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Adipocytes and Stromal Cells Regulate Brown Adipogenesis Through Secretory Factors During the Postnatal White-to-Brown Conversion of Adipose Tissue in Syrian Hamsters
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Brown adipose tissue (BAT) is a specialized tissue that regulates non-shivering thermogenesis. In Syrian hamsters, interscapular adipose tissue is composed primarily of white adipocytes at birth, which is converted to BAT through the proliferation and differentiation of brown adipocyte progenitors and the simultaneous disappearance of white adipocytes. In this study, we investigated the regulatory mechanism of brown adipogenesis during postnatal BAT formation in hamsters. Interscapular adipose tissue of a 10-day-old hamster, which primarily consists of brown adipocyte progenitors and white adipocytes, was digested with collagenase and fractioned into stromal–vascular (SV) cells and white adipocytes. SV cells spontaneously differentiated into brown adipocytes that contained multilocular lipid droplets and expressed uncoupling protein 1 (Ucp1), a marker of brown adipocytes, without treatment of adipogenic cocktail such as dexamethasone and insulin. The spontaneous differentiation of SV cells was suppressed by co-culture with adipocytes or by the addition of white adipocyte-conditioned medium. Conversely, the addition of SV cell-conditioned medium increased the expression of Ucp1. These results indicate that adipocytes secrete factors that suppress brown adipogenesis, whereas SV cells secrete factors that promote brown adipogenesis. Transcriptome analysis was conducted; however, no candidate suppressing factors secreted from adipocytes were identified. In contrast, 19 genes that encode secretory factors, including bone morphogenetic protein (BMP) family members, BMP3B, BMP5, and BMP7, were highly expressed in SV cells compared with adipocytes. Furthermore, the SMAD and MAPK signaling pathways, which represent the major BMP signaling pathways, were activated in SV cells, suggesting that BMPs secreted from SV cells induce brown adipogenesis in an autocrine manner through the SMAD/MAPK signaling pathways. Treatment of 5-day-old hamsters with type I BMP receptor inhibitor, LDN-193189, for 5 days reduced p38 MAPK phosphorylation and drastically suppressed BAT formation of interscapular adipose tissue. In conclusion, adipocytes and stromal cells regulate brown adipogenesis through secretory factors during the postnatal white-to-brown conversion of adipose tissue in Syrian hamsters.
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INTRODUCTION

Mammals have two types of adipose tissue: white adipose tissue (WAT) and brown adipose tissue (BAT). WAT stores energy as triglyceride, and white adipocytes contain a large unilocular lipid droplet and small cytoplasm. In contrast, BAT is specialized for non-shivering thermogenesis and dissipates energy as heat through the activation of mitochondrial uncoupling protein 1 (UCP1) (Cannon and Nedergaard, 2004). Brown adipocytes contain multilocular lipid droplets and abundant mitochondria. The physiological role and morphology of WAT and BAT are significantly different; however, they may convert their appearance into one another under specific physiological conditions (Lee et al., 2014). Brown-like adipocytes, known as beige/brite adipocytes, which contain multilocular lipid droplets and express UCP1, are induced in WAT during chronic sympathetic stimulation such as cold exposure (Cousin et al., 1992; Jimenez et al., 2003; Contreras et al., 2014). This change is referred to as “browning of WAT.” In contrast, obesity-induced “whitening of BAT” occurs when the lipid content increases from overnutrition and the lipid droplets change to a unilocular form, similar to that in white adipocytes (Sellayah and Sikder, 2014; Shimizu et al., 2014). Thus, adipose tissues undergo drastic remodeling by environmental stimuli, and the underlying mechanisms, especially the role of local environment, for these changes have not been fully elucidated.

Syrian hamsters are a unique model to investigate the mechanism of adipose tissue remodeling. In most mammals, BAT development is completed before or soon after birth because BAT thermogenesis is indispensable in neonates and infants. In contrast, Syrian hamsters are born without BAT as it develops postnatally by the time of weaning (Smalley and Smalley, 1967; Houstek et al., 1990) when the complete homeothermic phenotype is acquired (Tsubota et al., 2019). Interscapular adipose tissue, where BAT is present in other animals, is occupied by white adipocytes at birth. Brown adipocyte progenitors appear at the edge of the tissue, proliferate and increase in number, and then differentiate into brown adipocytes (Okamatsu-Ogura et al., 2018). This white-to-brown conversion of adipose tissue is also accompanied by active vascularization along with the proliferation of vascular endothelial cells (Okamatsu-Ogura et al., 2018).

It is unclear how this adipose tissue conversion is regulated; however, environmental temperature appears to have a distinct role because the proliferation of the progenitor and endothelial cells is suppressed in pups raised in a warm environment (Nagaya et al., 2019). However, the BAT formation process itself occurs and functional BAT is formed even in a warm environment, suggesting that there may be some cell-intrinsic regulatory mechanism. Interestingly, the process of BAT formation in hamsters is also the process in which white adipocytes gradually disappear. White adipocytes not only store excess energy as triglycerides, but also secrete various adipokines that regulate the metabolism of other tissues, not only locally, but systemically. Some of the adipokines modulate adipose tissue remodeling in an autocrine or paracrine manner (Goralski et al., 2007; Than et al., 2012; Choi et al., 2020). In addition, certain populations of stromal cells have been reported to modulate adipogenesis in a paracrine manner (Ruan et al., 2002; Sakaue et al., 2002; Hutley et al., 2004; Goto et al., 2016; Meissburger et al., 2016; Machida et al., 2018; Schwalie et al., 2018; Buffolo et al., 2019). Therefore, it is possible that brown adipogenesis is regulated by surrounding stromal cells or white adipocytes through secretory factors (Poulos et al., 2010). In this study, we evaluated the regulatory mechanism of brown adipogenesis during postnatal white-to-brown conversion of adipose tissue in hamsters.



MATERIALS AND METHODS


Animals

The experimental procedures and care of animals were approved by the Animal Care and Use Committee of Hokkaido University (Sapporo, Japan) and conducted in an animal facility approved by the Association for Assessment and Accreditation of Laboratory Animal Care International. Parental Syrian hamsters were purchased from Japan SLC (Hamamatsu, Japan) and housed in plastic cages in an air-conditioned room at 23°C along with a 12:12 h light:dark cycle. They were given free access to laboratory chow (Oriental Yeast, Tokyo, Japan) and tap water. Male and female hamsters were mated by putting a female into a cage with a male for 1 week. At the indicated day, pups or adult hamsters were euthanized by intraperitoneal injection of pentobarbital (Somnopentyl; Kyoritsu Seiyaku Co., Tokyo, Japan). In experiment of acute effect of BMP type I receptor inhibitor LDN-193189 (LDN, 3 mg/kg; R & D System, Minneapolis, MN, United States), 10-day-old hamsters were subcutaneously injected with LDN or vehicle (0.5 w/v% carboxymethylcellulose sodium, 0.9 w/v% NaCl, 0.4 v/v% Tween80, 0.9 v/v% benzyl alcohol), and euthanized by intraperitoneal injection of pentobarbital 30 min later. In experiment of chronic effect of LDN, 5-day-old hamsters were subcutaneously injected with LDN (3 mg/kg) or vehicle once a day for 5 days and euthanized by intraperitoneal injection of pentobarbital 24 h after the last injection. The interscapular and inguinal adipose tissues were collected.



Histological Analysis

Tissue specimens were fixed in 10%-buffered formalin and embedded in paraffin according to the conventional method, cut into 4-μm-thick sections, and stained with hematoxylin and eosin.



