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ABSTRACT: Aging-related adipose tissue dysfunction contributes to the progression of chronic metabolic 

diseases. We investigated the role of age-dependent expression of a neurotrophin, brain-derived neurotrophic 

factor (BDNF) in adipose tissue. Pro-BDNF expression was elevated in epididymal white adipose tissue (eWAT) 

with advanced age, which was associated with the reduction in sympathetic innervation. Interestingly, BDNF 

expression was enriched in PDGFR+ adipocyte progenitors isolated from eWAT, with age-dependent increase 

in expression. In vitro pro-BDNF treatment caused apoptosis in adipocytes differentiated from C3H10T1/2 cells, 

and siRNA knockdown of sortilin mitigated these effects. Tamoxifen-inducible PDGFR+ cell-specific deletion of 

BDNF (BDNFPdgfra KO) reduced pro-BDNF expression in eWAT, prevented age-associated declines in 

sympathetic innervation and mitochondrial content in eWAT, and improved insulin sensitivity. Moreover, 

BDNFPdgfra KO mice showed reduced expression of aging-induced inflammation and senescence markers in 

eWAT. Collectively, these results identified the upregulation of pro-BDNF expression in adipocyte progenitors 

as a feature of visceral white adipose tissue aging and suggested that inhibition of BDNF expression in adipocyte 

progenitors is potentially beneficial to prevent aging-related adipose tissue dysfunction. 
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Aging-related adipose tissue dysfunction contributes to 

the pathogenesis of chronic metabolic disease [1]. 

Adipose tissue aging can be characterized by several 

features, such as insulin resistance, alteration in 

mitochondrial metabolism, and inflammatory secretome 

profiles of adipocytes [2]. In addition to adipocyte 

intrinsic mechanisms, adipose tissue aging involves 

multiple micro-environmental components, such as 

adipocyte progenitors [3], vasculature [4], nervous input 

[5] and immune/stromal cells [6]. Several studies using 

rodent aging models demonstrated that adipocyte 

progenitors lose adipogenic differentiation potential that 

may affect lipid storage capacity of adipose tissue and 

lead to ectopic lipid accumulation [7, 8]. Moreover, 

adipose tissue aging is accompanied by the accumulation 

of senescent adipocyte progenitors [3]. On the other hand, 

removal of p16Ink4a+ senescent cells has been proven to 
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be beneficial for delaying age-related disorders and 

increasing life span [9].  

Expression levels of neurotrophic factors in adipose 

tissue are dynamically regulated during developmental 

period, and may control the innervation levels and 

functions of adipose tissue during perinatal periods and 

adulthood [10]. Especially, sympathetic innervation is 

required for the regulation of adipose tissue lipolysis, 

uncoupling protein 1 (UCP1)-dependent thermogenesis, 

and mitochondrial metabolism of adipose tissue [11, 12]. 

Regarding changes in neuronal input related to aging, 

reduction in sympathetic activity has been reported in 

brown adipose tissue with advanced age, which has been 

suggested as a mechanism of age-dependent decrease in 

brown adipose tissue activity [5, 8].  

Brain-derived neurotrophic factor (BDNF) has been 

investigated as a neurotrophic factor that is widely 

distributed in brain and other peripheral tissues, 

functioning in the regulation of neuronal development, 

neuroprotection and synaptic plasticity [13]. For example, 

an elegant study using BDNF knockout (KO) mouse 

model demonstrated that BDNF expression is required for 

survival and maintenance of peripheral sensory neurons 

[14]. However, follow-up studies demonstrated cell type-

specific effects of BDNF, showing BDNF KO increases 

innervation of skin [15, 16]. Recent studies using 

conditional KO model of intestinal BDNF expression also 

exemplified that organ-derived BDNF suppresses 

development of innervation [17]. Somewhat contradictory 

role of BDNF has been explained partly by distinct roles 

of mature form and pro-form of BDNF. BDNF is 

synthesized as pre-pro-BDNF and cleaved into pro-form 

that can further undergo intracellular or extracellular 

cleavages, generating mature form and pro-domain of 

BDNF [13, 18]. The pro-forms of BDNF (proBDNF) can 

inhibit innervation, partly by inducing neuronal apoptosis 

through activation of p75NTR and sortilin [13, 19, 20]. 

However, the role of BDNF expression in adipose tissue 

in relation to aging has not been fully investigated. 

We investigated age-dependent expression patterns 

of BDNF in adipose tissue and demonstrated that 

proBDNF expression in visceral white adipose tissue 

increased with age. To determine the cellular source of 

BDNF, we isolated progenitors from adipose tissue and 

found the enrichment of BDNF expression in PDGFR+ 

adipocyte progenitor cells. We examined the correlation 

between BDNF expression in visceral white adipose 

tissue and the aging-related phenotype. The physiological 

role of BDNF in adipose tissue function was further 

studied using a PDGFR+ progenitor- specific BDNF 

knockout mouse model (BDNFPdgfra KO). 

 

 

 

MATERIALS AND METHODS 

 

Mice 

 

All animal protocols were approved by the Institutional 

Animal Care and Use Committees at Yonsei University 

and Seoul National University. All animal experiments 

were conducted in strict compliance with the guidelines 

for humane care and use of laboratory animals specified 

by the Ministry of Food and Drug Safety. Mice were 

housed at 221 °C and maintained on a 12-h light/12-h 

dark cycle with free access to food and water at all time. 

