and Brasier, AR. Tumor necrosis factor increases the rate of lipolysis in primary cultures of adipocytes without altering levels of hormone-sensitive lipase. Endocrinology (1994) 134(6):2581–8. doi: 10.1210/endo.134.6.8194485

52. Zahorska-Markiewicz, B. Metabolic effects associated with adipose tissue distribution. Adv Med Sci (2006) 51:111–4.

53. Smitka, K, and Marešová, D. Adipose tissue as an endocrine organ: an update on proinflammatory and anti-inflammatory microenvironment. Prague Med Rep (2015) 116(2):87–111. doi: 10.14712/23362936.2015.49

54. Feingold, KR, Doerrler, W, Dinarello, CA, Fiers, W, and Grunfeld, C. Stimulation of lipolysis in cultured fat cells by tumor necrosis factor, interleukin-1, and the interferons is blocked by inhibition of prostaglandin synthesis. Endocrinol (1992) 130(1):10–6. doi: 10.1210/endo.130.1.1370149

55. Macfarlane, DP, Forbes, S, and Walker, BR. Glucocorticoids and fatty acid metabolism in humans: fuelling fat redistribution in the metabolic syndrome. J Endocrinol (2008) 197(2):189–204. doi: 10.1677/JOE-08-0054

56. Lordelo, RA, Mancini, MC, Cercato, C, and Halpern, A. Eixos hormonais na obesidade: causa ou efeito? [Hormonal axes in obesity: cause or effect?]. Arq Bras Endocrinol Metabol (2007) 51(1):34–41. doi: 10.1590/s0004-27302007000100007

57. Campbell, JE, Peckett, AJ, D’souza, AM, Hawke, TJ, and Riddell, MC. Adipogenic and lipolytic effects of chronic glucocorticoid exposure. Am J Physiol Cell Physiol (2011) 300(1):C198–209. doi: 10.1152/ajpcell.00045.2010

58. Alonso-Vale, MIC, Andreotti, S, Peres, SB, Anhê, GF, Borges-Silva, CN, Cipolla-Neto, J, et al. Melatonin enhances Leptin expression by rat adipocytes in the presence of insulin. Am J Physiol Endocrinol Metab (2005) 288(4):E805–12. doi: 10.1152/ajpendo.00478.2004

59. Hauner, H, Schmid, P, and Pfeiffer, EF. Glucocorticoids and insulin promote the differentiation of human adipocyte precursor cells into fat cells. J Clin Endocrinol Metab (1987) 64(4):832–5. doi: 10.1210/jcem-64-4-832




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Andreotti, Komino, de Fatima Silva, Ramos, Gil, Azevedo, Sertié, Lima, Landgraf and Landgraf. 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.


OEBPS/Images/fendo-14-1259854-g002.jpg
TAG — Glycerol

Glycerol (nmol‘lﬂ'(’ cels)

TAG — NEFA
NEFA (mmol.lﬂ'(’ cels)

Basal Lipolysis Stimulated Lipolysis Glycerol in Serum
30 3 Lo
e
e : 0.8
20 $3 2 =
z2 3 06
O z 3
+ &8 E 04
10 (O
= E 10
Gl 0.2
z
o
0 0.0
NBW  LBW NBW  LBW NBW  LBW
E F
Basal Lipolysis Stimulated Lipolysis NEFA in Serum
6.0 6.0 10
z
8 8
S
4.0 = 40 .
gz = 6
S =
T g &
20 v E E 4
=< = 20
e
0.12 ok = 0.12 i 2
mm] ﬁ “ o.(m]l ‘
0.00 0.00 0
NBW  LBW NBW  LBW NBW
G H
Adrenergic receptors Expression of lipolyic genes
25
X O NBW
& 2.0 a . I BW
g £
5 s S
3 3
< €
p L0 % b
é z
= 05 &
0.0
> D (Y NS A2 > -~ & , A
W) v S S RN IO S SO
Y IS F TN FL O
QQ- v§2. ’9@ ?9 ,?9 ,?9 ] ';b - R





OEBPS/Images/fendo-14-1259854-g005.jpg
TNFa

IL6

IL1a

LBW

NBW

= o« o -+ (o] =]
—

(33ueyd poj) YNy

!

3
(3
®

?m::_u Eé VNYw

NBW

1000

*
LBW

(38ueyd ploy) VNY W

TNFa

IL1B

LBW

NBW

N —
= =

0.3

(Tw/3d) DINL

MW
=]
Z

SE\ws 911

LBW

NBW

=) -+ (o]

10
8

(Tw/3d) dr11





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Intrauterine food restriction impairs the lipogenesis process in the mesenteric adipocytes from low-birth-weight rats into adulthood

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Highlights

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Animals

          



          		

            2.2 Mating and pregnancy

          



          		

            2.3 Intrauterine food restriction protocol

          



          		

            2.4 Experimental groups

          



          		

            2.5 Parameters evaluated

          



          		

            2.6 Lipogenesis activity

          



          		

            2.7 Lipolysis activity

          



          		

            2.8 RNA extraction and quantitative real-time polymerase chain reaction

          



          		

            2.9 Cytokine quantification

          



          		

            2.10 Extraction and quantification of TAG in liver samples

          



          		

            2.11 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 General characteristics of animals

          



          		

            3.2 Lipogenesis

          



          		

            3.3 Lipolysis

          



          		

            3.4 Liver

          



          		

            3.5 Secretion of pro-inflammatory markers by mesenteric adipocytes and content of these proteins in the meWAT

          



