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Dietary curcumin supplementation promotes browning and energy expenditure in postnatal overfed rats
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Abstract
Background
Early postnatal overfeeding could result in metabolic imprinting that decreases energy expenditure following white adipose tissue (WAT) gain throughout life. This research investigated whether curcumin (CUR) supplementation could promote WAT browning and activate thermogenesis in postnatal overfed rats.

Methods and results
This study adjusted the size of litters to three (small litters, SL) or ten (normal litters, NL) to mimic early postnatal overfeeding or normal feeding from postnatal day 3. From postnatal week 3 (weaning period), SL rats were fed a standard diet (SL) or a diet supplemented with 1% (SL1% CUR) or 2% (SL2% CUR) CUR for ten weeks. At postnatal week 13, SL rats with 1% or 2% CUR supplementation had lower body weight and less WAT gain and had an increased lean mass ratio, and their glucose tolerance and blood lipid levels had recovered to normal when compared to SL rats that did not receive the supplement. Moreover, the increased heat generation were consistent with the expression levels of uncoupling protein 1 (UCP1) and other browning-related genes in the subcutaneous adipose tissue (SAT) of the SL2% CUR rats but not in the SL1% CUR rats. In addition, 2% CUR dietary supplementation enhanced the serum norepinephrine levels in SL rats, with upregulated mRNA levels of β3-adrenergic receptor (β3-AR) in SAT.

Conclusion
Dietary CUR supplementation attenuates body fat gain and metabolic disorders in SL, which might be induced by promoting browning of SAT and energy expenditure. Moreover, the benefits were more obvious in SL with 2% CUR supplementation.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12986-021-00625-5.
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Background
Obesity is a chronic metabolic disease owing to long-term energy metabolism imbalance and has become increasingly prevalent [1]. Numerous studies on different nutrition exposures across species have shown that obesogenic factors in the early postnatal period could cause energy metabolism disturbance in the subsequent life process [2], but the mechanism remains to be elucidated. Artificial increase or decrease of the pups in a litter is an ideal method to simulate neonatal over- or poor-feeding, respectively [3]. Studies have shown that the breast milk intake of small litters (SL) (three to four pups) is increased compared with that of normal litters (NL) (eight to twelve pups). Additionally, the triglyceride (TG) content of breast milk from SL mothers was significantly richer than that of the NL group [4, 5].
Our previous study indicated that lower energy expenditure levels occurred in SL rearing (3 pups) rats and that this situation could persist until adulthood [6]. Therefore, on the basis of developmental plasticity, exploring the possibility of regaining energy metabolism balance and discovering its mechanism could provide potential clues for pursuing solutions for obesity caused by early overfeeding.
Adipose tissue is among the critical organs that regulate homeostasis of whole-body energy metabolism [7]. White adipose tissue (WAT) is the primary organ that stores excess energy intake, while brown adipose tissue (BAT) activates nonshivering thermogenesis in which energy is dissipated as heat [8]. As one of the principles to treat obesity is to cause an increase in energy expenditure, activating BAT and increasing its heat production is considered a potential treatment for obesity [9, 10]. In fact, BAT in adults is absent. Fortunately, a third type of adipocytes, named beige adipocytes, have been discovered in WAT. It has been confirmed that beige adipocytes express uncoupling protein 1 (UCP1), a thermogenic marker, similar to BAT [11]. In addition, peroxisome proliferator-activated receptor γ coactivator-1α (PGC1α), a critical regulatory factor of energy metabolism and mitochondrial biosynthesis, is highly expressed in brown and beige adipocytes [8]. Moreover, PGC1α acts as a cofactor that combines peroxisome proliferator-activated receptors γ (PPARγ) with positive regulatory domain containing 16 (PRDM16) to increase UCP1 levels in WAT [12–14]. Many endogenous and exogenous factors, such as sympathetic stimulation, cold exposure, pharmacological and nutritional factors, have been proven to be effective in triggering WAT browning [15]. Therefore, identification of these factors is of great significance in designing strategies for the prevention and treatment of obesity.
Curcumin (CUR), derived from turmeric, is a natural flavonoid component and a safe food additive [16]. Several studies have shown that CUR possesses protective effects against obesity and its related metabolic disorders such as insulin resistance, hyperlipidemia and fatty liver [16]. CUR supplementation can prevent high-fat diet (HFD) induced obesity and pharmacologically administration induced insulin resistance in rats [17, 18]. Recently, function of CUR in inducing WAT browning has gained attention. In vitro studies have found that CUR is able to induce the expression of brown-specific markers in 3T3-L1 adipocytes and primary white adipocytes [19, 20]. Moreover, CUR-treated mice exhibit lower body weight and less fat mass, formation of beige adipocytes, and higher expression of thermogenic genes in inguinal WAT [21]. These studies indicated that CUR might be targeted to control the obesity induced by WAT browning.
It is well known that the early postnatal period is one of the critical stages of WAT development. Our previous study has confirmed that postnatal overfeeding could suppress the expression of browning markers in WAT, reduce heat production and promote lipid accumulation in adulthood rats [22]. CUR can prevent obesity and metabolic disorders, but its effects on postnatal overfeeding remain unknown. We hypothesized that adding a CUR supplement to the postweaning diet could promote WAT browning and energy expenditure, thereby preventing obesity and metabolic disorders in postnatal overfed rats induced by SL rearing.
Methods
Animals
All trials conducted on rats in this research received approval from the Ethics Committee of Nanjing Medical University (Permit No. 1905046), and all procedures were conducted in accordance with the Guidelines for Use and Care of Laboratory Animals of Nanjing Medical University. Female Sprague–Dawley rats on gestational day 14 were obtained from the Animal Core Facility of Nanjing Medical University (Nanjing, Jiangsu, China) and raised in a standard environment (a 12-h/12-h light/dark cycle, 22 ± 2℃, 40% ~ 60% humidity). Tap water and food were freely available to all rats.
Experimental design
Artificial SL rearing (three to four rat pups per litter) allows increased breast milk availability and induces postnatal overfeeding, which mimics overnutrition during suckling in humans [3]. For rats, postnatal week 3 (W3) is the weaning period, puberty occurs at W6-8, and adulthood is W9 and afterwards [23].Our previous studies found that metabolic dysfunctions caused by postnatal overfeeding took place early at W3 and persisted to W13-16 [6, 24]. Therefore, this study selected W3 and W13 as the two key experimental time points to explore the effects of postnatal nutritional environments on adult health conditions.
The experimental protocol is shown in Additional file 1: Supplementary Fig. 1. A total of 11 female Sprague–Dawley rats on gestational day 14 were used in this study. 3 days after birth, the litters were adjusted to 3 male pups per dams (n = 8 lactating dams), and the group of litter reduction was called the small litter group (SL, n = 24). The normal dams were maintained with 10 male pups (n = 2 lactating dams), and normal litter pups were called the normal litter group (NL, n = 12). The animals for each group were obtained randomly [25, 26]. At W3 (weaning period), six rats in NL and SL groups were sacrificed respectively. At the same time, the rest of NL rats were fed a standard diet (NL group, n = 6), and the rest of SL rats were fed either a standard diet (SL group, n = 6) or a diet supplemented with 1% (SL1% CUR group, n = 6) or 2% CUR (SL2% CUR group, n = 6) until W13. CUR was purchased from Oranika Health Products (95% standardized CUR extract, Richmond, British, Canada). We monitored the weights and food intakes of rats weekly at a fixed time point. The animals at W3 and W13 were sacrificed. The specific experiments at each time point are shown in Additional file 1: Fig. S1.
Magnetic resonance imaging (MRI)
A 7 T Bruker BioSpec 70/20USR scanner was used in this study. Before the MRI scanning, we weighed the rats and then used 5% isoflurane for anesthetic induction and 1–2% isoflurane as the maintenance dose. Anesthetics were mixed in compressed air and delivered by a nasal mask at a speed of 1 L per minute. After judging that they were anesthetized, the rats were stably placed in the head holder of the scanner to ensure that the magnet could position reproducibly. We monitored the respiratory rate of rats and kept it at approximately 60–80 breaths per minute during the experimental period. This study selected axial sections from liver to bladder for the analysis of adipose tissue and used two sets of multislice spin-echo sequences (TR = 3604.5 ms, TE = 33.0 ms) to obtain 35 T2-weighted anatomical axial slices per rat for W3 rats or 70 for W10 rats, with a thickness of 1.50 mm. We set the field of view as 4.77 × 4.50 cm2 (W3 rats) or 7.03 × 6.63 cm2 (W10 rats) and the matrix size as 256 × 256, with three averages per slice.
Next, we manually looped the target adipose tissue samples of each section of the images and calculated the pixel areas (ImageJ software, National Institutes of Health, USA). The fat surface area per section was multiplied by the intersection distance to yield the corresponding fat volume. Next, total body fat volume (cm3) was converted to mass (grams) by multiplying by 0.9196 g/cm3, i.e., the density of adipose tissue [27], and the percent of body fat was roughly estimated by (body fat mass/body weight) * 100%. The body weight minus body fat mass was the lean mass. Finally, the lean mass percentage was calculated as (lean mass/body weight) * 100%.
Intraperitoneal glucose tolerance test (IPGTT)
This experimental scheme followed the protocol designed in a previous study [28]. In brief, the rats were fasted overnight at W3 and W13, followed by intraperitoneal administration of D-glucose (2.0 g/kg body weight). A small drop of rat tail vein blood was collected at 0-, 30-, 60-, 90- and 120-min time points after administration of glucose. The levels of blood glucose were determined using a glucose meter (Accu-Chek, Roche Diagnostics, Mannheim, Germany). Next, we measured the blood glucose levels of rats at 30-, 60-, 90- and 120-min time points following intraperitoneal administration of D-glucose (2.0 g/kg body weight). Then, the area under the curve (AUC) of glucose was calculated.
Energy expenditure
At W13, rats were housed in the metabolic chamber individually. The whole-body metabolic phenotyping of rats was recorded through an indirect calorimetry and locomotor activity monitoring system (TSE Phenomaster, TSE, Germany), including metabolic rates (oxygen consumption (VO2), carbon dioxide production (VCO2)) and heat production [29]. We placed rats in metabolic chambers for 72 h for acclimation and then collected data from them every 15 min for an additional 24 h. The parameter values obtained during the final 24 h were used for statistics, and then the ratio of VCO2 versus VO2 was calculated as the respiratory exchange ratio (RER). Three rats were selected randomly from each group for detection. Water and food were freely available to all rats in each metabolic chamber.
Serum and tissue collection
Following overnight fasting, rats were weighed and anesthetized with 300 mg of chloral hydrate per kilogram by intraperitoneal administration at W3 and W13. Then, we collected blood samples from the left ventricle and centrifuged them at 2000×g and 4 °C for 15 min. The supernatant was collected and stored at −80 °C for subsequent biochemical analyses. The BAT and three main types of WAT (i.e., subcutaneous adipose tissue (SAT), epididymal adipose tissue (EAT) and retroperitoneal adipose tissue (RAT)) were rapidly isolated, rinsed with normal saline and then weighed. Then, 4% paraformaldehyde was used to fix a portion of the SAT for subsequent sectioning and staining, followed by placing the rest into liquid nitrogen for quick freezing and storage at −80 °C for later experiments.
Serum measurements
The contents of serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), total cholesterol (TC), TG, high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C) were measured using an automatic biochemical analyzer (7100, Hitachi, Japan). Additionally, serum norepinephrine (NE) and fasting insulin were detected by ELISA kits (Rat Norepinephrine ELISA Kit CSB-E07022r, Rat Insulin ELISA Kit CSB-E05070r, CUSABIO, China). The homeostasis model for insulin resistance (HOMA-IR) index was calculated as: Fasting blood glucose (mmol/L) × fasting serum insulin (μU/mL) /22.5.
Hematoxylin and eosin (H&E) staining
SAT was fixed using 4% paraformaldehyde overnight at room temperature, followed by sectioning after paraffin embedding. H&E staining was performed on the basis of a standard protocol. Four arbitrary fields of view per rat were analyzed by ImageJ to estimate the adipocyte area.
RNA isolation and reverse transcription quantitative real-time PCR (RT-qPCR)
Each frozen SAT sample was homogenized in TRIzol (TAKARA, Japan) to isolate total RNA following the manufacturer’s instructions. The extracted total RNA was quantified by spectrophotometry at OD260. Agarose gel electrophoresis was used to analyze the integrity of total RNA. According to the manufacturer’s recommendation, this study prepared cDNA by M-MLV reverse transcriptase (TAKARA, Japan) using 1 µg of extracted total RNA. The experiment utilized a Quant Studio 3 real-time PCR instrument (Applied Biosystems, USA) to amplify cDNA by SYBR Green master mix (Vazyme, China). Target gene expression levels were calculated using 2−ΔΔCt [30] and normalized to the average of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The sequences of all primers involved in this study are shown in Table 1 and Additional file 1: Table S1.Table 1Primer sequences used for mRNA quantification by RT-qPCR