Male mice were used for the experiments. C57BL/6 mice 

(5-weeks old) were purchased from Central Lab. Animal 

Inc. For high fat diet (HFD) experiment, C57BL/6 mice 

were fed with diet with 60% kcal% fat (Research Diet) for 

12 weeks. Pdgfra-CreER (stock#018280, B6N.Cg-

Tg(PDGFRa-Cre/ERT) 467Dbe/J), Bdnfflox/flox (stock 

#004339, Bdnftm3Jae/J)[21] mice were purchased from 

the Jackson Laboratory. Pdgfra-CreER mice and 

Bdnfflox/flox mice were crossed to produce inducible 

adipocyte progenitor-specific BDNF KO mice (Pdgfra-

CreER/Bdnf flox/flox: BdnfPdgfra KO mice). Genotyping was 

carried out by PCR with genomic DNA isolated from tail, 

as described previously [21] (Supplementary Fig. 1). For 

wild type control, BDNF floxed mice (WT/BDNFflox/flox) 

without CreER were used. For Cre recombination, 

Pdgfra-CreER/Bdnfflox/flox mice and wild type 

(WT/Bdnfflox/flox) controls were treated with tamoxifen 

dissolved in sunflower oil (Sigma, 75 mg/kg) by oral 

gavage on each of 5 consecutive days. Experiments were 

started 10 days after the last dose of tamoxifen. For long 

term maintenance, 5 days of tamoxifen treatments were 

repeated every 2 months. For intraperitoneal glucose 

tolerance test, mice were given D-glucose (2 mg/ml, 

sigma) by intraperitoneal injection and blood glucose 

levels were measured at indicated time points. Energy 

expenditure was measured using indirect calorimetry 

system (PhenoMaster, TSE system, Bad Homburg, 

Germany), as described previously [22] Oxygen 

consumption rates of adipose tissue were measured by 

Seahorse XF24 Analyzers using XF24 Islet Capture 

Microplate Screen as described previously [22, 23].  

For telomere length analysis, DNA was extracted 

from eWAT, using AccuPrep Genomic DNA Extraction 

Kit (Bioneer) and used for determination of telomere copy 

number by real-time PCR, as described previously [23]. 

Subcellular fractionation was performed as described 

previously [24]. Briefly, from adipose tissue homogenates 

in fractionation buffer (containing 3 mM HEPES (pH7.4), 

210 mM mannitol, 70 mM sucrose and 0.2 mM EDTA), 

cells and debris pellets were removed after centrifugation 

at 500×g for 10 min. After centrifugation of the 

supernatant at 10,000 × g for 10 min, pellets containing 



 Song H., et al                                                                                                            Role of BDNF in Adipose Tissue Aging    

Aging and Disease • Volume 11, Number 3, June 2020                                                                              577 

 

mitochondria were collected and supernatant containing 

non-mitochondrial fraction was centrifuged at 95000 × g 

for 2 h at 4 °C to obtain the plasma membrane fraction 

(pellet) and cytosolic fraction (supernatants). 

 

Western blot and gene expression analysis 

 

Western blot analysis was performed as described 

previously [24]. Briefly, protein was extracted in RIPA 

buffer (Thermo Fisher) containing protease (Roche) and 

phosphatase (Thermo Fisher) inhibitors. Resolved 

proteins were transferred to polyvinylidene difluoride 

(PVDF) membranes. The membranes were incubated 

with blocking buffer (5% skim milk or BSA in TBST), 

primary and secondary antibodies. The following primary 

antibodies were used for western blot analysis: anti-pro-

BDNF (mouse, Santa Cruz Biotechnology), anti-tyrosine 

hydroxylase (mouse, Merck Millipore), phospho-

HSL(Ser660, rabbit, Cell Signaling), HSL (rabbit, Cell 

Signaling), anti-PDGFR (goat, R&D system), PLIN1 

(rabbit, Abcam), anti-p21 (rabbit, Cell Signaling), anti-

TNF (goat, R&D system), anti-Sortilin (goat, R&D 

system), anti-cleaved caspase 3(rabbit, Cell Signaling), 

anti-caspase 3(rabbit, Cell Signaling), anti-RIP3(rabbit, 

Cell Signaling), anti-phospho-RIP3(Thr231/Ser232, 

rabbit, Cell Signaling), anti-Na/K ATPase (rabbit, 

Abcam) Total OXPHOS Rodent WB Antibody Cocktail 

(Abcam), anti-Actin (mouse, Santa Cruz Bio-

technology), and anti-/Tubulin (rabbit, Cell Signaling). 

Quantitative PCR was performed as described previously 

[24]. Briefly, RNA was extracted using TRIzol® reagent 

(Invitrogen), and was reverse transcribed using a cDNA 

synthesis kit (Applied Biosystems). One hundred 

nanograms of cDNA was subjected to quantitative 

polymerase chain reaction (qPCR) in 20-μl reaction 

volumes (iQ SYBR Green Supermix; Bio-Rad) with 100 

nM primers. qRT-PCR was performed using SYBR Green 

dye and CFX Connect Real-time system (Bio-Rad) for 45 

cycles and fold change for all samples was calculated by 

using the 2−ΔΔCt method. Peptidylprolyl Isomerase A 

(PPIA) was used as a housekeeping gene for mRNA 

expression analysis. Primers used for qRT-PCR were 

described previously [25]. 

 

Histology 

 

Adipose tissue was processed for histological sections,  

and 5 μm-thick paraffin sections were subjected to 

immunohistochemical analysis, as previously described 

[26]. Anti-F4/80 antibody (rat, Serotech), anti-pro-BDNF 

(mouse, Santa Cruz Biotechnology) anti-PDGFR (goat, 

R&D system), PLIN1 (rabbit, Abcam), and anti-tyrosine 

hydroxylase (mouse, Merck Millipore) were used. 

TUNEL Assay Kit-HRP-DAB (Abcam) was used to 

detect apoptotic cells in paraffin sections of eWAT. 