Isolation of Adipocytes and Stromal–Vascular (SV) Cells

Tissues were minced into small pieces and incubated with DMEM-high glucose (FUJIFILM Wako Pure Chemicals Corporation, Osaka, Japan) containing 1% fatty acid-free BSA (FUJIFILM Wako Pure Chemicals Corporation) and 2 mg/ml collagenase (FUJIFILM M Wako Pure Chemicals Corporation) at 37°C for 1 h while shaking at 90 cycles/min. The suspension was filtered through a 200-μm nylon filter and centrifuged at room temperature at 120 g for 5 min. The floating cells were collected as the mature adipocyte fraction. The pellet was re-suspended in a hemolytic buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA, pH 7.4), and passed through a 25-μm nylon filter. The filtrate was then centrifuged at 120 g for 5 min, and the pellet obtained represented the SV cells.



Preparation of Conditioned Medium

Adipocyte fractions derived from the interscapular or inguinal adipose tissues of three pups were pooled and cultured in an OptiCell cell-culture system (BioCrystal, Ohio State, United States). This enables culture of the adipocytes floating in the upper layer of the medium while protecting them from drying out by using gas-permeable membranes with efficient O2 and CO2 exchange. The OptiCell chamber was filled with 10 ml of culture medium [10% fetal calf serum (Cytiva, Tokyo, Japan), 100 U/ml penicillin, 100 μg/ml streptomycin-containing DMEM-high glucose] and cells were cultured at 37°C and 5% CO2. SV cells derived from the interscapular adipose tissues of three pups were cultured in 35-mm dishes coated with Type I collagen (IWAKI AGC Techno Glass Co., Ltd., Shizuoka, Japan) at a density of 7.5 × 105 cells/dish. 3 days later, the culture medium was centrifuged at 200 × g for 5 min to remove the cells and filtered through a 0.2-μm filter. The filtrate was obtained as conditioned medium and stored at –20°C.



Primary Culture

Stromal–vascular cells derived from the interscapular or inguinal adipose tissues were cultured in a 35-mm dish coated with Type I collagen (IWAKI AGC Techno Glass Co., Ltd.) at a density of 7.5 × 105 cells/dish in culture media with or without conditioned medium. In co-culture experiments, the SV cell fractions obtained from the three pups were suspended in 10-ml culture medium as one pool and cultured in the OptiCell chamber (BioCrystal) for 3 days with or without the pooled adipocyte fraction obtained from the three pups.



Real-Time PCR

Cells were treated with RNAiso (Takara Bio, Shiga, Japan), and total RNA was extracted according to the manufacturer’s instructions. Total RNA was reverse-transcribed using a 15-mer oligo(dT) adaptor primer and M-MLV reverse transcriptase (Thermo Fisher Scientific, Waltham, MA, United States). Real-time PCR was performed using a fluorescence thermal cycler (LightCycler system, Roche Diagnostics, Mannheim, Germany) and FastStart Essential DNA Green Master Mix (Roche Diagnostics). Absolute expression levels were determined using a standard curve using respective cDNA fragments as standards. The mRNA levels are expressed as relative values compared with Actb mRNA levels. The primers used in this study are listed in Table 1.


TABLE 1. Primers for real-time PCR.
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Next-Generation Sequence Analysis (mRNA-Seq Analysis)

Total RNA (5 μg) extracted from the SV cells or adipocyte fractions derived from the interscapular and inguinal adipose tissue was prepared. Next-generation sequence analysis was performed by Eurofin Genomics Co., Ltd. (Tokyo, Japan) using a HiSeq 2500 system (Illumina, San Diego, CA, United States). Ingenuity Pathway Analysis software (Qiagen, Hilden, Germany) was used for GO analysis. The set of genes, in which the ratio of expression in interscapular SV cells relative to interscapular adipocytes was greater than 5, was extracted, and enrichment analysis was conducted using Metascape1. For enriched GO, p-values were less than 0.01, the enrichment factor was greater than 1.5, and the “signaling (GO:0023052)” as Parent GO was extracted.



Western Blotting

Tissue specimens were homogenized in ice-cold Tris-ethylenediaminetetraacetic acid (EDTA) buffer (10 mM Tris and 1 mM EDTA, pH 7.4) containing cocktails of phosphatase inhibitor (Nacalai Tesque, Kyoto, Japan) and protease inhibitor (Sigma-Aldrich, St. Louis, MO, United States). After centrifugation at 800 × g for 20 min at 4°C, the resulting supernatant obtained as total protein was used for western blotting analysis. In brief, the protein was separated by SDS-PAGE and transferred to a polyvinylidine fluoride membrane (Immobilon; Millipore, Tokyo, Japan). After blocking with 5% skimmed milk (Morinaga Milk Industry Co., Tokyo, Japan) or 2% BSA, the membrane was incubated with a primary antibody overnight. Primary antibodies against phospho-SMAD1,5 (catalog number #9516), total SMAD1 (#6944), phospho-p44,p42 mitogen-activated protein kinase (MAPK: ERK; #9101), total ERK (#9102), phospho-p38 MAPK (#4511), total p38 MAPK (#9212) were purchased from Cell Signaling Technology (Beverly, MA, United States), and for Tubulin (#T5168) from Sigma-Aldrich. The bound antibody was visualized using an enhanced chemiluminescence system (GE Healthcare UK Ltd., Little Chalfont, Bucks, United Kingdom) using a horseradish peroxidase-linked secondary antibody.



Data Analysis

Values are expressed as the mean ± standard error. Statistical analyses were performed using a Student’s t-test or two-way analysis of variance followed by the Tukey–Kramer post hoc test.



RESULTS

First, we histologically analyzed interscapular adipose tissue collected from 5– to 15-day-old hamsters. The color of the tissue was white in the 5-day-old hamster, gradually changed to a brownish color, and showed a typical BAT appearance in the 15-day-old hamster (Figure 1A). Histologically, the tissue of the 5-day-old hamster mainly consisted of white adipocytes containing unilocular lipid droplets, whereas the tissue of the 15-day-old hamster primarily consisted of brown adipocytes with multilocular lipid droplets (Figures 1B,C). In the 10-day-old hamster, the non-adipocyte cells with large nucleus, which suggested a brown adipocyte progenitor in a previous study, presented as a cluster surrounded by white adipocytes.
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FIGURE 1. Postnatal development of brown adipose tissue in hamsters. Interscapular adipose tissue was obtained from 5– to 15-day-old Syrian hamsters. Gross images (A) and histological images (B,C) are shown. In 5-day-old, the tissue was mainly composed of white adipocytes, which disappeared thereafter. In the 10-day-old hamsters, brown adipocyte progenitors were observed and surrounded by white adipocytes. The tissue was primarily composed of brown adipocytes in the 15-day-old hamsters.