	 	Forward primer 5’–3’
	Reverse primer 5’–3’

	UCP1
	ACTGTACAGAGCTGGTGACA
	TGGTAGAGAGTTGATGAATCTCGT

	PGC1α
	GTGGATGAAGACGGATTGCC
	TTCTGAGTGCTAAGACCGCT

	PRDM16
	GGACAGTGACAGAGACAAAAGC
	CTGTGAATAGAAGGCCGGTA

	TMEM26
	TTGCCATGGGCTAGAATCCG
	TAAAGGCCTGTGCAGCTACC

	PPARγ
	ATCAGGTTTGGGCGAATG
	TTTGGTCAGCGGGAAGGA

	β3-AR
	TGCTGTTCCTTTGCCTCCAA
	TAGCTACGACGAACACTCGA

	GAPDH
	GGCTCTCTGCTCCTCCCTGTTCTA
	CGTCCGATACGGCCAAATCCGT


UCP1 uncoupling protein 1, PGC1α peroxisome proliferator-activated receptor γ coactivator-1α, PRDM16 positive regulatory domain containing 16, TMEM26 transmembrane protein 26, PPARγ peroxisome proliferator-activated receptor γ, β3-AR β3-adrenergic receptor, GAPDH glyceraldehyde-3-phosphate dehydrogenase