 

Stromovascular cells and adipocyte fractionation and 

MACS-isolation 

 

Stromovascular cells (SVC) and adipocytes from eWAT 

were fractionated, as previously described [21, 26]. For 

gene expression analysis, dissociated adipose tissue was 

fractionated by magnetic cell sorting (MACS) with anti-

PDGFR-PE/anti-PE-microbeads, anti-F4/80-FITC/anti-

FITC-microbeads, and anti-CD31-APC/anti-APC-

microbeads (Miltenyi Biotech). For adipogenic 

differentiation, MACS-isolated PDGFR was expanded 

in Dulbecco’s Modified Eagle’s Medium (DMEM) 

containing 10% FBS, and then differentiated by DMEM 

supplemented with a standard adipogenic cocktail for 7 

days, as described previously [25]. To determine levels of 

adipogenic differentiation, differentiated cells were 

labeled with 4,4-difluoro-5-(2-thienyl)-4-bora-3a,4a-

diaza-s-indacene-3-dodecanoic acid (BODIPY 558/568 

C12) (Invitrogen Molecular Probes) or Oil Red O (Sigma-

Aldrich). Mitochondrion-labeling in live cells was 

performed using red-fluorescent mitochondrion-selective 

probe MitoTracker Red CMXRos (Thermo Fisher, 

Waltham, MA, USA). 

 

Cell Cultures 

 

The C3H10T1/2 cells (ATCC (Manassas, VA, USA)) 

were cultured, as previously described [22]. Briefly, the 

cells were cultured in growth medium (Dulbecco’s 

modified Eagle’s medium (DMEM: Sigma) supplemented 

with 10% fetal bovine serum (FBS, Gibco Thermo Fisher 

Scientific, Waltham, MA, USA) and 1% penicillin/ 

streptomycin (Thermo Fisher, Waltham, MA, USA), and 

then exposed to adipogenic differentiation medium 

(DMEM supplemented with 10% FBS, BMP4 (20 ng/mL, 

R&D system, Minneapolis, MN, USA), indomethacin 

(0.125 mM, Cayman, Ann Arbor, MI, USA), 

isobutylmethylxanthine (2.5 mM, IBMX, Cayman), 

dexamethasone (1 µM, Cayman, Ann Arbor, MI, USA), 

insulin (10 µg/mL, Sigma, St. Louis, MO, USA) and 

triiodothyronine (T3, 1 nM, Cayman, Ann Arbor, MI, 

USA) for 3 days. For the maintenance of adipogenic 

differentiation, the cells were exposed to DMEM 

containing 10% FBS, 10 µg/mL insulin (Sigma, St. Louis, 

MO, USA) and 1 nM triiodothyronine (T3, Cayman, Ann 

Arbor, MI, USA) for 3 days. Fully differentiated 

adipocytes were exposed to DMEM supplemented with 

10% FBS overnight and then treated with pro-BDNF 

(10ng/ml, Alomone Labs) [27, 28]. Annexin V assay was 

performed for detection of apoptosis by using FITC 

Annexin V Apoptosis Detection Kit with PI (Biolegend), 
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according to the manufacturer’s instruction. For Sortilin 

knockdown, siRNA targeting Sortilin (Bioneer) was 

transfected into adipocytes differentiated from 

C3H10T1/2 cells, using Lipofectamin2000 (Thermo 

Fisher, Waltham, MA, USA). For cell surface protein 

isolation, Pierce Cell Surface Protein Isolation Kit 

(Thermo) was used according to manufacturer’s 

instruction. 

 

 
 

Figure 1. BDNF expression was upregulated in epididymal adipose tissue with advanced age, but not 

in brown adipose tissue and inguinal white adipose tissue. (A-D) Immunoblot analysis of BDNF and 

senescence marker expression in supra-scapular brown adipose tissue (BAT), epididymal white adipose tissue 

(eWAT), and inguinal white adipose tissue (iWAT) of mice at the indicated ages. N= 4, mean  S.E.M, p value 

was calculated by t-test (Full length blots in supplementary Fig. 2).  
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Figure 2. Age-dependent increase in pro-BDNF expression was associated with reduction in 
sympathetic innervation and mitochondrial activity in eWAT. (A) Immunoblot analysis of BDNF, TH 

and p-HSL expression in epididymal white adipose tissue (eWAT) of mice at the indicated ages. (n = 4, 

mean  S.E.M, **p<0.01, ***p<0.001). (B, C) quantitative PCR analysis. (n = 4, mean  S.E.M, *p<0.05, 

**p<0.01, ***p<0.001). (D) Analysis of oxygen consumption rate (OCR) of eWAT obtained from 2, 12 
and 18-month old mice with a series of treatments of indicated drugs (oligomycin, carbonyl cyanide-

4(trifluoromethoxy)phenylhydrazone (FCCP), and potassium cyanide (KCN)) (n = 3, mean  S.E.M, 

*p<0.05, **p<0.01, ***p<0.001). (E) MitoTracker Red CMXRos staining in adipocytes differentiated from 

PDGFR+ cells of eWAT of 2, 12, and 18-month-old mice. 



 Song H., et al                                                                                                            Role of BDNF in Adipose Tissue Aging    

Aging and Disease • Volume 11, Number 3, June 2020                                                                              580 

 

Statistical analysis 

 

Statistical analyses were performed using GraphPad 

Prism 5 software (GraphPad Software, La Jolla, CA, 

USA.). Data are presented as mean ± standard errors of 

the means (SEMs). Statistical significance between two 

groups were determined by unpaired t-test. Comparisons 

among multiple groups was performed using a one-way 

or two-way analysis of variance (ANOVA), with 

Bonferroni post hoc tests to determine p values. 