We previously showed that SV cells isolated from interscapular adipose tissues differentiate into brown adipocytes when treated with adipogenic cocktail such as dexamethasone and insulin (Okamatsu-Ogura et al., 2018). Interestingly, SV cells isolated from the interscapular adipose tissue of a 10-day-old hamster spontaneously differentiated into adipocytes that contain lipid droplets without treatment with adipogenic cocktail (Figure 2A). These cells expressed genes encoding the adipokine, Lep, and brown adipocyte marker, Ucp1, indicating differentiation into brown adipocytes (Figure 2B). In contrast, SV cells isolated from adult hamsters failed to differentiate into adipocytes, and the expression of Lep and Ucp1 was extremely low under these conditions. These results indicate that brown adipocyte progenitors in SV cells isolated from developing hamsters can spontaneously differentiate into brown adipocytes even without adipogenic cocktail treatment.
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FIGURE 2. Spontaneous brown adipogenesis of SV cells isolated from interscapular adipose tissue of 10-day-old hamsters. Interscapular adipose tissues collected from 10-day-old or 6-month-old hamsters were digested by collagenase treatment and the stromal–vascular (SV) cell fraction was collected by centrifugation. SV cells were cultured for three days without adipogenic induction cocktail treatment. (A) Representative microscopic images of primary cultured SV cells. Cells from 10-day old hamsters showed round shape with multilocular lipid droplets (arrows), whereas those from 6-month-old hamsters showed fibroblast-like shape without lipid droplet. Insets show higher magnification images. (B) Expression of the Ucp1 and Lep genes were measured by real-time PCR. The expression values were normalized to the expression of Actb and expressed as mean values ± standard error of three and four independent experiments for the 6-month and 10-day group, respectively. An asterisk indicates a significant difference (p < 0.05) between groups. The mean Ct values are shown in parentheses.


Next, we examined the effect of co-culture with adipocytes on the spontaneous differentiation of SV cells (Figure 3A). In culture system using an OptiCell chamber, adipocytes floated to the top, and SV cells attached to the bottom side. When cultured alone, SV cells spontaneously differentiated into lipid droplet-containing adipocytes (Figure 3B), similar to the results shown in Figure 2. However, lipid droplet-containing cells were not observed when SV cells were co-cultured with adipocytes. Expression of Ucp1 was significantly lower in the co-culture group compared with the single culture group (Figure 3C). The expressions of adipogenesis marker Pparg and its target gene Lpl were also significantly lower in the co-culture group compared with the single culture group (Figure 3D). The expressions of mature adipocyte markers such as Fabp4, Lep, Fas, and Hsl tended to, but not significantly, be lower in the co-culture group compared with the single culture group. These results indicate that co-culture with adipocytes suppresses the spontaneous differentiation of the progenitors into brown adipocytes.
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FIGURE 3. Co-culture with adipocytes suppresses the spontaneous differentiation of SV cells. (A) Stromal–vascular (SV) cells and adipocytes were fractionated by centrifugation after collagenase digestion of the interscapular adipose tissue of 10-day-old hamsters. SV cells were cultured in an OptiCell chamber with or without adipocytes for three days without adipogenic induction cocktail treatment. Adipocytes floated at the top of the medium, and SV cells were attached at the bottom of the chamber. (B) Representative microscopic image of the bottom side of the OptiCell chamber is shown. SV cells cultured alone showed spontaneous differentiation into lipid droplet-containing adipocytes (arrows), but lipid droplet-containing cells were not observed when SV cells were co-cultured with adipocytes. The expression of Ucp1(C) and marker genes of adipogenesis or mature adipocyte (D) in SV cells cultured with or without adipocytes for 3 days were measured by real-time PCR. The expression of each gene was normalized to the expression of Actb and expressed relative to the value of the SV cells cultured alone. Values represent means ± standard error for three independent experiments. An asterisk indicates a significant difference (p < 0.05) between groups. The mean Ct values in the SV cells cultured alone are shown in parentheses.


Suppression of the spontaneous differentiation of progenitors by co-culture with adipocytes may result from direct cell–cell interaction or an indirect interaction through secretory factors. To examine this in more detail, a conditioned medium was prepared from interscapular adipocytes, and its effect on differentiation was determined. When SV cells were cultured with a low concentration (25%) of the conditioned medium, the expression of Ucp1 was significantly reduced to approximately 30% of that in cells cultured without the conditioned medium (Figure 4A). Ucp1 expression was further reduced when cultured with a high concentration (50%) of the conditioned medium. Conditioned medium from interscapular adipocytes also suppressed the expression of marker genes for adipogenesis or mature adipocyte (Figure 4A). On the other hand, conditioned medium prepared from adipocytes isolated from the inguinal adipose tissue, a traditional WAT depot, showed no effect on Ucp1 and adipocyte marker gene expressions in SV cells. When SV cells from adult hamsters (Figure 4B) or those from the inguinal adipose tissue of 10-day-old pups (Figure 4C) were used, spontaneous differentiation was not observed and the expression of Ucp1 was extremely low compared with that in SV cells from the interscapular adipose tissue of 10-day-old hamsters. Effect of interscapular adipocyte-conditioned medium on Ucp1 expression was not observed. These results indicate that interscapular adipocytes from developing hamsters secrete a factor(s) that suppresses the differentiation of brown adipocyte progenitors.
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FIGURE 4. Effect of conditioned medium from adipocytes and SV cells on the spontaneous differentiation of SV cells. Stromal–vascular (SV) cells and adipocytes were fractionated by centrifugation after collagenase digestion of the interscapular (Int) or inguinal (Ing) adipose tissue of 10-day-old hamsters. Adipocytes or SV cells were cultured for three days, and the medium was collected and designated adipocyte- or SV cell-conditioned medium. SV cells from interscapular adipose tissue from 10-day-old hamsters (A,D) or 6-month-old hamsters (B,E), and inguinal adipose tissue of 10-day-old hamsters (C) were cultured without adipogenic induction cocktail treatment in culture media containing the adipocyte- (A-C) or SV cell-conditioned medium (D,E) at the indicated ratio. The expressions of Ucp1 and marker genes of adipogenesis or adipocyte were measured after the 3-day culture. The expression of each gene was normalized to the expression of Actb and expressed relative to the value of the control interscapular SV cells from 10-day-old hamsters. Values represent means ± standard error for four independent experiments. Different letters indicate significant differences (p < 0.05) between groups. The mean Ct values in the control group are shown in parentheses.


To examine the possibility that SV cells also secrete factors that regulate brown adipogenesis, the effect of SV cell-conditioned medium was also examined. When interscapular SV cells from 10-day-old hamsters were cultured in a low (25%) or high (50%) concentration of interscapular SV cell-conditioned medium, the expression of Ucp1 increased in a dose-dependent manner and was more than 2- and 4-fold higher than that in the control group, respectively (Figure 4D). In contrast, conditioned medium from interscapular SV cells showed no effect on the expressions of marker genes for adipogenesis or mature adipocyte (Figure 4D). SV cell-conditioned medium from adult hamsters failed to show any effect on Ucp1 expression (Figure 4E). These results indicate that SV cells secrete a factor(s) that enhances brown adipogenic program, but not adipogenesis itself, during spontaneous differentiation of progenitors.