          		

            3.6 Gene expression of pro-inflammatory markers in meWAT and serum level

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-14-1259854-g001.jpg
mRNA (fold change)

mRNA (fold change)

GENES (LPL - CD36/FAT - FABP4)

GENES - ESTERIFICATION

Glucose —» TAG

(nmol.10%els.h’!)

mRNA (fold change)

GENES - LIPOGENESIS DE NOVO

2.0
[ NBW
< E LBW
1.5
1.0
0.5 ]
0.0
> » ~ od < »
Q NS < 5 Q
N ) @) » Q'?' (@
8 ? S
IS LIRS
LIPOGENESIS BIOLOGICAL ASSAY
300
[ NBW
Em LBW
200
i sk
100

0
S D >
& &





OEBPS/Images/table2.jpg
Parameter NBW LBW
Birth weight (g) 6.40 = 0.151 4.92 + 0.214%*
Body weight — 12 weeks (g) 355.7 £ 2.819 364.4 + 6.527

| Nasoanal length (cm) 24.37 + 0.187 23.93 + 0.208

| Heart weight (g) 1.01 +0.033 1.09 + 0.051

| Adrenal weight (g) | 0.058 + 0.002 0.060 + 0.002
Brown fat pad (g) 0.429 + 0.028 0.438 + 0.026
Adiposity (g) 18.50 + 2.171 12.87 + 0.828*
Adiposity/BW (%) | 5.191 + 0.600 3.497 + 0.183*

| scWAT (g) 5.209 + 0.433 4.182 £ 0.215*

| SCWAT/BW (%) 1.463 £ 0.120 1.138 + 0.043*
epWAT (g) | 5.835 + 0.759 3.990 + 0.287%

| epWAT/BW (%) 1.635 + 0.209 1.090 + 0.068*

| rpWAT (g) 4.844 + 0.765 2.998 + 0.215*
rpWAT/BW (%) | 1.359 £ 0.212 0.819 £ 0.054*

| meWAT (g) | 2.616 + 0.262 1.811 + 0.151*
meWAT/BW (%) 0.733 £ 0.072 0.494 + 0.038**

| Cell volume mesenteric (pL) 141.0 + 12.80 152.3 + 12.39
Cellularity mesenteric (x10° cells) 17.37 + 1.090 13.98 + 0.987*
Glucose (mg/dL) | 133.7 + 9.256 | 118.5 + 5991
Insulin (IU/mL) | 26.7 £ 1417 2493 £ 1.613

| TAG (mg/dL) | 33.01 + 5.999 59.18 £ 6.105**

| Leptin (pg/mL) 1202 + 258.3 1713 + 380.4
Corticosterone (ng/mL) 71.10 £+ 20.09 333.2 + 87.40**

Each value represents the mean + S.E.M; for morphometric analyses - NBW (n = 13) and
LBW (n = 12); for serum analyses - NBW (n =9) and LBW (n = 12). The significance values of
NBW vs. LBW were calculated using the Mann-Whitney test or unpaired Student’s t-test. *p <
0.05, **p < 0.01, **p < 0.001.
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OEBPS/Images/table1.jpg
Gene | Name Gene

Abhds Abhydrolase domain containing 5
ACACA | Acetyl-CoA carboxylase alpha
Acly ATP citrate lyase

Adra2A Adrenoceptor alpha 2A

Adra2b Adrenoceptor alpha 2B

Adra2c Adrenoceptor alpha 2C

Adrbl Adrenoceptor beta 1
Adrb2 Adrenoceptor beta 2
Adrb3 Adrenoceptor beta 3

Agpatl 1-acylglycerol-3-phosphate O-acyltransferase 1

Agpat2 1-acylglycerol-3-phosphate O-acyltransferase 1

Aqp7 Aquaporin 7

Atgl Adipose triglyceride lipase

B2m Beta-2 microglobulin

Cd36 CD36 molecule (thrombospondin receptor)
Dgatl Diacylglycerol O-acyltransferase 1
Dgat2 Diacylglycerol O-acyltransferase 2
Fabp4 Fatty acid binding protein 4

Fasn Fatty acid synthase

Gépd Glucose-6-phosphate dehydrogenase
Gpat Glycerol-3-phosphate acyltransferase
Hsl Hormone-sensitive lipase

IL1o Interleukin 1 alpha

g Interleukin 6

Lpl Lipoprotein lipase

Mel Malic enzyme 1

Mgl Monoglyceride lipase

Pka Protein kinase alpha

Plin Perilipin 1

Scdl Stearoyl-Coenzyme A desaturase 1
Tnfo. Tumor necrosis factor-alpha

Symbol, full name and test codes of the primers used.

Assay
Rn01446981_m1
Rn00573474_m1
Rn00566411_m1
Rn00562488_s1
Rn00593312_s1
Rn00593341_s1
Rn00824536_s1
Rn00560650_s1
Rn00565393_m1
Rn01525981_gl
Rn01438505_m1
Rn00569727_m1
Rn01479969_m1
Rn00560865_m1
Rn01442639_m1
Rn00584870_m1
Rn01506787_m1
Rn00670361_m1
Rn00569117_m1
Rn01529640_gl
Rn00568620_m1
Rn00689222_m1
Rn00566700_m1
Rn01410330_m1
Rn00561482_m1
Rn00561502_m1
Rn00593297_m1
Rn01432300_g1
Rn00558672_m1
Rn06152614_s1

Rn00562055_m1
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