 

RESULTS 

 

Pro-BDNF expression increased in visceral white 

adipose tissue with advanced age 

 

To determine whether BDNF expression levels are altered 

during aging, supra-scapular brown adipose tissue (BAT), 

subcutaneous inguinal white adipose tissue (iWAT), and 

epididymal white adipose tissue (eWAT) were analyzed 

at the age of 1, 2, 12 and 18 months. It has been reported 

that BDNF is synthesized as pre-pro-BDNF that can be 

cleaved into proBDNF (~32kD), which can be further 

processed into pro-domain of BDNF (~17kD) [29] and 

mature BDNF (~14kD) [30]. While mature BDNF 

(~14kD) was not clearly detectable in adipose tissue by 

immunoblotting, the major form detected in overall 

adipose tissue was pro-BDNF (~32kD). As shown in 

Figure 1, pro-BDNF expression was not significantly 

altered in BAT with aging, while there was a slight 

increase in iWAT. However, eWAT of 12 and 18-month-

old mice demonstrated dramatic increase in pro-BDNF 

expression, which was approximately 4-fold increase as 

compared to the expression in 2-month-old mice. (Fig. 

1B). Among adipose depots, pro-BDNF expression was 

highest in the eWAT of 18-month-old mice. Expression 

levels of senescence associated genes, such as cyclin-

dependent kinase inhibitor 1(p21) and tumor necrosis 

factor-alpha (TNF), were upregulated in eWAT of 18-

month-old mice, compared to their younger counterparts 

(Fig. 1D). These data suggested that eWAT-specific 

increase in proBDNF expression might be involved in the 

aging phenotype of eWAT. 

 

 

 
 

Figure 3. Upregulation of pro-BDNF expression by 12 weeks of HFD feeding (A) Immunoblot analysis of BDNF, TH and p-HSL 

expression in epididymal white adipose tissue (eWAT) mice fed with high fat diet and chow diet for 12 weeks. (n = 6, mean  S.E.M, 

*p<0.05, **p<0.01). 

 

Increase in pro-BDNF expression in visceral white 

adipose tissue was associated with reduction in 

sympathetic innervation with aging 

 

Next, we measured the expression levels of a rate limiting 

enzyme in catecholamine synthesis, tyrosine hydroxylase 

(TH), which can be used to assess sympathetic innervation 

levels [24]. Our data indicated that TH expression was 

downregulated, reaching 60% reduction at 12- and 18-

month age compared to the expression in 2-month-old 

mice (Fig. 2A). Since sympathetic stimulation is related 

to PKA-dependent lipolysis through beta 3-adrenergic 

receptor, we examined the major PKA-responsive lipase, 

hormone sensitive lipase phosphorylation (p-HSL) levels. 

Results indicated that p-HSL showed reduced levels with 

increasing age (Fig. 2A), supporting the reduction in 

sympathetic innervation with advanced age. It has been 

reported that the levels of sympathetic innervation are 

related to mitochondrial activity in adipose tissue [5, 11, 

24]. qPCR analysis also demonstrated that genes related 

to mitochondrial biogenesis and activity [cytochrome c 

oxidase subunit 8B (Cox8b), peroxisome proliferator-

activated receptor gamma coactivator 1 alpha (Ppargc1a), 

and Ucp1] were downregulated with advanced age (Fig. 

2B and Supplementary Fig. 4). Data also demonstrated 

increased expression of EGF-like module-containing 
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mucin-like hormone receptor-like 1 (Emr1) (a gene 

encoding F4/80: a macrophage marker) and C-C motif 

chemokine ligand 2 (Ccl2) (a pro-inflammatory cytokine) 

with advanced age (Fig. 2C). While m-BDNF promotes 

cell growth and survival though activation of both 

BDNF/NT-3 growth factors receptor (neurotrophic 

tyrosine kinase receptor type 2: Ntrk2) and tumor necrosis 

factor receptor superfamily member 16 (p75 neurotrophin 

receptor), it has been reported that pro-BDNF promotes 

cell death through p75NTR and sortilin [20, 27], which 

might be involved in the reduction in sympathetic 

innervation with increased pro-BDNF expression. Thus,  

we examined pro-BDNF receptor expression and found 

that Sort1 expression in eWAT was significantly 

increased in 12 and 18-month-old mice (Fig. 2C), 

suggesting that sortilin induction might be associated with 

a reduction in sympathetic innervation. A decrease in 

mitochondrial metabolic activity was confirmed by the 

reduced oxygen consumption rate in the eWAT of 12-

month and 18-month-old mice (Fig. 2D). MitoTracker 

staining was also reduced in adipocytes differentiated 

from pre-adipocytes isolated from eWAT (Fig. 2E), 

which further demonstrated the reduction in the 

mitochondrial activity of eWAT in 12- and 18-month old 

mice.  

Since obesity has been characterized by accelerated 

aging of adipose tissue, we examined pro-BDNF 

expression levels in 12-week HFD-fed mice. As shown in 

Figure 3, pro-BDNF expression was upregulated in 

eWAT of HFD-treated group. Also, reduction in TH and 

p-HSL levels was observed in HFD-fed mice, suggesting 

that eWAT-specific upregulation of pro-BDNF 

expression through HFD consumption may contribute to 

the aging phenotype observed in the visceral adipose 

tissue of obese individuals. 

 

 
 

Figure 4. The major cellular source of pro-BDNF expression in eWAT is PDGFR + adipocyte progenitors. 
(A) quantitative PCR analysis of Bdnf expression in adipocytes and PDGFRA+ cells isolated from eWAT of 

mice at the indicated ages (n = 3, mean  S.E.M, ***p<0.001). Plin1 and Pdgfra expressions were used as 

specific markers for adipocytes and progenitor cells, respectively. (B) Immunoblot analysis of BDNF 

expression in adipocytes and PDGFRA+ cells isolated from eWAT of mice at the indicated ages (n = 3, mean  
S.E.M, ***p<0.001). Full images of Western blots are shown in supplementary Fig. 4. 
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Pro-BDNF expression upregulated in PDGFRA+ cells 

with advanced age 

 

To determine the cellular source of BDNF expression in 

adipose tissue, we fractionated PDGFRA+ adipocyte 

progenitor cells and adipocytes [27] and examined cell 

type-specific gene and protein expression. As expected, 

expression of an adipocyte specific maker, perilipin 1 

(Plin1) was restricted to adipocyte fractions (Fig. 4A and 

4B). Compared to adipocyte fraction, BDNF expression 

was enriched in PDGFRA+ adipocyte progenitors (Fig. 