To explore the inhibitor and promoter of brown adipogenesis secreted from adipocytes and SV cells, respectively, mRNA-seq analysis was conducted, and gene expression was compared among three types of cells: interscapular SV cells, interscapular adipocytes, and inguinal adipocytes. Genes classified as “cytokines” or “growth factors” that exhibited an expression value (TMM-normalized counts) differing by more than 2-fold between groups were selected. As shown in Figure 5A, 19 genes were found to be highly expressed in interscapular SV cells alone (Int-SV group), whereas no genes were identified that were highly expressed in the interscapular adipocytes alone (Int-Adip group). Int-SV group contained genes for bone morphogenetic protein (BMP) family members BMP3b, BMP5, and BMP7, which are involved in BAT formation in mice (Figure 5B; Blazquez-Medela et al., 2019). These results were validated by real-time PCR (Figure 5C). Genes for vascular endothelial growth factor (VEGF) -D and nerve growth factor, which promote angiogenesis and neurogenesis and are deeply related to BAT function (Xue et al., 2009; Wang and Seale, 2016), were also found in the Int-SV group. The group of genes highly expressed in interscapular SV cells and adipocytes compared with inguinal adipocytes (Int-SV/Int-Adip group) included Gdf15 and Nrg4, which is also known as BATkine (Wang et al., 2014; Campderros et al., 2019). In contrast, adipokine Lep was highly expressed in adipocytes irrespective of depots compared with interscapular SV cells (Int-Adip/Ing-Adip group).
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FIGURE 5. Transcriptome analysis of interscapular SV cells and adipocytes. Stromal–vascular (SV) cells and adipocytes were fractionated by centrifugation after collagenase digestion of the adipose tissues of 10-day-old hamsters. mRNA-seq analysis was performed to identify differentially expressed genes in the SV cells from interscapular (Int) adipose tissues and adipocytes (Adip) from both the interscapular and inguinal (Ing) adipose tissues (A,B). Genes encoding proteins classified as “cytokines” or “growth factors” were extracted, and the number of genes highly expressed in each cell type is shown in the Venn diagram (A) and heatmap (B). In heatmap, the log values of fold changes compared to inguinal adipocytes (the Int-SV and the Int-SV/Int-Adipo groups) or interscapular SV cells (the Int-Adip/Ing-Adip and the Ing-Adipo groups) are shown. (C) The expression of genes encoding proteins belonging to the BMP family in Int-SV group were analyzed by real-time PCR. The expression of each gene was normalized to the expression of Actb and expressed relative to the value of the adipocyte fraction. Values represent means ± standard error for four independent experiments. Asterisks indicate significant difference (p < 0.05) between groups. The mean Ct values in the SV cells are shown in parentheses. (D) Gene enrichment analysis was done using a set of genes that was highly expressed in SV cells compared with adipocytes. Significantly enriched pathways with a GO term of “signaling” were extracted.


To identify the activated signaling pathway in interscapular SV cells, a set of 351 genes that were more than 5-fold higher in expression in interscapular SV cells compared with adipocytes was used for enrichment analysis. Signaling pathways related to MAPK [MAPK cascade, –log10(P) = 4.0; ERK1 and ERK2 cascade, –log10(P) = 2.4] and BMP [BMP signaling pathway, –log10(P) = 3.7; transforming growth factor-β (TGF-β) receptor signaling pathway, –log10(P) = 3.6; SMAD protein signal transduction, –log10(P) = 2.5] were enriched (Figure 5D). These results suggest that BMP family proteins secreted from SV cells activate progenitors to induce differentiation into brown adipocytes.

The role of BMP signaling during the postnatal BAT formation was examined in vivo. The mRNA expression level of Bmp3b in interscapular adipose tissue was very low compared with those of Bmp5 and Bmp7 (Figure 6A). The Bmp7 expression tended to be high during early stage and decreased thereafter. The phosphorylation of p38 MAPK was also high during early stage and gradually decreased thereafter, whereas that of SMAD1/5 failed to show a significant change during postnatal development (Figure 6B). Postnatal day-dependent change was not observed in the phosphorylation of ERK. The administration of LDN (3 mg/kg), an inhibitor of type I BMP receptor activin receptor-like kinase (ALK)-2/3, to 10-day-old hamsters significantly reduced the level of phosphorylated p38 MAPK but not that of SMAD1/5 (Figure 6C), suggesting that p38 MAPK pathway was primarily activated by BMPs at this time point. To examine the role of BMP-induced activation of p38 MAPK pathway during BAT formation process, LDN (3 mg/kg) was injected daily to 5-day-old hamsters for 5 days. At 10 days of age, interscapular adipose tissues of control hamsters consisted of brown adipocyte progenitors and white adipocytes (Figure 6D). In contrast, interscapular adipose tissues of LDN-treated hamsters were filled with white adipocytes and small number of progenitors were observed at the edge of the tissue. Ucp1 mRNA expression was significantly reduced by the LDN treatment, indicating that BMPs – ALK 2/3 – p38MAPK pathway is critical for the BAT formation in hamsters.
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FIGURE 6. Effect of BMP signaling inhibition on postnatal development of brown adipose tissue in hamsters. (A) The mRNA expression of BMPs in interscapular adipose tissue of 7- to 16-day-old hamsters were analyzed by real-time PCR. The expression of each gene was normalized to the expression of Actb and expressed as mean values ± standard error for four independent experiments. Asterisks indicate significant differences (p < 0.05) between groups. The mean Ct values in Day 7 are shown in parentheses. (B) Phosphorylation levels of p38 mitogen-activated protein kinase (MAPK), SMAD1/5, and ERK in interscapular adipose tissue of 7- to 13-day-old Syrian hamsters were analyzed by Western blotting. Representative images are shown. Graphs show mean values ± standard error for four independent experiments. Asterisks indicate significant differences (p < 0.05) between groups. (C) LDN-193189 (LDN; 3 mg/kg), an inhibitor of type I BMP receptor, was injected to 10-day-old hamsters and interscapular adipose tissue was collected 30 min later. Phosphorylation levels of p38 MAPK and SMAD1/5 were analyzed by Western blotting. Graph shows mean values ± standard error for four independent experiments. Asterisk indicate significant differences (p < 0.05) compared to the control group. (D) LDN (3 mg/kg) was injected daily to 5-day-old hamsters for 5 days. Histological images of interscapular adipose tissues of 10-day-old hamsters show area of clusters of progenitors surrounded by white adipocytes in the control group, whereas the tissue was primarily composed of white adipocytes and small number of progenitors were observed at the edge of the tissue in the LDN-treated group. The expression of Ucp1 was measured and normalized to the expression of Actb and expressed relative to the value of the control group. Values represent means ± standard error for six and eight samples for the control and the LDN group, respectively. Asterisk indicate significant differences (p < 0.05) compared to the control group.




DISCUSSION

In hamsters, BAT postnatally develops by conversion from WAT. During this process, progenitors proliferate to increase their number to replace whole tissue, simultaneously with white adipocyte disappearance, and then differentiate into brown adipocytes (Okamatsu-Ogura et al., 2018). In this study, we investigated the role of the interaction between progenitors and adipocytes in the BAT formation process. First, we established a primary culture of SV cells isolated from interscapular adipose tissue from 10-day-old pups, which consisted of progenitors and white adipocytes. Interestingly, SV cells spontaneously differentiated into brown adipocytes expressing the brown adipocyte marker, Ucp1. Generally, adipose tissue-derived SV cells exhibit a fibroblast-like morphology in vitro, and treatment with adipogenic induction cocktail such as dexamethasone and insulin are required for adipogenesis. Indeed, spontaneous differentiation was not observed in SV cells from adult hamsters where BAT formation had already been completed. Therefore, the spontaneous differentiation of SV cells from developing hamsters indicates that the progenitors have a high potential for differentiation compared with those from adult hamsters.