Immunohistochemistry
Immunohistochemistry for UCP1 was performed on deparaffinized sections (8 µm thick) of fixed SAT. For antigen retrieval, the sections were submerged in 10 mmol/L citrate buffer (pH 6.0), heated to 100ºC for 20 min, incubated with 3% hydrogen peroxide for 25 min to block the endogenous peroxidase activity, and then incubated with 3% bovine serum albumin at room temperature for 30 min to prevent nonspecific reactions. This step was followed by incubation with anti-UCP1 (Abcam, USA, 1:500) overnight at 4 °C, rinsing with 0.1 mol/L phosphate buffer and incubation with biotinylated goat anti-rabbit antibody (Servicebio, China, 1:200) for 50 min at room temperature. Signal was detected with diaminobenzidine substrate (Servicebio, China), and the nuclei were counterstained with hematoxylin for 3 min. UCP1 positive expression was determined as a brownish-yellow color, and images were taken with Olympus BX51 light microscope (Olympus, Japan). Image pro plus was used to calculate the percentages of positive areas.
Western blotting
SAT samples were homogenized in precooled RIPA buffer containing a protease inhibitor cocktail. Following centrifugation at 12,000×g and 4 °C for 15 min, the supernatant was collected. The concentration of proteins was detected using a BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA) following the manufacturer’s instructions. Equal amounts of total protein were loaded in each lane of a 10% SDS-PAGE gel, separated, and then transferred onto polyvinylidene difluoride membranes (Bio-Rad, USA). The membranes were blocked with 5% dry nonfat milk for 2 h at room temperature, probed with anti-UCP1 (Abcam, USA) or anti-GAPDH (Proteintech, China) antibodies overnight at 4 °C, and washed 5 times with phosphate-buffered saline and 0.1% Tween 20 (PBST) for 6 min each. Next, the membranes were incubated with a horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature and then washed again with PBST (5 washes for 6 min each). The reaction was determined using a chemiluminescence system (ChemiDoc XRS + , Bio-Rad, USA). The band intensity was analyzed by Image Lab (Bio-Rad, USA).
Statistical analyses
All data were normally distributed and are presented as the mean ± standard error of the mean. Significant differences between groups at W3 were analyzed using Student’s unpaired t-test and at W13 using one-way analysis of variance (ANOVA) followed by a post hoc least significant difference (LSD) t-test. A p-value < 0.05 was considered to be statistically significant.
Results
Body weight, food intake and liver enzymes
As shown in Fig. 1, the weight gain and food intake of rats changed with age in all groups. Compared with NL rats, the body weight of SL rats was significantly higher from postnatal W3 until W13. The weight gained in both SL1% CUR and SL2% CUR rats was lower compared to SL rats after intervention for 4 weeks (Fig. 1a). The food intake of NL and SL rats was basically equal after W6, and the rats fed CUR did not have a difference in food intake in comparison to the SL rats (Fig. 1b).[image: ../images/12986_2021_625_Fig1_HTML.png]
Fig. 1Body weight (a) and food intake in rats (b) from W4 to W13. Serum levels of aspartate aminotransferase (AST) (c) and alanine aminotransferase (ALT) (d) in rats at W3 and W13. All values represent means ± SEMs. ap < 0.05 versus NL, bp < 0.05 versus SL. Body weight and food intake were analyzed by one-way analysis of variance (ANOVA), and AST and ALT levels were analyzed by Student’s unpaired t-test at W3 and one-way analysis of variance (ANOVA) at W13. n = 6 in each group


Next, we determined whether CUR supplementation had a significant effect on the liver function of rats. The SL rats showed a marked increase in their serum AST compared with NL at W3, but no significant difference was observed in serum ALT (Fig. 1c and d). Moreover, the levels of serum AST and ALT in the SL, SL1% CUR and SL2% CUR groups were not different from those in the NL group at W13 (Fig. 1c and d).
Body composition, adipose tissue mass and size
The differences in body composition between groups at W3 and W10 are shown in Fig. 2. The fat volume and body fat percentage of SL rats were higher than those of NL rats at W3 and W10. Compared to SL rats, SL1% CUR rats had decreased fat volume and body fat percentage at W10 (Fig. 2a). The fat volume and body fat percentage in SL2% CUR rats were significantly lower than those of SL rats and similar to those of NL rats at W10, but this was not true for the SL1% CUR rats (Fig. 2b and c).[image: ../images/12986_2021_625_Fig2_HTML.png]
Fig. 2MRI analysis of body fat in rats at W3 and W10 (the red arrow points to subcutaneous adipose tissue, and the green arrow points to visceral adipose tissue) (a) followed by calculation of fat mass (b), body fat percentage (c), lean mass (d) and lean percentage (e). All values represent means ± SEMs. ap < 0.05 versus NL, bp < 0.05 versus SL. Statistical analysis was performed using Student’s unpaired t-test at W3 and ANOVA at W10. n = 3–4 in each group


The lean mass in SL rats with or without CUR supplementation was greater than that in NL rats at W10, and it was more obvious with the 2% concentration (Fig. 2d). However, the opposite was true for lean percentage, as shown in Fig. 2e.
Similarly, BAT and WAT (i.e., SAT, EAT and RAT) weights in SL rats were higher than those in NL rats at W3 and W13 (Table 2). The results showed that the three main types of WAT weights of SL1% CUR and SL2% CUR rats were lower than those of SL rats, but there was no difference in BAT weight among SL, SL1% CUR and SL2% CUR rats (Table 2). Furthermore, the mass ratio of BAT to WAT in SL rats was lower than that in NL rats at W3 and W13, while that of both SL1% CUR and SL2% CUR rats was close to normal (Table 2). Histologically, the average surface area of subcutaneous white adipocytes in SL rats was larger than that in NL rats at W3 and W13. As expected, the average surface area of subcutaneous white adipocytes in SL rats with CUR intervention (SL1% CUR and SL2% CUR) was diminished markedly (Fig. 3a and b).Table 2Adipose tissue weights in rats at W3 and W13


	 	NL
	SL
	SL1% CUR
	SL2% CUR

	W3

	 BAT (g)
	0.11 ± 0.01
	0.20 ± 0.02a
	 	 
	 SAT (g)
	0.56 ± 0.05
	1.58 ± 0.04a
	 	 
	 EAT (g)
	0.08 ± 0.00
	0.25 ± 0.03a
	 	 
	 RAT (g)
	0.08 ± 0.00
	0.30 ± 0.03a
	 	 
	 BAT/WAT
	0.17 ± 0.02
	0.09 ± 0.01a
	 	 
	W13

	 BAT (g)
	0.27 ± 0.00
	0.37 ± 0.31a
	0.31 ± 0.03
	0.31 ± 0.31

	 SAT (g)
	4.53 ± 0.17
	9.39 ± 1.27a
	5.53 ± 0.50ab
	5.74 ± 0.50ab

	 EAT (g)
	3.57 ± 0.15
	7.20 ± 0.33a
	4.88 ± 0.30ab
	4.50 ± 0.42b

	 RAT (g)
	2.67 ± 0.18
	7.37 ± 0.89a
	3.88 ± 0.39ab
	4.77 ± 0.48ab

	 BAT/WAT
	0.028 ± 0.002
	0.0160 ± 0.002a
	0.024 ± 0.003b
	0.022 ± 0.002b


All values represent means ± SEMs
Student’s unpaired t-test at W3 and one-way analysis of variance (ANOVA) at W13 were performed. n = 6 in each group
W3 week 3, W13 week 13, NL normal litter, SL small litter, CUR curcumin, BAT brown adipose tissue, SAT subcutaneous adipose tissue, EAT epididymal adipose tissue, RAT retroperitoneal adipose tissue
ap < 0.05 versus NL
bp < 0.05 versus SL


[image: ../images/12986_2021_625_Fig3_HTML.png]
Fig. 3Hematoxylin and eosin (H&E) staining in sections of subcutaneous adipose tissue in rats (200 ×) (a) and determination of the surface area of adipocytes (b) at W3 and W13. All values represent means ± SEMs. ap < 0.05 versus NL, bp < 0.05 versus SL. Statistical analysis was performed using Student’s unpaired t-test at W3 and ANOVA at W13. n = 6 in each group