4A). Consistent with qPCR analysis, immunoblot analysis 

confirmed the enrichment of pro-BDNF in PDGFRA+ 

cells (Fig. 4B). PDGFRA+ adipocyte progenitors showed 

upregulation of pro-BDNF expression with advanced age 

(Fig. 4B). In addition, we examined pro-BDNF 

expression in stromovascular fractions, including F4/80+ 

macrophages and CD31+ endothelial cells, and found that 

pro-BDNF expression was enriched in PDGFRA+ cells. 

(Supplementary Fig. 9). Immunohistochemical analysis 

also indicated robust expression of pro-BDNF in 

PDGFRA+ cells (Supplementary Fig. 10). 

 

 
 

Figure 5. proBDNF treatment-induced apoptosis/necroptosis of adipocytes required sortilin expression. 
(A) Immunoblot analysis of sortilin expression and apoptosis/necroptosis markers in adipocytes differentiated 

from C3H10T1/2 cells. (B) Immunoblot analysis of sortilin in adipocytes differentiated from C3H10T1/2 

treated with siRNA or scrambled sequence controls (negative controls) (mean ± SEM; n = 4, *** p < 0.001). 

(C) Immunoblot analysis of cell surface protein detection in adipocytes differentiated from C3H10T1/2 cells  

treated with vehicle or pro-BDNF (10ng/ml) for 24 h (n = 4, means ± SEM, *** p < 0.001). Full images of 
Western blots are shown in supplementary Fig. 5. 



 Song H., et al                                                                                                            Role of BDNF in Adipose Tissue Aging    

Aging and Disease • Volume 11, Number 3, June 2020                                                                              583 

 

 
 

Figure 6. PDGFR + cell-specific KO reduced inflammatory and senescence marker expression in eWAT and 

insulin resistance of mice with advanced age. (A) Immunoblot analysis of BDNF and TH expression in 

epididymal white adipose tissue (eWAT) of BDNFpdgfra KO and WT mice at the indicated ages. (n = 5 per condition, 

mean  S.E.M, *p<0.05, **p<0.01, *** p < 0.001). (B) Quantitative PCR analysis of eWAT of BDNFpdgfra KO and 

WT mice at the indicated ages. (n = 5, mean  S.E.M, *p<0.05, **p<0.01, ***p<0.001). (C) Immunoblot analysis  

of mitochondrial makers involved in mitochondrial oxidative phosphorylation. (D) BODIPY staining of adipocytes  

differentiated from PDGFR + cells that were isolated from eWAT of BDNFpdgfra KO and WT mice (n = 4, mean  

S.E.M, **p<0.01). (E) Measurement of glucose tolerance test (GTT) in WT and BDNFpdgfraKO mice and the area 

under the curve of GTT plots. N = 5, mean  S.E.M, **p<0.01. Full images of Western blots are shown in 

supplementary Fig. 6. 
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proBDNF-induced apoptosis/necroptosis in adipocytes 

required sortilin expression 

 

To investigate the roles of pro-BDNF in adipose tissue 

dysfunction, we treated adipocytes differentiated from 

C3H10T1/3 cells with pro-BDNF. Interestingly, pro-

BDNF treatment increased sortilin protein levels as well 

as markers of apoptosis (cleaved caspase 3) and 

necroptosis [phosphor-receptor-interacting protein kinase 

3 (RIP3)) (Fig. 5A). Flow cytometric detection of 

Annexin V further demonstrated the induction of 

apoptosis by pro-BDNF treatment (Supplementary Fig. 

11). siRNA knockdown of sortilin expression in 

differentiated adipocytes prevented proBDNF-induced 

apoptosis, supporting the importance of sortilin 

expression in proBDNF-mediated signaling during 

adipose tissue aging (Fig. 5B). Next, we examined the cell 

surface localization of sortilin as a receptor and found its 

localization in the plasma membrane was increased by 

proBDNF treatment (Fig. 5C).  

 

 
 

Figure 7. PDGFR + cell-specific KO reduced apoptosis and necroptosis in eWAT of mice with advanced age. (A) 

Quantitative PCR analysis of eWAT of BDNFpdgfra KO and WT mice at the indicated ages. (n = 5, mean  S.E.M, *p<0.05, 

**p<0.01, ***p<0.001). (B) Immunostaining of F4/80 in paraffin sections of eWAT of BDNFpdgfra KO and WT mice. DAPI was 

used as a nuclear counterstain. (C) Immunoblot analysis of apoptosis/necroptosis makers in eWAT of BDNFpdgfra KO and WT 

mice. (D) Immunoblot analysis of sortilin expression in plasma membrane fractions of eWAT of WT and BDNFpdgfra KO mice 
(n = 5, means ± SEM). Full images of Western blots are shown in supplementary Fig. 7. 
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PDGFRA+ cell-specific BDNF knockout prevented 

aging-related phenotypes in eWAT 

 

To further study the in vivo physiological function of 

BDNF in adipose tissue, we established PDGFRA+ cell- 

specific knockout of BDNF (BDNFPdgfra KO mice). 

Additionally, we used tamoxifen-inducible Cre/Lox 

system to avoid potential developmental effect of BDNF 

deletion. Upregulation of pro-BDNF expression in eWAT 

during aging was prevented by PDGFRA+ cell-specific 

BDNF knockout (Fig. 6A). In addition, the age-related 

reduction in TH expression was not observed in 

BDNFPdgfra KO mice (Fig. 6A and S12). Moreover, 

immunoblot analysis and qPCR analysis demonstrated 

that aging-related reduction in mitochondrial marker 

expression and increase in senescence marker expression 

(i.e. p16, p21 and TNF) in eWAT was attenuated in 

PDGFRA+ cell-specific BDNF KO mice (Fig. 6A, 6B and 

6C). Furthermore, the reduction in telomere length by 

aging was attenuated in BDNFPdgfra KO mice 

(Supplementary Fig. 13). 