It is also possible that differentiation of the progenitors was stimulated by another mechanism. Consistent with this, the interscapular SV cell-conditioned medium increased expression of Ucp1 in a dose-dependent manner, suggesting that SV cells secrete some factor(s) that induces the differentiation of progenitors in an autocrine manner. Interestingly, the interscapular SV cell-conditioned medium did not affect the expression of marker genes of adipogenesis or mature adipocytes. It is possible that factors secreted from SV cells enhances brown adipogenic program, but not adipogenesis itself, in progenitors. Since SV cells include several types of cells in addition to progenitors, such as endothelial or immune cells (Machida et al., 2018), it is unclear which type of cell secretes a stimulating factor for brown adipocyte differentiation. It has been reported that paracrine and endocrine factors, such as IGF-1 (Boucher et al., 2016), FGF-1 (Jonker et al., 2012), and FGF-10 (Sakaue et al., 2002), control adipose tissue development. Macrophages are also reported to be involved in beige adipocyte differentiation (Fischer et al., 2017; Machida et al., 2018), although the mechanism is controversial (Fischer et al., 2017; Boulet et al., 2020). Endothelial cells secrete platelet-derived growth factor (PDGF) that induces differentiation of beige adipocyte progenitors by binding to its receptor, PDGFRα (Seki et al., 2016). Thus, it is likely that the local environment is important for regulating brown adipogenesis. Of note, the promoting effect of the conditioned medium on brown adipocyte differentiation was not observed in SV cells isolated from adult hamsters. Thus, SV cells secrete promoting factors; however, the high adipogenic potential of progenitors is also indispensable for their action. Otherwise, the expression of receptors for these factors would change depending on growth.

To explore the factors secreted from SV cells, mRNA-seq analysis was conducted. Nineteen genes were highly expressed in interscapular SV cells compared with interscapular or inguinal adipocytes. Of these, three genes encoding BMP family proteins, BMP3b, BMP5, and BMP7, were identified. BMPs belong to the TGFβ family and are known to be involved in adipose tissue development and adipogenesis (Blazquez-Medela et al., 2019) by activating intracellular signaling pathways, such as SMAD and MAPK (Jia and Meng, 2021). BMPs have been classified into several subgroups, BMP2/4, BMP5/6/7/8, BMP9/10, and BMP12/13/14, and show distinct effects on adipocytes (Blazquez-Medela et al., 2019): BMP2 and BMP4 are reported to be involved in white adipogenesis (Guiu-Jurado et al., 2016; Modica et al., 2016; Denton et al., 2019), whereas BMP6, 7, and 8B are associated with brown adipogenesis. For example, BMP6 induces brown adipogenesis from skeletal muscle precursor cells (Sharma et al., 2014), whereas BMP8b is secreted from brown adipocytes and promotes thermogenesis through autocrine effects on brown adipocytes (Whittle et al., 2012). BMP7 treatment induces the commitment of mesenchymal stem cells to the brown adipogenic lineage (Tseng et al., 2008), and the deletion of the Bmp7 gene in mice resulted in defective BAT formation (Tseng et al., 2008). The role of BMP5 and BMP3b in brown adipogenesis is unknown so far, although it was reported that BMP3b is highly expressed in preadipocytes and suppresses adipogenesis in 3T3-L1 pre-white adipocytes (Hino et al., 2012). In this study, enrichment analysis of highly expressed genes in SV cells revealed that the BMP and MAPK pathways, both major signaling pathways of BMPs, were activated in interscapular SV cells, and phosphorylation of SMAD 1/5 and p38 MAPK was detected in interscapular adipose tissue during BAT formation. Furthermore, treatment of developing hamsters with LDN, which inhibits BMP type 1 receptors ALK2 and 3, caused a significant reduction of p38 MAPK phosphorylation and drastically suppressed the BAT formation. Collectively, these results indicate that interscapular SV cells of developing hamsters secrete BMPs to induce differentiation or enhance commitment of brown adipocyte progenitors.

In contrast to the role of SV cells, spontaneous differentiation of progenitors was suppressed by co-culture with white adipocytes. Adipocytes share cytoplasm and signals through gap junctions (Zhu et al., 2016); however, a direct interaction between adipocytes and progenitors is not required because the inhibition of spontaneous differentiation was also observed after the addition of adipocyte-conditioned medium. These results suggest that interscapular adipocytes, but not inguinal adipocytes, from developing hamsters secrete some factor(s) that suppress the differentiation of the progenitors. However, no candidate was identified in the RNA-seq analysis with criteria for highly expressed genes in interscapular adipocytes compared with both interscapular SV cells and inguinal adipocytes. Recently, it has been reported that adipocytes secrete not only peptides, but also lipid molecules called “lipokines” (Li et al., 2020) or metabolites called “metabokines” (Whitehead et al., 2021). In addition, adipose tissues secrete vesicles that contain and deliver miRNA or enzymes to other cells or tissues (Thomou et al., 2017; Yoshida et al., 2019). Thus, it is plausible that the suppression factors secreted from adipocytes are non-protein factors, although there is another possibility that the factors are protein but cannot be identified by transcriptome analysis because the regulation of translation or secretion of the protein is different between interscapular adipocytes and SV cells or inguinal adipocytes in spite of the similar mRNA level. The spontaneous differentiation of progenitors in vitro that we observed in this study may result from their separation from surrounding white adipocytes, which inhibit differentiation. Of note, the Ucp1 expression levels in the interscapular adipocytes from 10-day-old hamsters were as low as that in SV cells, indicating that interscapular adipocytes at this age were white rather than brown adipocytes.

A limitation to this study is that we used SV cells that contain many cell types. Therefore, it is unknown which types of cells secrete the factors that regulate adipogenesis and exhibits activated BMP and MAPK pathways. Indeed, the factors highly expressed in SV cells include VEGF-D and nerve growth factor, which induce proliferation and differentiation of endothelial cells and neurons (Chaldakov et al., 2009; Herold and Kalucka, 2020). BAT is highly vascularized and innervated with sympathetic nerves, both of which are indispensable to the thermogenic function of BAT (Xue et al., 2009; Blaszkiewicz et al., 2019). The BMP pathway plays an important role in the adult vascular endothelium and promotes angiogenesis (Dyer et al., 2014), and BMP8b secreted from brown adipocytes enhances sympathetic innervation and vascularization (Dyer et al., 2014) in addition to its effects on brown adipocytes (Pellegrinelli et al., 2018). Indeed, BAT formation in hamsters is also accompanied with sympathetic innervation and vascularization (Okamatsu-Ogura et al., 2018; Nagaya et al., 2019). Further experiments are required, for example, the purification of the progenitors using a cell surface marker protein, such as monocarboxylate transporter 1 (Iwanaga et al., 2009; Okamatsu-Ogura et al., 2018).

In this study, we found that the differentiation of brown adipocyte progenitors is positively and negatively regulated by the factors secreted from SV cells and adipocytes, respectively. It is possible that progenitors proliferate within the area of their clusters because surrounding adipocytes inhibit their differentiation. Disappearance of surrounding adipocytes leads to the release from their inhibition and may proceeds the progenitor differentiation into brown adipocyte. Although the mechanism of adipocyte disappearance is unknown, we previously showed that there was no evidence for apoptosis, and direct conversion of adipocytes from white to brown was indicated (Okamatsu-Ogura et al., 2018). In either case, this study suggests that adipocyte disappearance is a crucial event for initiating progenitor differentiation. In addition, an increase in the number of progenitors by proliferation may also enhance their differentiation through secretory factors. Collectively, this study suggests the important role of local cell–cell interactions through secretory factors and changes in cell population during BAT formation in Syrian hamsters. It is unclear if such cell–cell interactions also contribute to BAT development in other mammals. In mice, white adipose tissue develops after birth; however, adipocytes containing large unilocular lipid droplets were observed in the BAT at birth (Iwanaga et al., 2009). Beige adipogenesis may be more susceptible to the factors secreted by surrounding white adipocytes. In the past decade, the rediscovery of metabolically active BAT using radionuclide imaging techniques in adult humans has dramatically accelerated translational studies of BAT in health and disease (Saito et al., 2020). Since human BAT is a mixture of classical brown and beige adipocytes (Wu et al., 2012; de Jong et al., 2019) and surrounded by white adipocytes in most cases (Saito et al., 2009; Zingaretti et al., 2009), the regulation of adipogenesis through cell–cell interaction may be important. Further studies are required to understand adipose tissue biology, and hamsters may represent a unique model for such investigations.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: DDBJ DRA repository accession: DRA011858 Available at: https://ddbj.nig.ac.jp/DRASearch/submission?acc=DRA011858.