Glucose homeostasis and serum lipids
An IPGTT was conducted in this study to infer the insulin sensitivity of rats. The results showed that the AUC for blood glucose of SL rats was larger than that of NL rats at weaning (W3) and adulthood (W13), suggesting that SL rearing could impair the glucose tolerance of rats. The AUC of the SL1% CUR and SL2% CUR rats was decreased in comparison to SL rats and was similar to NL at W13 (Fig. 4a–d). Consistently, the serum insulin and HOMA-IR of SL rats were higher than those of NL rats, while both indexes recovered to the normal level in the SL1% CUR and SL2% CUR rats (Fig. 4e–h).[image: ../images/12986_2021_625_Fig4_HTML.png]
Fig. 4Intraperitoneal glucose tolerance test (IPGTT) (a and b), area under the curve (AUC) (c and d), serum levels of insulin (e and f) and HOMA-IR (g and h) in rats at W3 and W13. All values represent means ± SEMs. ap < 0.05 versus NL, bp < 0.05 versus SL. Statistical analysis was performed using Student’s unpaired t-test at W3 and ANOVA at W13. n = 6 in each group


Moreover, compared with NL rats, serum HDL-C levels of SL rats were decreased at W3, and there were no obvious differences in serum TC, TG, and LDL-C levels between NL and SL rats (Table 3). Notably, the serum TC, TG, and LDL-C levels of SL rats were all evidently higher than those of NL rats at W13, while those of both the SL1% CUR and SL2% CUR rats were reduced in comparison to the SL rats and close to normal levels. There were no differences in the level of serum HDL-C among the groups at W13 (Table 3).Table 3Serum lipid biochemical parameters in rats at W3 and W13


	 	NL
	SL
	SL1% CUR
	SL2% CUR

	W3

	 TC (mg/dl)
	2.14 ± 0.09
	2.00 ± 0.15
	 	 
	 TG (mmol/L)
	0.59 ± 0.13
	0.64 ± 0.13
	 	 
	 HDL-C (mmol/L)
	0.59 ± 0.01
	0.46 ± 0.05a
	 	 
	 LDL-C (mmol/L)
	0.52 ± 0.04
	0.55 ± 0.30
	 	 
	W13

	 TC (mg/dl)
	1.59 ± 0.07
	1.85 ± 0.07a
	1.58 ± 0.06b
	1.47 ± 0.06b

	 TG (mmol/L)
	0.59 ± 0.06
	1.23 ± 0.13a
	0.60 ± 0.12b
	0.57 ± 0.04b

	 HDL-C (mmol/L)
	0.38 ± 0.02
	0.36 ± 0.03
	0.34 ± 0.03
	0.37 ± 0.02

	 LDL-C (mmol/L)
	0.43 ± 0.04
	0.61 ± 0.03a
	0.46 ± 0.04b
	0.47 ± 0.02b


All values represent the means ± SEMs
Student’s unpaired t-test at W3 and ANOVA at W13 were performed. n = 6 in each group
W3 week 3, W13 week 13, NL normal litter, SL small litter, CUR curcumin, TC total cholesterol, TG triglyceride, HDL-C high-density lipoprotein cholesterol, LDL-C low-density lipoprotein cholesterol
ap < 0.05 versus NL
bp < 0.05 versus SL



Energy expenditure
We found that there were no obvious differences in the phenotypes mentioned above between NL rats and NL rats with dietary CUR supplementation (Additional file 1: Supplementary Figs. 2-5). These findings prompted us to form the hypothesis that CUR had no significant effect on postnatal normal feeding rats. Therefore, we next mainly explored the effects of CUR on energy expenditure and the browning of adipose tissue in postnatal overfeeding rats. At W13, the VO2 (Fig. 5a, b), VCO2 (Fig. 5c, d), RER (Fig. 5e, f), and heat production (Fig. 5g, h) of SL rats were all lower than those of NL rats. Compared with SL rats, the levels of VO2, VCO2, RER, and heat production were improved significantly in the SL2% CUR rats but not in the SL1% CUR rats. Similarly, the rectal temperature in SL2% CUR rats was higher than that in SL rats at W13 (Additional file 1: Supplementary Fig. 6).[image: ../images/12986_2021_625_Fig5_HTML.png]
Fig. 5The whole-body metabolic rate, including oxygen consumption (a and b), carbon dioxide production (c and d), respiratory exchange ratio (e and f) and heat production (g and h) in rats at W13. All values represent means ± SEMs. ap < 0.05 versus NL, bp < 0.05 versus SL. ANOVA was performed. n = 4 in each group


Expression of browning-related genes in SAT
To evaluate the effect of CUR on WAT browning, the expression levels of genes involved in the transformation of white adipocytes into beige adipocytes in SAT were detected. In comparison to NL, UCP1 mRNA and protein expression levels in SL rats were inhibited at W3 and W13 but were significantly up-regulated in SLCUR rats. This trend became more obvious in the 2% CUR-supplemented rats at W13 (Fig. 6a–c). Consistently, the UCP1 protein-positive area in SAT decreased in SL rats at W3 and W13, and increased in SL rats with CUR supplementation (SL1% CUR and SL2% CUR), compared to that in SL rats at W13 (Fig. 6d, e). Subsequently, the mRNA levels of PGC1α in SAT were consistent with those of UCP1 (Fig. 6f).[image: ../images/12986_2021_625_Fig6_HTML.png]
Fig. 6Protein (a and b) and mRNA (c) expression of UCP1, immunohistochemical analysis of UCP1 (d and e) and mRNA expression of PGC1α (f) in subcutaneous adipose tissue from rats at W3 and W13. mRNA expression of PRDM16, TMEM26 and PPARγ of subcutaneous adipose tissue in rats at W3 (g) and W13 (h). All values represent means ± SEMs. ap < 0.05 versus NL, bp < 0.05 versus SL. Statistical analysis was performed using Student’s unpaired t-test at W3 and ANOVA at W13. n = 6 in each group


In addition, PRDM16 mRNA level was decreased in SL rats, whereas the expression levels of PPARγ revealed no difference between NL and SL rats at W3 (Fig. 6g). At W13, in comparison to NL rats, PRDM16 and PPARγ expression levels in SAT were suppressed in the SL rats and enhanced in the SL rats with dietary CUR supplementation, as expected. Likewise, the mRNA levels were enhanced more obviously in the SL2% CUR rats (Fig. 6h). Moreover, TMEM26 mRNA levels of SAT in SL rats showed a decreasing trend at W3, till a significant difference at W13, which was upregulated in SL rats fed with a diet containing 2% CUR (Fig. 6g, h).
Serum NE levels and β3-AR gene expression in SAT
The thermogenic response mediated by UCP1 is regulated mainly by the sympathetic nervous system through releasing NE and ligating to β3-AR on the membrane of adipocytes. This study investigated whether CUR affected the release of NE together with its receptor expression. As illustrated in Fig. 7a, at W3 and W13, the serum NE level of SL rats was significantly lower than that of NL rats. Moreover, the serum NE reached a normal level only in the SL2% CUR rats. The pattern of β3-AR mRNA expression in SAT among the groups was similar to that of serum NE (Fig. 7b).[image: ../images/12986_2021_625_Fig7_HTML.png]
Fig. 7Serum levels of norepinephrine (a) and mRNA expression of β3-AR in subcutaneous adipose tissue (b) in rats at W3 and W13. All values represent means ± SEMs. ap < 0.05 versus NL, bp < 0.05 versus SL. Statistical analysis was performed using Student’s unpaired t-test at W3 and ANOVA at W13. n = 6 in each group