Next, PDGFRA+ adipocyte progenitors were isolated 

from eWAT of 18-month-old mice by MACS and 

cultured using standard adipogenic differentiation media. 

BODIPY and Oil Red O staining indicated that 

progenitors from eWAT of BDNFPdgfra KO mice 

possessed higher adipogenic differentiation potential than 

wild type controls (Fig. 6D and S14). Although there was 

no significant difference in basal energy expenditure 

between WT and BDNFPdgfraKO mice (Supplementary 

Fig. 15), intraperitoneal glucose tolerance tests 

demonstrated that aging-related insulin resistance was 

prevented by PDGFRA+ cell-specific BDNF KO (Fig. 

6E). Furthermore, BDNFPdgfra KO mice showed reduced 

expression of inflammatory markers and infiltration of 

F4/80+ cells in eWAT of BDNFPdgfra KO mice, compared 

to wild type control conditions (Fig. 7A, 7B and 

supplementary Fig. 16). Reduction in inflammatory 

markers were correlated with reduction in expression 

levels of apoptosis/necroptosis markers (Fig. 7C and 

supplementary Fig. 17) and cell surface localization of 

sortilin in eWAT of 18-month-old BDNF KO mice, 

compared to WT counterparts (Fig. 7D). Collectively, 

these results suggested that inhibition of BDNF 

expression in adipocyte progenitors is potentially 

beneficial to prevent age-related adipose tissue 

dysfunction. 

 

DISCUSSION 

 

Current study identified age-dependent increase of pro-

BDNF expression in PDGFR+ adipocyte progenitors and 

focused on the role of progenitor-derived BDNF in 

adipose tissue aging. Our data indicated that progenitor-

derived pro-BDNF expression negatively regulated the 

sympathetic innervation and consequently affected 

metabolic and immune function of visceral adipose tissue 

of aged mice. 

Two major mechanisms of action of BDNF on energy 

metabolism have been described as: 1) effect thorough 

central nervous system such as regulation of feeding 

behaviors, and 2) direct effect on peripheral tissue [31]. 

Overall, treatment with recombinant BDNF was 

beneficial to treat obesity and diabetes in rodent models 

[32-34]. The findings from the current work would add an 

important aspect of adipose tissue-derived pro-BDNF 

expression, playing a key role in adipose tissue aging. 

Furthermore, our data suggested that progenitor-specific 

reduction in pro-BDNF expression would be a promising 

strategy to prevent and treat chronic disorders related to 

adipose tissue aging, such as type II diabetes. Although 

we have demonstrated beneficial effects of PDGFRA+ 

cell-specific BDNF knockout, the current study did not 

examine the effects of overexpression of pro-BDNF in 

adipose tissue dysfunction in vivo. Further studies of pro-

BDNF introduction in eWAT by genetic engineering 

would be required to improve our understanding of 

pathophysiologic roles of pro-BDNF expression.  

Several studies have investigated the roles of BDNF 

in aging-associated dysfunction, especially in relation to 

neurological disorders[35]. For instance, enhancement of 

BDNF expression in the hippocampus has been a 

promising strategy to treat Alzheimer’s disease in mouse 

models[36]. However, studies of age-related pro-BDNF 

expression in various organs are currently lacking. Future 

investigations are needed to characterize tissue-specific 

roles of pro-BDNF expression in aging-related disease 

models.  

Sortilin belongs to a family of vacuolar protein 

sorting 10 protein (VPS10P)-domain receptors that 

mediates vesicular trafficking [37]. Although it was 

originally identified in the brain, Sortilin 1 is expressed in 

other metabolically active tissues such as the liver, 

adipose tissue and muscle [37]. It functions as a receptor 

of proBDNF and typically induces neuronal apoptosis 

during development, pathological conditions and aging 

[37]. Consistent with its roles in neuronal viability, the 

current study demonstrated that sortilin expression in 

adipocytes was required for an apoptotic response to pro-

BDNF. Previous studies have reported that sortilin 

deficiency prevents metabolic dysfunction caused by diet 

induced obesity [38]. Additionally, sortilin has been 

suggested to be involved in the regulation of Glut4 

trafficking and the insulin sensitivity of adipocytes. In the 

present study, we speculated that an aging-induced 

increase in the plasma membrane localization of sortilin 

might impair retrograde transport of Glut4 and 
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consequently result in dysregulation of the insulin 

responsive Glut4 compartment in adipocytes. 

One of interesting findings from this study was the 

identification of PDGFR+ progenitors as the cellular 

sources of the increased pro-BDNF expression in adipose 

tissue with increasing age. Thus, this study focused on the 

effect of progenitor-derived BDNF expression on adipose 

tissue aging. This finding might be related to the loss of 

adipogenic potential of adipocyte progenitors in aged 

adipose tissue [7]. Although it is not investigated in this 

study, it would be informative to study the effect of pro-

BDNF expression on the alteration of progenitor 

proliferation and differentiation potential and the 

underlying mechanisms. Furthermore, it would be 

interesting to investigate the roles of BDNF in other 

organs in the context of stem cell aging.  

The expression of pro-BDNF in adipose tissue was 

specific to visceral adipose tissue, eWAT. Thus, the 

current work suggested that pro-BDNF may lead to 

visceral adipose tissue-specific dysfunction with aging. 