ETHICS STATEMENT

The animal study was reviewed and approved by the Animal Care and Use Committee of Hokkaido University.



AUTHOR CONTRIBUTIONS

JM, KN, YO-O, AT, SM, and JN-K conducted the experiments. YO-O and KK designed the experiments. JM, KN, and YO-O wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the JSPS KAKENHI Grant Numbers 17K08118 and 21H02276. Grants-in-Aid for the Naito Foundation, and for the Akiyama Life Science Foundation.


ABBREVIATIONS

 BAT, brown adipose tissue; BMP, bone morphogenetic protein; FGF, fibroblast growth factor; LDN, LDN-193189; PDGF, platelet-derived growth factor; SV, stromal–vascular; UCP1, uncoupling protein 1; VEGF, vascular endothelial growth factor; WAT, white adipose tissue.

FOOTNOTES

1http://metascape.org/


REFERENCES

Blaszkiewicz, M., Willows, J. W., Johnson, C. P., and Townsend, K. L. (2019). The Importance of Peripheral Nerves in Adipose Tissue for the Regulation of Energy Balance. Biology 8:10. doi: 10.3390/biology8010010

Blazquez-Medela, A. M., Jumabay, M., and Bostrom, K. I. (2019). Beyond the bone: bone morphogenetic protein signaling in adipose tissue. Obes. Rev. 20, 648–658. doi: 10.1111/obr.12822

Boucher, J., Softic, S., El Ouaamari, A., Krumpoch, M. T., Kleinridders, A., Kulkarni, R. N., et al. (2016). Differential Roles of Insulin and IGF-1 Receptors in Adipose Tissue Development and Function. Diabetes 65, 2201–2213. doi: 10.2337/db16-0212

Boulet, N., Luijten, I. H. N., Cannon, B., and Nedergaard, J. (2020). Thermogenic recruitment of brown and brite/beige adipose tissues is not obligatorily associated with macrophage accretion or attrition. Am. J. Physiol. Endocrinol. Metab. 320, E359–E378. doi: 10.1152/ajpendo.00352.2020

Buffolo, M., Pires, K. M., Ferhat, M., Ilkun, O., Makaju, A., Achenbach, A., et al. (2019). Identification of a Paracrine Signaling Mechanism Linking CD34(high) Progenitors to the Regulation of Visceral Fat Expansion and Remodeling. Cell. Rep. 29, 270–282.e5. doi: 10.1016/j.celrep.2019.08.092

Campderros, L., Moure, R., Cairo, M., Gavalda-Navarro, A., Quesada-Lopez, T., Cereijo, R., et al. (2019). Brown Adipocytes Secrete GDF15 in Response to Thermogenic Activation. Obesity 27, 1606–1616. doi: 10.1002/oby.22584

Cannon, B., and Nedergaard, J. (2004). Brown adipose tissue: function and physiological significance. Physiol. Rev. 84, 277–359. doi: 10.1152/physrev.00015.2003

Chaldakov, G. N., Tonchev, A. B., and Aloe, L. (2009). NGF and BDNF: from nerves to adipose tissue, from neurokines to metabokines. Riv. Psichiatr. 44, 79–87.

Choi, Y., Choi, H., Yoon, B. K., Lee, H., Seok, J. W., Kim, H. J., et al. (2020). Serpina3c Regulates Adipogenesis by Modulating Insulin Growth Factor 1 and Integrin Signaling. iScience 23:100961. doi: 10.1016/j.isci.2020.100961

Contreras, G. A., Lee, Y. H., Mottillo, E. P., and Granneman, J. G. (2014). Inducible brown adipocytes in subcutaneous inguinal white fat: the role of continuous sympathetic stimulation. Am. J. Physiol. Endocrinol. Metab. 307, E793–E799. doi: 10.1152/ajpendo.00033.2014

Cousin, B., Cinti, S., Morroni, M., Raimbault, S., Ricquier, D., Penicaud, L., et al. (1992). Occurrence of brown adipocytes in rat white adipose tissue: molecular and morphological characterization. J. Cell. Sci. 103, 931–942.

de Jong, J. M. A., Sun, W., Pires, N. D., Frontini, A., Balaz, M., Jespersen, N. Z., et al. (2019). Human brown adipose tissue is phenocopied by classical brown adipose tissue in physiologically humanized mice. Nat. Metab. 1, 830–843. doi: 10.1038/s42255-019-0101-4

Denton, N. F., Eghleilib, M., Al-Sharifi, S., Todorcevic, M., Neville, M. J., Loh, N., et al. (2019). Bone morphogenetic protein 2 is a depot-specific regulator of human adipogenesis. Int. J. Obes. 43, 2458–2468. doi: 10.1038/s41366-019-0421-1

Dyer, L. A., Pi, X., and Patterson, C. (2014). The role of BMPs in endothelial cell function and dysfunction. Trends Endocrinol. Metab. 25, 472–480. doi: 10.1016/j.tem.2014.05.003

Fischer, K., Ruiz, H. H., Jhun, K., Finan, B., Oberlin, D. J., van der Heide, V., et al. (2017). Alternatively activated macrophages do not synthesize catecholamines or contribute to adipose tissue adaptive thermogenesis. Nat. Med. 23, 623–630. doi: 10.1038/nm.4316

Goralski, K. B., McCarthy, T. C., Hanniman, E. A., Zabel, B. A., Butcher, E. C., Parlee, S. D., et al. (2007). Chemerin, a novel adipokine that regulates adipogenesis and adipocyte metabolism. J. Biol. Chem. 282, 28175–88. doi: 10.1074/jbc.M700793200

Goto, T., Naknukool, S., Yoshitake, R., Hanafusa, Y., Tokiwa, S., Li, Y., et al. (2016). Proinflammatory cytokine interleukin-1beta suppresses cold-induced thermogenesis in adipocytes. Cytokine 77, 107–114. doi: 10.1016/j.cyto.2015.11.001

Guiu-Jurado, E., Unthan, M., Bohler, N., Kern, M., Landgraf, K., Dietrich, A., et al. (2016). Bone morphogenetic protein 2 (BMP2) may contribute to partition of energy storage into visceral and subcutaneous fat depots. Obesity 24, 2092–2100. doi: 10.1002/oby.21571

Herold, J., and Kalucka, J. (2020). Angiogenesis in Adipose Tissue: the Interplay Between Adipose and Endothelial Cells. Front. Physiol. 11:624903. doi: 10.3389/fphys.2020.624903

Hino, J., Miyazawa, T., Miyazato, M., and Kangawa, K. (2012). Bone morphogenetic protein-3b (BMP-3b) is expressed in adipocytes and inhibits adipogenesis as a unique complex. Int. J. Obes. 36, 725–734. doi: 10.1038/ijo.2011.124