Discussion
Numerous studies on humans and rodents have proven that the suckling period nutritional environment could affect weight and energy homeostasis into adulthood [31, 32]. In this research, the postnatal overfeeding rat model, which is induced by SL rearing, resulted in several metabolic dysfunctions, including higher body weight and WAT mass, increased serum lipids and insulin resistance at weaning and adulthood. These results were in accordance with our previous studies [6, 33]. Rats fed a postweaning diet supplemented with CUR exhibited lower body weight, less fat mass, higher energy expenditure and improved glucolipid metabolism during adulthood compared to a standard diet in SL-reared rats. Furthermore, brown-like adipocytes with high UCP1 expression emerged in the SAT of these rats with CUR intervention. These data suggest that a dietary CUR supplement could stimulate the development of WAT browning and might be a strategy to increase energy expenditure to prevent obesity induced by postnatal overfeeding.
CUR’s capacity as an anti-obesity nutraceutical that increases weight loss and lowers fat mass has been verified in adulthood obesity models [34, 35]. This study is the first to exhibit this effect in overfed rats in an SL-rearing model. Recently, several important window phases from fetal formation to childhood have been identified, and studies have found that effective intervention during these phases could have a profound impact and may prevent the progression of obesity in adulthood [36]. This study proved that dietary CUR supplementation after weaning (SL1% CUR and SL2% CUR rats) could significantly reduce the body weight, adipose tissue mass, body fat percentage and adipocyte volume of rats. The size of adipocytes varies across different metabolic environments [37]. For example, overnutrition enlarges adipocytes to store excess fatty acids [38], while cold stimulation or physical exercise can induce lipolysis and increase the number of thermogenic beige adipocytes that are smaller than white adipocytes, thus reducing the adipocyte volume [11]. In the current study, we found more clusters of smaller UCP1-positive adipocytes in SAT of CUR-treated SL rats, suggesting that CUR decreases fat mass and the adipocyte volume through the conversion of white to beige adipocytes.
Many metabolic diseases arise from obesity in children and teens, including type 2 diabetes, insulin resistance and hyperlipidemia [39, 40]. This study initially found that dietary CUR supplementation could correct glucose intolerance, hyperinsulinemia and hyperlipidemia induced by postnatal overfeeding. Studies have shown that the size of adipocytes is related to the severity of obesity-linked diseases, such as diabetes and insulin resistance [41]. Smaller adipocytes have been proven to improve insulin sensitivity in WAT [42]. Here, we also detected smaller adipocytes and higher expression of genes regulating insulin sensitivity, including phosphoinositide 3-kinase (PI3K), protein kinase B (AKT1), AKT2, and glycogen synthase kinase-3 (GSK3b), in the SAT of SL rats with CUR supplementation (Additional file 1: Supplementary Fig. 7). In addition, a low-grade chronic inflammation in adipose, either systemic or local, plays a key role in the development of obesity and metabolic syndromes [43]. However, we observed no obvious differences in the mRNA levels of pro- and anti-inflammatory factors in SAT among groups at W13 (Data not shown).
Keeping energy intake and consumption in a balanced state is the basis for maintaining a healthy weight and metabolism. The rationales of treatments for weight loss usually include reducing total energy uptake and increasing energy expenditure [44]. In the present study, dietary administration of CUR (1% or 2% diet) raised energy expenditure but did not affect food intake in SL rats, which suggests that CUR could enhance energy metabolism rather than inhibit energy intake. Several studies have shown that CUR has the ability to upregulate the basal metabolic rate, which could lead to higher energy expenditure [45]. Unsurprisingly, this study observed an increase in the energy expenditure of SL rats fed a diet containing 2% CUR.
Adipose tissue, as a caloric reservoir, plays a critical role in regulating the balance of systemic energy metabolism [7]. Induction of WAT browning could increase energy consumption and help to alleviate metabolic disorders [9, 10, 46]. Upregulation of UCP1 expression is closely related to increased energy consumption and adaptive thermogenesis and is usually used as an indicator during BAT activation and WAT browning [47]. In rodents, WAT depots have different propensities to form beige adipocytes [48]. Induction of WAT browning occurs more easily in subcutaneous depots than in visceral mesenteric or epididymal depots [49, 50]. In this study, we mainly observed the browning feature of CUR in SAT and found that 2% dietary CUR supplementation could increase both UCP1 mRNA and protein expression in SAT in SL rats. PGC1α is a vital factor in UCP1 transcription [8]. Consistent with that of UCP1, the mRNA level of PGC1α in SAT increased in rats fed with 2% dietary CUR supplementation. Several molecular pathways are involved in browning. PRDM16 and PPARγ can gear PGC1α to increase the expression of UCP1 [51]. In the present study, 2% dietary CUR supplementation also increased PRDM16 and PPARγ mRNA levels in SAT. It is worth noting that PPARγ mRNA level maintained normal after W3, which may be attributed to a compensatory action to resist metabolic stress induced by postnatal overfeeding [52]. Moreover, transmembrane protein 26 (TMEM26) [8] is a specific beige-selective gene that can distinguish beige adipocytes from brown or white adipocytes in adipose tissues. Consistent to UCP1, the mRNA level of TMEM26 in SAT was increased in SL rats with 2% dietary CUR supplementation at W13. These findings suggested that CUR may act as a thermogenic activator to induce SAT browning, which could partly explain the benefits of dietary CUR intervention on metabolic disorders in obese rats resulting from postnatal overfeeding.
Furthermore, this study observed serum NE and β3-AR mRNA expression in the SAT of rats. The release of NE from the adrenal medulla and sympathetic terminals in WAT is mandatory for the immediate activation of existing beige adipocytes and the differentiation of beige adipocytes from their precursors [53]. NE binds to β3-AR expressed in brown/beige adipocytes and then activates c-AMP pathway-dependent mitochondrial UCP1, which is a critical mediator of adaptive thermogenesis in brown and beige adipose tissue [8]. The β3-AR signaling pathway is stimulated by several factors in WAT, the most effective is chronic cold exposure, which could induce the browning process [15]. In this study, we found that SL rats experienced a decrease in serum NE and β3-AR mRNA expression levels in their SAT at both W3 and W13, but this could be reversed by feeding them a 2% CUR dietary supplement postweaning. In vitro, our previous study found that browning marker gene expression was markedly upregulated following treatment with CUR in preadipocytes, and the increase was suppressed by a β3-AR antagonist [54]. Taken together, our findings support that CUR-induced SAT browning may be associated with sympathetic stimulation through the norepinephrine-β3-AR pathway.
The effects of functional diets are closely related to the dose administered [55]. Generally, orally ingested CUR is metabolized in the liver and small intestine, and liver enzymes (AST and ALT) are usually used to detect oral toxicity [56]. In this study, no significant difference was found in the serum AST and ALT in the SL1% CUR or SL2% CUR rats compared to the NL rats, which suggests that neither dosage of CUR adopted in the current research caused liver injury. In previous studies, the major intervention for CUR in obese animal models was oral administration, including gavage and dietary supplementation. The concentrations used in the latter method range widely, from 0.1% to 3%. In this study, we provided SL rats with two different doses of CUR (95% standardized CUR extract) to understand the effects of dose differences. The doses set in the current study were 1% and 2%, referring to the concentrations of dietary CUR (95% standardized CUR extract) used in previous studies on obese mouse models induced by a high-fat diet and Western diet, which were 1% and 3%, respectively. In the present study, the changes in body weight, serum chemical parameters, adipocyte surface area, and energy expenditure as well as the expression of browning-related genes in the SL2% CUR rats were slightly better than those in the SL1% CUR rats, but there were no significant differences in these obesity indicators and browning genes between the SL1% CUR and SL2% CUR rats. Therefore, dietary 2% CUR supplementation might be an ideal dose for treating postnatal overfeeding-induced obesity. However, whether a higher dose of CUR could lead to a stronger effect still needs further research.
Limitation
In present study, we confirmed that dietary CUR supplementation is sufficient to promote browning of SAT and increase energy expenditure to attenuate obesity and related metabolic disorders induced by postnatal overfeeding. However, these effects should be validated in other organs, including liver, muscles, BAT, and other types of WAT. Moreover, we only found that CUR stimulated SAT browning by NE/β3-AR, and this mechanism should be testified in a knock-out rat model. Furthermore, multiple factors, such as extracellular vesicles and microbiota, may be involved in WAT browning [57, 58]. All these need further explorations.
Conclusions
Browning program occurs mainly by sympathetic stimulation and interaction with norepinephrine (NE) with AR-β3, initiating a cascade of signal transduction that ends with the overexpression of UCP1 and other thermogenic proteins. Interestingly, a postweaning diet supplemented with CUR significantly reduced obesity and metabolic disorders in postnatal overfed rats induced by SL rearing, accompanied by the upregulated expression of UCP1and other browning-related genes in SAT. It is suggested that CUR is a potential “browning agent”. Importantly, CUR stimulated the browning program possibly regulated by NE/β3-AR. Based on these findings, we concluded that CUR extracted from natural and edible plants could be a new viable strategy to fight against postnatal overfeeding-induced obesity and related metabolic disorders.
Acknowledgements
We thank the Department of Experimental Animals of Nanjing Medical University for their technical assistance.

