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Abstract 

Background:  

Combination of increased physical exercise and hypocaloric diet has long been recognized to improve 

cardiometabolic health and adipose tissue function, including lipid turnover. How such lifestyle 

interventions mediate benefits at the cellular level remains unknown. Given the critical role of 

subcutaneous white adipose tissue (scWAT) to systemic metabolic homeostasis, we set out to 

interrogate how exercise and diet lifestyle intervention impacted scWAT in individuals living with 

obesity, with a particular focus on lipolytic capacity and cell-specific gene profiling. 

 

Methods: 

Single nuclei RNA sequencing (snRNAseq) was performed on cryopreserved scWAT biopsies 

originally collected before and after lifestyle intervention, involving regular exercise and hypocaloric 

diet in obese individuals. Findings on regulation of lipolysis in adipocytes were followed up with 

meta-analysis of clinical studies and pharmacological experiments in mature human adipocytes. 

 

Results: 

snRNAseq analysis revealed intervention-induced changes in all scWAT cell-types. In adipocytes 

genes linked to protein and organelle turnover, branch chain amino acid catabolism, and lipolytic 

control were most significantly regulated. We identified a cell autonomous brake on adipocyte 

lipolysis via the neuropeptide Y receptor 1 (NPY1R). Expression of adipocyte NPY1R was reduced 

after weight loss and correlated positively with body fat percentage and body mass index. Findings 

were confirmed in meta-analysis across 23 studies. Finally, we found a negative correlation between 

NPY1R and beta-adrenergic-induced lipolysis and that NPY dose-dependently attenuated lipolysis 

and cAMP-signaling in primary human subcutaneous adipocytes.  

 

Conclusions: 

Our work suggests that decreases in adipocyte NPY1R during weight loss boost lipolytic capacity 

and contribute to improved systemic cardiometabolic health.  
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Introduction  

Despite the pharmacological breakthroughs for weight loss heralded by the GLP-1R agonists, 

obesity and its associated co-morbidities remain a global health crisis. Moreover, the current 

approved medications and most late-stage candidates in development focus mainly on appetite via 

neuronal pathways. Adipose tissues play a crucial role in cardiometabolic health through functions 

such as the safe storage and release of lipids, insulin sensitivity, and endocrine signaling [1]. 

Breakdown in these functions, as associated with obesity and lipodystrophies, is linked to 

dyslipidemia, insulin resistance, and type 2 diabetes (T2D) [2-6]. Notably, rescuing adipose tissue 

functionality, even without weight loss, in these pathological states is capable of reversing whole-

body metabolic derangements, as evidenced by the Thiazolidinedione (TZD) class of T2D 

medications [2, 7]. Thus, collective clinical and genetic evidence [8-12] place adipose tissue at a 

pivotal tipping point on the scale dictating cardiometabolic health versus disease progression in 

obesity. 

 

Adipose tissue is a key component in systemic lipid homeostasis through the regulated balance of 

uptake and lipolytic-driven release of fatty acids. Disrupting the lipolytic side of the axis has 

detrimental consequences [13] and leads to increased blood triglycerides and decreased HDL 

cholesterol levels [14]. A longitudinal clinical study from Arner and colleagues found that 

individuals who had lower expression of lipolysis-regulating genes in adipose tissue and inefficient 

lipolytic capacity gained more weight over a 13-year period [15]. Furthermore, the study reported 

that at baseline, individuals with high basal and low hormone-stimulated lipolysis were more 

predisposed for future development of insulin resistance [15]. Thus, understanding how adipose 

tissue biology and lipolytic dynamics can be modulated by different interventional contexts could 

help identify targetable approaches that improve long-term health following weight loss, sustain 

glucose and lipid homeostasis, and mitigate weight rebound. 
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Results 

Mapping the impact of lifestyle intervention on adipose tissue with single 

cell resolution 

The combination of reduced caloric intake and increased physical activity is a well-established 

paradigm for improving adipose tissue function and whole-body metabolic health [16-18]. Yet 

how such interventions impact the diverse cell populations comprising adipose depots remain 

largely unknown. Given the heterogeneity of adipose tissue [19, 20], we used single nuclei RNA 

sequencing (snRNAseq) to interrogate cell-specific changes in scWAT following a lifestyle 

intervention. We took advantage of a previous study, conducted by Bruun and colleagues in 2006 

[17], in which scWAT biopsies were taken from 27 volunteers before and after 15-weeks of 

hypocaloric dieting (intake calculated to result in approx. 1% weight loss per week) and physical 

activity (2-3 hours of moderate intensity activity 5 times per week). We prepared nuclei and 

performed snRNAseq on frozen biopsies from 10 participants selected based on amount of material 

(n = 5 men and n = 5 women). Within this gender-balanced group, lifestyle intervention 

significantly improved several parameters of cardiometabolic health, including lowering BMI, 

waist circumference, fat percentage, blood leptin levels, increasing glucose tolerance and VO2 max 

(Figure 1A). We mapped a total of 57,498 adipose nuclei from all participants samples before and 

after the intervention, with one exception where the RNA quality of one of the follow-up samples 

was too low to proceed with snRNAseq. The UMAP presented in Figure 1B contains an average 

of 3,026 ± 224 nuclei per sample (± standard error of the mean (SEM)) (min. 324 nuclei sample L 

“after” and max. 4,735 nuclei sample T “after”). The nuclei in the samples contain an average of 

2,719 ± 118 gene per nuclei (± SEM) (min. 1,565 genes/nuclei sample B “before” and max. 3,498 

genes/nuclei sample O “before”). 