Houstek, J., Janikova, D., Bednar, J., Kopecky, J., Sebestian, J., and Soukup, T. (1990). Postnatal appearance of uncoupling protein and formation of thermogenic mitochondria in hamster brown adipose tissue. Biochim. Biophys. Acta 1015, 441–449. doi: 10.1016/0005-2728(90)90077-h

Hutley, L., Shurety, W., Newell, F., McGeary, R., Pelton, N., Grant, J., et al. (2004). Fibroblast growth factor 1: a key regulator of human adipogenesis. Diabetes 53, 3097–3106. doi: 10.2337/diabetes.53.12.3097

Iwanaga, T., Kuchiiwa, T., and Saito, M. (2009). Histochemical demonstration of monocarboxylate transporters in mouse brown adipose tissue. Biomed. Res. 30, 217–225. doi: 10.2220/biomedres.30.217

Jia, S., and Meng, A. (2021). TGFβ family signaling and development. Development 148:dev188490. doi: 10.1242/dev.188490

Jimenez, M., Barbatelli, G., Allevi, R., Cinti, S., Seydoux, J., Giacobino, J. P., et al. (2003). Beta 3-adrenoceptor knockout in C57BL/6J mice depresses the occurrence of brown adipocytes in white fat. Eur. J. Biochem. 270, 699–705. doi: 10.1046/j.1432-1033.2003.03422.x

Jonker, J. W., Suh, J. M., Atkins, A. R., Ahmadian, M., Li, P., Whyte, J., et al. (2012). A PPARgamma-FGF1 axis is required for adaptive adipose remodelling and metabolic homeostasis. Nature 485, 391–394. doi: 10.1038/nature10998

Lee, Y. H., Mottillo, E. P., and Granneman, J. G. (2014). Adipose tissue plasticity from WAT to BAT and in between. Biochim. Biophys. Acta 1842, 358–369. doi: 10.1016/j.bbadis.2013.05.011

Li, V. L., Kim, J. T., and Long, J. Z. (2020). Adipose Tissue Lipokines: recent Progress and Future Directions. Diabetes 69, 2541–2548. doi: 10.2337/dbi20-0012

Machida, K., Okamatsu-Ogura, Y., Shin, W., Matsuoka, S., Tsubota, A., and Kimura, K. (2018). Role of macrophages in depot-dependent browning of white adipose tissue. J. Physiol. Sci. 68, 601–608. doi: 10.1007/s12576-017-0567-3

Meissburger, B., Perdikari, A., Moest, H., Muller, S., Geiger, M., and Wolfrum, C. (2016). Regulation of adipogenesis by paracrine factors from adipose stromal-vascular fraction - a link to fat depot-specific differences. Biochim. Biophys. Acta 1861, 1121–1131. doi: 10.1016/j.bbalip.2016.06.010

Modica, S., Straub, L. G., Balaz, M., Sun, W., Varga, L., Stefanicka, P., et al. (2016). Bmp4 Promotes a Brown to White-like Adipocyte Shift. Cell. Rep. 16, 2243–2258. doi: 10.1016/j.celrep.2016.07.048

Nagaya, K., Okamatsu-Ogura, Y., Nio-Kobayashi, J., Nakagiri, S., Tsubota, A., and Kimura, K. (2019). Effect of ambient temperature on the proliferation of brown adipocyte progenitors and endothelial cells during postnatal BAT development in Syrian hamsters. J. Physiol. Sci. 69, 23–30. doi: 10.1007/s12576-018-0606-8

Okamatsu-Ogura, Y., Nio-Kobayashi, J., Nagaya, K., Tsubota, A., and Kimura, K. (2018). Brown adipocytes postnatally arise through both differentiation from progenitors and conversion from white adipocytes in Syrian hamster. J Appl Physiol. 124, 99–108. doi: 10.1152/japplphysiol.00622.2017

Pellegrinelli, V., Peirce, V. J., Howard, L., Virtue, S., Turei, D., Senzacqua, M., et al. (2018). Adipocyte-secreted BMP8b mediates adrenergic-induced remodeling of the neuro-vascular network in adipose tissue. Nat. Commun. 9:4974. doi: 10.1038/s41467-018-07453-x

Poulos, S. P., Hausman, D. B., and Hausman, G. J. (2010). The development and endocrine functions of adipose tissue. Mol. Cell. Endocrinol. 323, 20–34. doi: 10.1016/j.mce.2009.12.011

Ruan, H., Hacohen, N., Golub, T. R., Van Parijs, L., and Lodish, H. F. (2002). Tumor necrosis factor-alpha suppresses adipocyte-specific genes and activates expression of preadipocyte genes in 3T3-L1 adipocytes: nuclear factor-kappaB activation by TNF-alpha is obligatory. Diabetes 51, 1319–1336. doi: 10.2337/diabetes.51.5.1319

Saito, M., Matsushita, M., Yoneshiro, T., and Okamatsu-Ogura, Y. (2020). Brown Adipose Tissue, Diet-Induced Thermogenesis, and Thermogenic Food Ingredients: from Mice to Men. Front. Endocrinol. 11:222. doi: 10.3389/fendo.2020.00222

Saito, M., Okamatsu-Ogura, Y., Matsushita, M., Watanabe, K., Yoneshiro, T., Nio-Kobayashi, J., et al. (2009). High incidence of metabolically active brown adipose tissue in healthy adult humans: effects of cold exposure and adiposity. Diabetes 58, 1526–1531. doi: 10.2337/db09-0530

Sakaue, H., Konishi, M., Ogawa, W., Asaki, T., Mori, T., Yamasaki, M., et al. (2002). Requirement of fibroblast growth factor 10 in development of white adipose tissue. Genes Dev. 16, 908–912. doi: 10.1101/gad.983202

Schwalie, P. C., Dong, H., Zachara, M., Russeil, J., Alpern, D., Akchiche, N., et al. (2018). A stromal cell population that inhibits adipogenesis in mammalian fat depots. Nature 559, 103–108. doi: 10.1038/s41586-018-0226-8

Seki, T., Hosaka, K., Lim, S., Fischer, C., Honek, J., Yang, Y., et al. (2016). Endothelial PDGF-CC regulates angiogenesis-dependent thermogenesis in beige fat. Nat. Commun. 7:12152. doi: 10.1038/ncomms12152

Sellayah, D., and Sikder, D. (2014). Orexin restores aging-related brown adipose tissue dysfunction in male mice. Endocrinology 155, 485–501. doi: 10.1210/en.2013-1629

Sharma, A., Huard, C., Vernochet, C., Ziemek, D., Knowlton, K. M., Tyminski, E., et al. (2014). Brown fat determination and development from muscle precursor cells by novel action of bone morphogenetic protein 6. PLoS One 9:e92608. doi: 10.1371/journal.pone.0092608

Shimizu, I., Aprahamian, T., Kikuchi, R., Shimizu, A., Papanicolaou, K. N., MacLauchlan, S., et al. (2014). Vascular rarefaction mediates whitening of brown fat in obesity. J. Clin. Invest. 124, 2099–2112. doi: 10.1172/JCI71643

Smalley, R. L., and Smalley, K. N. (1967). Brown and white fats: development in the hamster. Science 157, 1449–1451. doi: 10.1126/science.157.3795.1449

Than, A., Cheng, Y., Foh, L. C., Leow, M. K., Lim, S. C., Chuah, Y. J., et al. (2012). Apelin inhibits adipogenesis and lipolysis through distinct molecular pathways. Mol. Cell. Endocrinol. 362, 227–241. doi: 10.1016/j.mce.2012.07.002