Authors' contributions
XZ and XL designed the study. XZ, SD and QY performed the experiments. XZ analyzed the data. XZ and XL wrote the paper, and CM, NZ and WZ reviewed the manuscript. All authors provided final approval of the submitted and published versions. All authors read and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of China (81773421), the Jiangsu Province Social Development Research (BE 2015607) and the Innovation Team of Jiangsu Health (CXTDA 2017035).

Availability of data and materials
Data are all contained within the article.

Declarations
Ethics approval and consent to participate
All animal studies were performed following the guidelines established by the University Committee on the Use and Care of Animals and were overseen by the Unit for Laboratory Animal Medicine at Nanjing Medical University (IACUC: 1905046).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


References
	1.
Chen L-H, Chen Y-H, Cheng K-C, Chien T-Y, Chan C-H, Tsao S-P, Huang H-Y. Antiobesity effect of Lactobacillus reuteri 263 associated with energy metabolism remodeling of white adipose tissue in high-energy-diet-fed rats. J Nutr Biochem. 2018;54:87–94.PubMed

	2.
Reynolds CM, Segovia SA, Vickers MH. Experimental models of maternal obesity and neuroendocrine programming of metabolic disorders in offspring. Front Endocrinol (Lausanne). 2017;8:245–245.

	3.
Marousez L, Lesage J, Eberlé D. Epigenetics: linking early postnatal nutrition to obesity programming? Nutrients. 2019;11(12):E2966.PubMed

	4.
Šefčíková Z, Bujňáková D, Raček Ľ, Kmet V, Mozeš Š. Developmental changes in gut microbiota and enzyme activity predict obesity risk in rats arising from reduced nests. Physiol Res. 2011;60(2):337–46.PubMed

	5.
Xavier JLP, Scomparin DX, Pontes CC, Ribeiro PR, Cordeiro MM, Marcondes JA, Mendonça FO, Silva MTD, Oliveira Fbd, Franco GCN et al. Litter size reduction induces metabolic and histological adjustments in dams throughout lactation with early effects on offspring. An Acad Bras Cienc 2019, 91(1):e20170971–e20170971.

	6.
Dai Y, Zhou N, Yang F, Zhou S, Sha L, Wang J, Li X. Effects of postnatal overfeeding and fish oil diet on energy expenditure in rats. Pediatr Res. 2018;83(1–1):156–63.PubMed

	7.
Choe SS, Huh JY, Hwang IJ, Kim JI, Kim JB. Adipose tissue remodeling: its role in energy metabolism and metabolic disorders. Front Endocrinol (Lausanne). 2016;7:30–30.

	8.
Nedergaard J, Cannon B. The browning of white adipose tissue: some burning issues. Cell Metab. 2014;20(3):396–407.PubMed

	9.
Vargas-Castillo A, Fuentes-Romero R, Rodriguez-Lopez LA, Torres N, Tovar AR. Understanding the biology of thermogenic fat: is browning a new approach to the treatment of obesity? Arch Med Res. 2017;48(5):401–13.PubMed

	10.
Sidossis L, Kajimura S. Brown and beige fat in humans: thermogenic adipocytes that control energy and glucose homeostasis. J Clin Invest. 2015;125(2):478–86.PubMedPubMedCentral

	11.
Wu J, Boström P, Sparks LM, Ye L, Choi JH, Giang AH, Khandekar M, Virtanen KA, Nuutila P, Schaart G, et al. Beige adipocytes are a distinct type of thermogenic fat cell in mouse and human. Cell. 2012;150(2):366–76.PubMedPubMedCentral

	12.
Hondares E, Rosell M, Díaz-Delfín J, Olmos Y, Monsalve M, Iglesias R, Villarroya F, Giralt M. Peroxisome proliferator-activated receptor α (PPARα) induces PPARγ coactivator 1α (PGC-1α) gene expression and contributes to thermogenic activation of brown fat: involvement of PRDM16. J Biol Chem. 2011;286(50):43112–22.PubMedPubMedCentral

	13.
Nedergaard J, Petrovic N, Lindgren EM, Jacobsson A, Cannon B. PPARgamma in the control of brown adipocyte differentiation. Biochim Biophys Acta. 2005;1740(2):293–304.PubMed

	14.
Liang H, Ward WF. PGC-1alpha: a key regulator of energy metabolism. Adv Physiol Educ. 2006;30(4):145–51.PubMed

	15.
Montanari T, Pošćić N, Colitti M. Factors involved in white-to-brown adipose tissue conversion and in thermogenesis: a review. Obes Rev. 2017;18(5):495–513.PubMed

	16.
Tsuda T. Curcumin as a functional food-derived factor: degradation products, metabolites, bioactivity, and future perspectives. Food Funct. 2018;9(2):705–14.PubMed

	17.
Seo KI, Choi MS, Jung UJ, Kim HJ, Yeo J, Jeon SM, Lee MK. Effect of curcumin supplementation on blood glucose, plasma insulin, and glucose homeostasis related enzyme activities in diabetic db/db mice. Mol Nutr Food Res. 2008;52(9):995–1004.PubMed

	18.
Shao W, Yu Z, Chiang Y, Yang Y, Chai T, Foltz W, Lu H, Fantus IG, Jin T. Curcumin prevents high fat diet induced insulin resistance and obesity via attenuating lipogenesis in liver and inflammatory pathway in adipocytes. PLoS One 2012; 7(1):e28784.

	19.
Lone J, Choi JH, Kim SW, Yun JW. Curcumin induces brown fat-like phenotype in 3T3-L1 and primary white adipocytes. J Nutr Biochem. 2016;27:193–202.PubMed

	20.
Kim SW, Choi JH, Mukherjee R, Hwang KC, Yun JW. Proteomic identification of fat-browning markers in cultured white adipocytes treated with curcumin. Mol Cell Biochem. 2016;415(1–2):51–66.PubMed

	21.
Wang S, Wang X, Ye Z, Xu C, Zhang M, Ruan B, Wei M, Jiang Y, Zhang Y, Wang L, et al. Curcumin promotes browning of white adipose tissue in a norepinephrine-dependent way. Biochem Biophys Res Commun. 2015;466(2):247–53.PubMed

	22.
Yang F, Zhou N, Zhu X, Min C, Zhou W, Li X. n-3 PUFAs protect against adiposity and fatty liver by promoting browning in postnatally overfed male rats: a role for NRG4. J Nutr Biochem 2021, 93:108628.