Adipose tissue can be found in various anatomical 

locations and its function varies depending on the depots 

[7]. For example, subcutaneous adipose tissue possesses 

higher potential to be converted into catabolic 

brown/beige adipose tissue upon thermogenic stimuli 

[26]. In addition, insulin sensitivity of subcutaneous 

adipose tissue contributes to metabolic health by 

preventing ectopic lipid accumulation and subsequent 

lipotoxicity [7]. On the other hand, increased mass in 

visceral adipose tissue represents a risk factor for 

metabolic syndrome [1]. Likewise, changes in fat 

distribution with aging correspond to the pattern observed 

in metabolically unhealthy obesity, namely, increased 

ratio of visceral to subcutaneous adipose tissue [11]. It is 

important for future study to address the role of BDNF 

expression in adipose tissue distribution and depot-

specific effect of progenitor derived-BDNF expression.  

Collectively, these results identified upregulation of 

pro-BDNF expression in adipocyte progenitors as a 

feature of adipose tissue aging and suggested that 

inhibition of BDNF expression in adipocyte progenitors is 

potentially beneficial to prevent age-related adipose tissue 

dysfunction. 

 

Acknowledgments  

 

This research was supported by Basic Science Research 

Program through the National Research Foundation of 

Korea (NRF) funded by the Ministry of Education (NRF-

2014R1A6A3A04056472, 2019R1C1C1002014, 2018 

R1A5A2024425) and the Bio & Medical Technology 

Development Program of the NRF funded by the Korean 

government (MSIP&MOHW) (No. NRF-2016M3A9D 

5A01953818, 2013M3A9D5072550))  

 

 

Competing interests 

 

The authors state no conflict of interest.  

 

Supplementary Materials  

  

The Supplemenantry data can be found online at: 

www.aginganddisease.org/EN/10.14336/AD.2019.0810.     

 

References 

 
[1] Stout MB, Justice JN, Nicklas BJ, Kirkland JL (2017). 

Physiological Aging: Links Among Adipose Tissue 

Dysfunction, Diabetes, and Frailty. Physiology 

(Bethesda), 32:9-19. 
[2] Houtkooper RH, Argmann C, Houten SM, Canto C, 

Jeninga EH, Andreux PA, et al. (2011). The metabolic 
footprint of aging in mice. Sci Rep, 1:134. 

[3] Stout MB, Tchkonia T, Pirtskhalava T, Palmer AK, List 
EO, Berryman DE, et al. (2014). Growth hormone action 

predicts age-related white adipose tissue dysfunction and 

senescent cell burden in mice. Aging (Albany NY), 
6:575-586. 

[4] Villaret A, Galitzky J, Decaunes P, Esteve D, Marques 
MA, Sengenes C, et al. (2010). Adipose tissue 

endothelial cells from obese human subjects: differences 
among depots in angiogenic, metabolic, and 

inflammatory gene expression and cellular senescence. 
Diabetes, 59:2755-2763. 

[5] Bahler L, Verberne HJ, Admiraal WM, Stok WJ, Soeters 

MR, Hoekstra JB, et al. (2016). Differences in 
Sympathetic Nervous Stimulation of Brown Adipose 

Tissue Between the Young and Old, and the Lean and 
Obese. Journal of Nuclear Medicine, 57:372-377. 

[6] Martyniak K, Masternak MM (2017). Changes in 
adipose tissue cellular composition during obesity and 

aging as a cause of metabolic dysregulation. Exp 

Gerontol, 94:59-63. 
[7] Tchkonia T, Morbeck DE, Von Zglinicki T, Van Deursen 

J, Lustgarten J, Scrable H, et al. (2010). Fat tissue, aging, 
and cellular senescence. Aging Cell, 9:667-684. 

[8] Schosserer M, Grillari J, Wolfrum C, Scheideler M 
(2018). Age-Induced Changes in White, Brite, and 

Brown Adipose Depots: A Mini-Review. Gerontology, 

64:229-236. 
[9] Baker DJ, Wijshake T, Tchkonia T, LeBrasseur NK, 

Childs BG, van de Sluis B, et al. (2011). Clearance of 
p16Ink4a-positive senescent cells delays ageing-

associated disorders. Nature, 479:232-236. 
[10] Nisoli E, Tonello C, Carruba MO (1998). Nerve growth 

factor, beta3-adrenoceptor and uncoupling protein 1 
expression in rat brown fat during postnatal development. 

Neurosci Lett, 246:5-8. 

[11] Fischer AW, Schlein C, Cannon B, Heeren J, Nedergaard 
J (2018). Intact innervation is essential for diet-induced 

recruitment of brown adipose tissue. Am J Physiol 

http://www.aginganddisease.org/EN/10.14336/AD.2019.0810


 Song H., et al                                                                                                            Role of BDNF in Adipose Tissue Aging    

Aging and Disease • Volume 11, Number 3, June 2020                                                                              587 

 

Endocrinol Metab. 
[12] Festuccia WT, Blanchard PG, Richard D, Deshaies Y 

(2010). Basal adrenergic tone is required for maximal 
stimulation of rat brown adipose tissue UCP1 expression 

by chronic PPAR-gamma activation. Am J Physiol Regul 
Integr Comp Physiol, 299:R159-167. 

[13] Kowianski P, Lietzau G, Czuba E, Waskow M, Steliga A, 

Morys J (2018). BDNF: A Key Factor with Multipotent 
Impact on Brain Signaling and Synaptic Plasticity. Cell 

Mol Neurobiol, 38:579-593. 
[14] Ernfors P, Lee KF, Jaenisch R (1994). Mice lacking 

brain-derived neurotrophic factor develop with sensory 
deficits. Nature, 368:147-150. 

[15] Fundin BT, Silos-Santiago I, Ernfors P, Fagan AM, 
Aldskogius H, DeChiara TM, et al. (1997). Differential 

dependency of cutaneous mechanoreceptors on 

neurotrophins, trk receptors, and P75 LNGFR. Dev Biol, 
190:94-116. 