Thomou, T., Mori, M. A., Dreyfuss, J. M., Konishi, M., Sakaguchi, M., Wolfrum, C., et al. (2017). Adipose-derived circulating miRNAs regulate gene expression in other tissues. Nature 542, 450–455. doi: 10.1038/nature21365

Tseng, Y. H., Kokkotou, E., Schulz, T. J., Huang, T. L., Winnay, J. N., Taniguchi, C. M., et al. (2008). New role of bone morphogenetic protein 7 in brown adipogenesis and energy expenditure. Nature 454, 1000–1004. doi: 10.1038/nature07221

Tsubota, A., Okamatsu-Ogura, Y., Bariuan, J. V., Mae, J., Matsuoka, S., Nio-Kobayashi, J., et al. (2019). Role of brown adipose tissue in body temperature control during the early postnatal period in Syrian hamsters and mice. J. Vet. Med. Sci. 81, 1461–1467. doi: 10.1292/jvms.19-0371

Wang, G. X., Zhao, X. Y., Meng, Z. X., Kern, M., Dietrich, A., Chen, Z., et al. (2014). The brown fat-enriched secreted factor Nrg4 preserves metabolic homeostasis through attenuation of hepatic lipogenesis. Nat. Med. 20, 1436–1443. doi: 10.1038/nm.3713

Wang, W., and Seale, P. (2016). Control of brown and beige fat development. Nat. Rev. Mol. Cell. Biol. 17, 691–702. doi: 10.1038/nrm.2016.96

Whitehead, A., Krause, F. N., Moran, A., MacCannell, A. D. V., Scragg, J. L., McNally, B. D., et al. (2021). Brown and beige adipose tissue regulate systemic metabolism through a metabolite interorgan signaling axis. Nat. Commun. 12:1905. doi: 10.1038/s41467-021-22272-3

Whittle, A. J., Carobbio, S., Martins, L., Slawik, M., Hondares, E., Vazquez, M. J., et al. (2012). BMP8B increases brown adipose tissue thermogenesis through both central and peripheral actions. Cell 149, 871–885. doi: 10.1016/j.cell.2012.02.066

Wu, J., Bostrom, P., Sparks, L. M., Ye, L., Choi, J. H., Giang, A. H., et al. (2012). Beige adipocytes are a distinct type of thermogenic fat cell in mouse and human. Cell 150, 366–376. doi: 10.1016/j.cell.2012.05.016

Xue, Y., Petrovic, N., Cao, R., Larsson, O., Lim, S., Chen, S., et al. (2009). Hypoxia-independent angiogenesis in adipose tissues during cold acclimation. Cell. Metab. 9, 99–109. doi: 10.1016/j.cmet.2008.11.009

Yoshida, M., Satoh, A., Lin, J. B., Mills, K. F., Sasaki, Y., Rensing, N., et al. (2019). Extracellular Vesicle-Contained eNAMPT Delays Aging and Extends Lifespan in Mice. Cell. Metab. 30:329-342.e5. doi: 10.1016/j.cmet.2019.05.015

Zhu, Y., Gao, Y., Tao, C., Shao, M., Zhao, S., Huang, W., et al. (2016). Connexin 43 Mediates White Adipose Tissue Beiging by Facilitating the Propagation of Sympathetic Neuronal Signals. Cell. Metab. 24, 420–433. doi: 10.1016/j.cmet.2016.08.005

Zingaretti, M. C., Crosta, F., Vitali, A., Guerrieri, M., Frontini, A., Cannon, B., et al. (2009). The presence of UCP1 demonstrates that metabolically active adipose tissue in the neck of adult humans truly represents brown adipose tissue. FASEB J. 23, 3113–3120. doi: 10.1096/fj.09-133546


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.

Copyright © 2021 Mae, Nagaya, Okamatsu-Ogura, Tsubota, Matsuoka, Nio-Kobayashi and Kimura. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fcell-09-698692-g002.jpg
Ucp1/Actb

o

o

N
1

10-day-old

0.06 -

o

o

H
1

(Ct)

6 month

(33.1)

10 day
(18.2)

Lep/Actb

6-month-old

m O .
0 -
. O At
e |
- - / ” 9
-
» T @ ;
.
on o
P ¥
ey .
» -
)
5 %,
= / ey
a . L
‘-‘:;' . __‘
Ler ’
- ey ’
v G -
— P Sz @
5] b
- . y . ;
A\ e g e )
1 .

0.00016 -

0.00012 -

0.00008 -

0.00004 -

]

(Ct)

6 month
(32.1)

10 day
(25.3)






OPS/images/fcell-09-698692-g001.jpg
Day 10 Day 15

Day 5

-e..w .:m_‘

z i' S
" v..\i; q—a oy a »
ﬁc s

vv






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Adipocytes and Stromal Cells Regulate Brown Adipogenesis Through Secretory Factors During the Postnatal White-to-Brown Conversion of Adipose Tissue in Syrian Hamsters



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		Histological Analysis



		Isolation of Adipocytes and Stromal–Vascular (SV) Cells



		Preparation of Conditioned Medium



		Primary Culture



		Real-Time PCR



		Next-Generation Sequence Analysis (mRNA-Seq Analysis)



		Western Blotting



		Data Analysis







		RESULTS



		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Adipocytes and Stromal Cells
Regulate Brown Adipogenesis
Through Secretory Factors
During the Postnatal
White-to-Brown Conversion
of Adipose Tissue in Syrian
Hamsters





OPS/images/fcell-09-698692-t001.jpg
Gene name (Gene symbol)

Actin beta (Actb)

Bone morphogenetic protein 3b (Bmp3b)

Bone morphogenetic protein 5 (Bmpb)

Bone morphogenetic protein 7 (Bmp?7)

Fatty acid binding protein 4 (Fabp4)

Fatty acid synthase (Fasn)

Hormone sensitive lipase (Hsl)

Leptin (Lep)

Lipoprotein lipase (Lpl)

Peroxisome proliferator activated receptor gamma (Pparg)

Uncoupling protein 1 (Ucp1)

Primer sequences

Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:

5'-AAG TGT GAC GTT GAC ATC CCG-3'
5'-GAT CCA CAC AGA GTA CTT GC-3'
5'-CGGACATCGGGTGGAATGAA -3'
5'-TCTGGAACACAACAGGGCTC -8
5'-TCTCATCAGGACCCCTCCAG-3'
5'-CCCTTCCGGTGCTATGATCC-3
5'-GGG CTG TAA CTC TGG CAC AT-3
5'-ACG TGG CCA ATG GAC TCT TT-3'
5'-GAG ATG TGA TCA CCA TCC GAA C-3
5'-ACC CTC ACG CTT CCT CTT TA-3'
5'-AAG TAC CAT GGC AAC GTG AC-3'
5'-CAATGA TGT GCA CAG ACA CC-3'
5'-CTC TAAGTG TGT CAG TGC CT-3'
5'-TCC AGG AAG GAG TTG AGC CA-3'
5'-TCT GCA GGA CAT TCT CCG AC-3'
5'-AGA CAC CTG GAA GCT AAG GC-3'
5'-TCT CTT CAT TGA CTC CCT GCT G-&
5'-GTC TTC AGG TAC ATC TTG CTG C-3
5'-TTA GAT GAC AGT GAC TTG GC-3'
5'-CTC GAT GGG CTT CAC GTT CA-3'
5'-GAG CTG GTA ACA TAT GAC CT -3’
5'- TGT CCT GGC AGA GAG TTG AT -3’
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