	23.
Tirelli E, Laviola G, Adriani W. Ontogenesis of behavioral sensitization and conditioned place preference induced by psychostimulants in laboratory rodents. Neurosci Biobehav Rev. 2003;27(1–2):163–78.PubMed

	24.
Ji C, Dai Y, Jiang W, Liu J, Hou M, Wang J, Burén J, Li X. Postnatal overfeeding promotes early onset and exaggeration of high-fat diet-induced nonalcoholic fatty liver disease through disordered hepatic lipid metabolism in rats. J Nutr Biochem. 2014;25(11):1108–16.PubMed

	25.
McCance RA. Food, growth, and time. Lancet (London, England). 1962;2(7258):671–6.

	26.
Velkoska E, Cole TJ, Dean RG, Burrell LM, Morris MJ. Early undernutrition leads to long-lasting reductions in body weight and adiposity whereas increased intake increases cardiac fibrosis in male rats. J Nutr. 2008;138(9):1622–7.PubMed

	27.
Tang H, Vasselli JR, Wu EX, Boozer CN, Gallagher D. High-resolution magnetic resonance imaging tracks changes in organ and tissue mass in obese and aging rats. Am J Physiol Regul Integr Comp Physiol. 2002;282(3):R890–9.PubMed

	28.
Chen H, Simar D, Lambert K, Mercier J, Morris MJ. Maternal and postnatal overnutrition differentially impact appetite regulators and fuel metabolism. Endocrinology. 2008;149(11):5348–56.PubMed

	29.
Czyzyk TA, Nogueiras R, Lockwood JF, McKinzie JH, Coskun T, Pintar JE, Hammond C, Tschöp MH, Statnick MA. kappa-Opioid receptors control the metabolic response to a high-energy diet in mice. FASEB J. 2010;24(4):1151–9.PubMedPubMedCentral

	30.
Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative C(T) method. Nat Protoc. 2008;3(6):1101–8.PubMedPubMedCentral

	31.
Ojha S, Saroha V, Symonds ME, Budge H. Excess nutrient supply in early life and its later metabolic consequences. Clin Exp Pharmacol Physiol. 2013;40(11):817–23.PubMed

	32.
Symonds ME, Sebert SP, Hyatt MA, Budge H. Nutritional programming of the metabolic syndrome. Nat Rev Endocrinol. 2009;5(11):604–10.PubMed

	33.
Hou M, Liu Y, Zhu L, Sun B, Guo M, Burén J, Li X. Neonatal overfeeding induced by small litter rearing causes altered glucocorticoid metabolism in rats. PLoS One 2011; 6(11):e25726.

	34.
Weisberg SP, Leibel R, Tortoriello DV. Dietary curcumin significantly improves obesity-associated inflammation and diabetes in mouse models of diabesity. Endocrinology. 2008;149(7):3549–58.PubMedPubMedCentral

	35.
Ejaz A, Wu D, Kwan P, Meydani M. Curcumin inhibits adipogenesis in 3T3-L1 adipocytes and angiogenesis and obesity in C57/BL mice. J Nutr. 2009;139(5):919–25.PubMed

	36.
Gingras V, Hivert MF, Oken E. Early-life exposures and risk of diabetes mellitus and obesity. Curr Diab Rep. 2018;18(10):89.PubMed

	37.
Song T, Kuang S. Adipocyte dedifferentiation in health and diseases. Clin Sci (Lond). 2019;133(20):2107–19.

	38.
Tchoukalova YD, Votruba SB, Tchkonia T, Giorgadze N, Kirkland JL, Jensen MD. Regional differences in cellular mechanisms of adipose tissue gain with overfeeding. Proc Natl Acad Sci USA. 2010;107(42):18226–31.PubMedPubMedCentral

	39.
Bullock A, Sheff K. incidence trends of type 1 and type 2 diabetes among youths, 2002–2012. N Engl J Med. 2017;377(3):301.PubMed

	40.
Williams DE, Cadwell BL, Cheng YJ, Cowie CC, Gregg EW, Geiss LS, Engelgau MM, Narayan KM, Imperatore G. Prevalence of impaired fasting glucose and its relationship with cardiovascular disease risk factors in US adolescents, 1999–2000. Pediatrics. 2005;116(5):1122–6.PubMed

	41.
Zhang Y, Xie L, Gunasekar SK, Tong D, Mishra A, Gibson WJ, Wang C, Fidler T, Marthaler B, Klingelhutz A, et al. SWELL1 is a regulator of adipocyte size, insulin signalling and glucose homeostasis. Nat Cell Biol. 2017;19(5):504–17.PubMedPubMedCentral

	42.
Franck N, Stenkula KG, Ost A, Lindström T, Strålfors P, Nystrom FH. Insulin-induced GLUT4 translocation to the plasma membrane is blunted in large compared with small primary fat cells isolated from the same individual. Diabetologia. 2007;50(8):1716–22.PubMed

	43.
Varì R, Scazzocchio B, Silenzi A, Giovannini C, Masella R. Obesity-associated inflammation: does curcumin exert a beneficial role? Nutrients 2021; 13(3).

	44.
Singh R, Braga M, Pervin S. Regulation of brown adipocyte metabolism by myostatin/follistatin signaling. Front Cell Dev Biol. 2014;2:60.PubMedPubMedCentral

	45.
Alappat L, Awad AB. Curcumin and obesity: evidence and mechanisms. Nutr Rev. 2010;68(12):729–38.PubMed

	46.
Lizcano F, Vargas D. Biology of beige adipocyte and possible therapy for type 2 diabetes and obesity. Int J Endocrinol. 2016;2016:9542061.PubMedPubMedCentral

	47.
Jeremic N, Chaturvedi P, Tyagi SC. Browning of white fat: novel insight into factors, mechanisms, and therapeutics. J Cell Physiol. 2017;232(1):61–8.PubMed

	48.
Waldén TB, Hansen IR, Timmons JA, Cannon B, Nedergaard J. Recruited vs. nonrecruited molecular signatures of brown, "brite," and white adipose tissues. Am J Physiol Endocrinol Metab 2012, 302(1):E19–31.

	49.
Cohen P, Levy JD, Zhang Y, Frontini A, Kolodin DP, Svensson KJ, Lo JC, Zeng X, Ye L, Khandekar MJ, et al. Ablation of PRDM16 and beige adipose causes metabolic dysfunction and a subcutaneous to visceral fat switch. Cell. 2014;156(1–2):304–16.PubMedPubMedCentral

	50.
Merlin J, Evans BA, Dehvari N, Sato M, Bengtsson T, Hutchinson DS. Could burning fat start with a brite spark? Pharmacological and nutritional ways to promote thermogenesis. Mol Nutr Food Res. 2016;60(1):18–42.PubMed

	51.
Cao L, Choi EY, Liu X, Martin A, Wang C, Xu X, During MJ. White to brown fat phenotypic switch induced by genetic and environmental activation of a hypothalamic-adipocyte axis. Cell Metab. 2011;14(3):324–38.PubMedPubMedCentral

	52.
Ahmadian M, Duncan RE, Sul HS. The skinny on fat: lipolysis and fatty acid utilization in adipocytes. Trends Endocrinol Metab. 2009;20(9):424–8.PubMedPubMedCentral

	53.
Bartelt A, Heeren J. Adipose tissue browning and metabolic health. Nat Rev Endocrinol. 2014;10(1):24–36.PubMed

	54.
Zhu X, Du S, Yan Q, Zhou W, Li X. Effect and mechanism of curcumin promoting the browning of mouse subcutaneous presdipocytes. J Nanjing Med Univ (Natural Science). 2020;40(6):796–802 ((in Chinese)).