[16] Rice FL, Albers KM, Davis BM, Silos-Santiago I, 
Wilkinson GA, LeMaster AM, et al. (1998). Differential 

dependency of unmyelinated and A delta epidermal and 
upper dermal innervation on neurotrophins, trk receptors, 

and p75LNGFR. Dev Biol, 198:57-81. 

[17] Biddinger JE, Fox EA (2014). Reduced Intestinal Brain-
Derived Neurotrophic Factor Increases Vagal Sensory 

Innervation of the Intestine and Enhances Satiation. The 
Journal of Neuroscience, 34:10379-10393. 

[18] Mowla SJ, Farhadi HF, Pareek S, Atwal JK, Morris SJ, 
Seidah NG, et al. (2001). Biosynthesis and post-

translational processing of the precursor to brain-derived 

neurotrophic factor. J Biol Chem, 276:12660-12666. 
[19] Sun Y, Lim Y, Li F, Liu S, Lu JJ, Haberberger R, et al. 

(2012). ProBDNF collapses neurite outgrowth of 
primary neurons by activating RhoA. PLoS One, 

7:e35883. 
[20] Teng HK, Teng KK, Lee R, Wright S, Tevar S, Almeida 

RD, et al. (2005). ProBDNF induces neuronal apoptosis 
via activation of a receptor complex of p75NTR and 

sortilin. J Neurosci, 25:5455-5463. 

[21] Lee YH, Petkova AP, Mottillo EP, Granneman JG (2012). 
In vivo identification of bipotential adipocyte 

progenitors recruited by beta3-adrenoceptor activation 
and high-fat feeding. Cell Metab, 15:480-491. 

[22] Kim SN, Kwon HJ, Im SW, Son YH, Akindehin S, Jung 
YS, et al. (2017). Connexin 43 is required for the 

maintenance of mitochondrial integrity in brown adipose 

tissue. Sci Rep, 7:7159. 
[23] el Bouazzaoui F, Henneman P, Thijssen P, Visser A, 

Koning F, Lips MA, et al. (2014). Adipocyte telomere 
length associates negatively with adipocyte size, whereas 

adipose tissue telomere length associates negatively with 
the extent of fibrosis in severely obese women. Int J Obes 

(Lond), 38:746-749. 

[24] Lee YH, Petkova AP, Konkar AA, Granneman JG (2015). 
Cellular origins of cold-induced brown adipocytes in 

adult mice. Faseb j, 29:286-299. 

[25] Lee YH, Kim SN, Kwon HJ, Maddipati KR, Granneman 
JG (2016). Adipogenic role of alternatively activated 

macrophages in beta-adrenergic remodeling of white 
adipose tissue. Am J Physiol Regul Integr Comp Physiol, 

310:R55-65. 
[26] Lee YH, Kim SN, Kwon HJ, Granneman JG (2017). 

Metabolic heterogeneity of activated beige/brite 

adipocytes in inguinal adipose tissue. Sci Rep, 7:39794. 
[27] Nykjaer A, Lee R, Teng KK, Jansen P, Madsen P, Nielsen 

MS, et al. (2004). Sortilin is essential for proNGF-
induced neuronal cell death. Nature, 427:843-848. 

[28] Howard L, Wyatt S, Nagappan G, Davies AM (2013). 
ProNGF promotes neurite growth from a subset of NGF-

dependent neurons by a p75NTR-dependent mechanism. 
Development, 140:2108-2117. 

[29] Dieni S, Matsumoto T, Dekkers M, Rauskolb S, Ionescu 

MS, Deogracias R, et al. (2012). BDNF and its pro-
peptide are stored in presynaptic dense core vesicles in 

brain neurons. J Cell Biol, 196:775-788. 
[30] Mizui T, Ohira K, Kojima M (2017). BDNF pro-peptide: 

a novel synaptic modulator generated as an N-terminal 
fragment from the BDNF precursor by proteolytic 

processing. Neural Regen Res, 12:1024-1027. 

[31] Marosi K, Mattson MP (2014). BDNF mediates adaptive 
brain and body responses to energetic challenges. Trends 

Endocrinol Metab, 25:89-98. 
[32] Tsuchida A, Nonomura T, Ono-Kishino M, Nakagawa T, 

Taiji M, Noguchi H (2001). Acute effects of brain-
derived neurotrophic factor on energy expenditure in 

obese diabetic mice. International Journal Of Obesity, 

25:1286. 
[33] Tsuchida A, Nakagawa T, Itakura Y, Ichihara J, Ogawa 

W, Kasuga M, et al. (2001). The effects of brain-derived 
neurotrophic factor on insulin signal transduction in the 

liver of diabetic mice. Diabetologia, 44:555-566. 
[34] Nakagawa T, Tsuchida A, Itakura Y, Nonomura T, Ono 

M, Hirota F, et al. (2000). Brain-derived neurotrophic 
factor regulates glucose metabolism by modulating 

energy balance in diabetic mice. Diabetes, 49:436-444. 

[35] Shetty AK, Kodali M, Upadhya R, Madhu LN (2018). 
Emerging Anti-Aging Strategies - Scientific Basis and 

Efficacy. Aging Dis, 9:1165-1184. 
[36] Choi SH, Bylykbashi E, Chatila ZK, Lee SW, Pulli B, 

Clemenson GD, et al. (2018). Combined adult 
neurogenesis and BDNF mimic exercise effects on 

cognition in an Alzheimer's mouse model. Science, 361. 

[37] Nykjaer A, Willnow TE (2012). Sortilin: a receptor to 
regulate neuronal viability and function. Trends Neurosci, 

35:261-270. 
[38] Rabinowich L, Fishman S, Hubel E, Thurm T, Park WJ, 

Pewzner-Jung Y, et al. (2015). Sortilin deficiency 
improves the metabolic phenotype and reduces hepatic 

steatosis of mice subjected to diet-induced obesity. J 

Hepatol, 62:175-181. 
  

 