	55.
Granado-Lorencio F, Hernández-Alvarez E. Functional foods and health effects: a nutritional biochemistry perspective. Curr Med Chem. 2016;23(26):2929–57.PubMed

	56.
Esatbeyoglu T, Huebbe P, Ernst IM, Chin D, Wagner AE, Rimbach G. Curcumin–from molecule to biological function. Angew Chem Int Ed Engl. 2012;51(22):5308–32.PubMed

	57.
Kim A, Shah AS, Nakamura T. Extracellular vesicles: a potential novel regulator of obesity and its associated complications. Children (Basel) 2018; 5(11).

	58.
Abenavoli L, Scarpellini E, Colica C, Boccuto L, Salehi B, Sharifi-Rad J, Aiello V, Romano B, De Lorenzo A, Izzo AA et al. Gut microbiota and obesity: a role for probiotics. Nutrients 2019; 11(11).



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Dietary curcumin supplementation promotes browning and energy expenditure in postnatal overfed rats


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/12986_2021_625_Fig3_HTML.png
W3

0. @
L

5K ¢

NL

¥ | ]

.

8000

6000

4000

)
S
S
3

Surface area of adipocyte (um?)
=

) SLyo, cur
e g

13

Age (week)

[ NL
I sL
- SL!%CUR
D SLZ%CUR

SLay cor






OEBPS/images/12986_2021_625_Fig7_HTML.png
n

g
=)

[
wn

o
>

e
n

p3-AR mRNA expression &

e
=)

I NL 5000 I NL
Il SL B SL
B SLy, £ 45007 B SLyy, cur

= SLZ% CUR

w w -
= n (=3
S (=3 (=3
T T T

Serum norepinephrine(pg/ml) <

b
D ‘ \ a ‘ \
a II 3 SLyy, cur
3 13

Age (week) Age (week)





OEBPS/images/12986_2021_625_Fig5_HTML.png
SLl“/. CURSLZ'/‘ CUR

SL

m
& ® & ¥ & =

(@1/u/1ea%) uoyonpoud yeds

=
-1
2 E
& C
- 2
)
)
2
E
3
B
-
]
2 ) 2
a
-
z
S @ 5 & u
23 3 s 8 2
orpex aBueyoxo Kxopeadsay opea aBuryoxo Atojeaidsay
v v =
gs
]
B
a0
A3
[N
=
J
B
& £ = 2
§ g g - gfc:c¢
- " " @1/u/mu) Y00,
w) % u A
N ) F00A -
«x
g
33
a4
k]
[

- NL
- SL

SLI'/- CURSLZ'/. CUR

ab
D_i_[ﬂ

SL

2000-

500-

SLI"/. CHI‘(SLI"/. CUR

SL

NL





OEBPS/images/12986_2021_625_Fig2_HTML.png
Fat mass (g)
o 5 o 8

=

Age (week)

10

(V3
. SL
B SLyycur
B Slaycur

Body fat (%)

IS

»

Age (week)

10

O
M sL
B SLiycur
B Sbaycur

Lean mass (g)

W oW B
pDaaxd G 2
223888 2 8

Age (week)

10

(¢

[mpho
Il sL
B SLyycur
B Sl cur

98

©
3

Lean mass (%)

°
2

e
N

Age (week)

10

O NL
M sL
B SLyy cur
B3 SLycur





OEBPS/css/envelope.png





OEBPS/images/12986_2021_625_Fig1_HTML.png
<]

Body weight (g)

600-

400

200

—-— NL
-= SL

== SLiycur

SLZ% CUR

a

[—}

| —
4 5 6

1 1 1 1 1
7 8 9 10 11 12 13
Age (week)

Age (week)

13

1 NL
Il sL
B SLig cur

3 SLyg cur

=

(7] -
K

Food intake (g/day)
s B

]

60-

0-

LI
4 5 6

T T T T

7 8 9 10 11 12 13

Age (week)

Age (week)

13

T

bttt

OENO

NL
SL

SL 1o, cur

SLyy cur

NL
SL

SLl% CUR

SLZ% CUR





OEBPS/images/12986_2021_625_Fig4_HTML.png
W3 IPGTT
20
s -~ NL
S 151 - SL
£
g
3 101
=}
<9
2 5
o
{-" T T T | T
0 30 60 90 120
Time (min)
C
W3 AUC
© 1500 a
Z
-
5 —_
21000
<
5
=]
5 500-
g
St
<
v T
NL SL
¢ W3 insulin
=0.03
£ a
2
= 0.02-
2 0.014 —
2 0.0
=
5
.00 r
NL SL
W3 HOMA-IR
g
15-
a
5 10
<
3
o 5

W13 IPGTT
25 NI
= 20- - SL
= —
E15] -
2 10-
[=]
s
O 5
3 T T | L T
30 60 90 120
Time (min)
d
W13 AUC
© 1500~
>
St
=
5]
£ 1000
5
=
5 500
<
2
<l
SL SL1"/ CURSLZ% CUR
f ‘W13 insulin
=0.04+
E
£ 0.034
£
2 0.02-
£
£ 0.01+
5
“ 0.00-
I"/ CUR 2% CUR
h W13 HOMA-IR
15+

& 10-
<
=
g 5

NL SL SLI% CURSLZ% CUR

SL 1% CUR
SLZ% CUR





OEBPS/images/12986_2021_625_Fig6_HTML.png
w3

uCP!1 |

GAPDH |~ .—'“~~~|36KD8

w13 NL SL

SLisscur  SLass cur

UCP1 |'- -

13
Age (week)

Relative protein expression

2.0

of UCP1I/GAPDH

d NL SL
y - o -
: ~
5 PP A~ y. 1 i 1
L Vs {
- < ¢ e B % Y
A e Beg S50 o ),

BT O . & e B X E
w3 PR A S
\ \ i o P i 5 A %

AT ' ¢ I - S ¢
e 74 by < &‘ 4 AT OK
e AN 4 Lk L1 R
‘ SR A al
NL SL
gy MgWotic. ] !
idpe
o d $. y *oxd
e < >‘. ] .8
BN ) /o~
W13 | o 5 1 U4 4
X X \
2 | ’
i > )
" ™
=8 3 e
~ b . S v .
f g
15 N _20
173 @
£ - sL E'15
5 K
z 1.0 B SLyy, cur 5
< E SLZ%CUR E 1.0
g :
Eos £
k] T}O.S
8 &
A 0.0 0.0

PRDM16

13

Age (week)

TMEM26

I NL
M SL

- SLI%CUR
D SLZ%CUR

I NL
I sL

- SLI%CUR
D SLZ%CUR

= g
n Y

UCP1 mRNA expression
=

a
0.5
a
0.0
3 13
Age (week)
e -5
é O NL
g4 M sL
<
@ 3 B SLyy, cur
£
3, B SLyy, cur
o
a1
S
0
3 13
Age (week)
SLyo, CUR S]-jz% CUR _
Y & = y k- p -,"
2 R ! v L \"
g e \ | 4Ny P ) s 8 '
r .\v,n\; s § "- Y N v
- < . ¥ 4
N > 2 Hh-A
<! X - '» - " o =]
! el 3 )P, |
~ e U ¥ I
A== B ¢ (1
h
O N N
L °
Il S E s N sSL
< B SLyy, cur
% 1.0 D SL2%CUR
@
&
505
S
&~

PPARy

!
s

PRDM16

TMEM26






OEBPS/css/sidebar.gif