 

These nuclei were grouped into 12 cell-class specific clusters, based on their expression of key 

marker genes described in previously published work on scRNAseq, snRNAseq, and spatial 

transcriptomics from adipose tissue (Figure 1B and 1C). The different cell types contributed at 

varying levels to the total number of cells in adipose tissue (Figure 1D). We profiled 10,144 nuclei 

from adipocytes (average of total cells: 17.8%, min: 7.7% , max: 26.6%), 18,632 adipocyte 

progenitor nuclei (average of total cells: 32.5%, min: 23.0% , max: 45.1%), 14,334 endothelial 

nuclei (average of total cells: 25.1%, min: 12.9% , max: 33.4%), 10,159 nuclei from immune cells 
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(average of total cells: 17,5%, min: 7,3% , max: 43,7%), 2,685 pericyte nuclei (average of total 

cells: 4.5%, min: 1.2% , max: 8.3%) and 1,655 nuclei isolated from smooth muscle cells (average 

of total cells: 2.6%, min: 0.1% , max: 9.6%). The cellular composition of each sample was similar 

between donors and between conditions. Over this relatively short intervention period, we did not 

observe significant changes in cell type fraction before and after lifestyle intervention (see 

Supplementary figure 1) and the overall distribution of nuclei in the different clusters were 

comparable to the snRNAseq atlas reported by Emont et al. 2022 [19] and Massier et al. 2023 [21].  

Differential expression analysis of adipose tissue after lifestyle 

intervention highlights control of adipocyte lipolysis  

Differential expression analysis was performed on all cell-type clusters comparing before and 

after the intervention. Across all clusters, we identified 10,794 differentially expressed genes 

(DEG) (adjusted p-value < 0.05) (Figure 2), amongst these we found 2,471 genes that were 

significantly decreased after intervention (adjusted p-value < 0.05, and average log2 fold change < 

0) and identified 8,323 genes that were significantly increased by the lifestyle intervention 

(adjusted p-value < 0.05, and average log2 foldchange > 0) (Figure 2). These snRNAseq findings 

reveal robust changes within the adipose tissue following lifestyle intervention with cellular 

resolution. We identified DEG in all cell-type clusters (Figure 2, gene list Supplementary data 

in excel file), demonstrating that the lifestyle intervention broadly impacts the heterogenous cell 

populations within adipose tissue. In particular, the high number of detected genes in the 

macrophage populations could be indicative of a functional shift between the cells inside the 

cluster that signifies a change in inflammatory status (Figure 2). This provides an improved high-

resolution understanding of the original observations from this cohort [17]. Interestingly, we 

detected relatively few DEG from the arteriolar endothelial cells compared to the other endothelial 

cell populations, suggesting that any alterations in vessel function might be driven more by 

changes on the nonarterial side of the vascular network (Figure 2). 

 

The cell-type with the most DEG was adipocytes with a total of 4,920 identified genes. Of these, 

4,612 genes displayed increased expression (Supplementary data in excel file), whereas 388 

genes were downregulated (Supplementary data in excel file). Using DAVID functional 

annotation analysis, we then identified KEGG pathways that were significantly differentially 

regulated (Table 1). KEGG analysis of the intervention-induced genes successfully mapped 1,901 

of the uploaded genes, representing 41.8% of the total gene list, and resulted in 118 identified 
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pathways (Table 1). The top upregulated pathway “Autophagy - animal” (hsa04140) along with 

the tenth most significantly increased pathway “Mitophagy - animal” (hsa04137) suggested a 

potential increased turnover in cells following weight loss. The second and fifth most upregulated 

pathways “Valine, leucine, and isoleucine degradation” (hsa00280) and “Propanoate metabolism” 

(hsa00640) both support catabolism of branch chain amino acids (BCAAs). BCAAs are among 

the metabolites most strongly positively correlated with insulin resistance and type 2 diabetes [22]. 

Therefore, our snRNAseq findings of a significant increase in genes linked to BCAA breakdown, 

together with the observed induction of the “Insulin signaling pathway” (hsa04910) (i.e. the 

seventh most induced pathway), collectively support a mechanism through which the adipose 

tissue could contribute to the improved glucose control, reported in the original study [17]. 

 

In the analysis of the genes with decreased expression after lifestyle intervention (Supplementary 

data in excel file), we identified and successfully mapped 189 unique genes (49.0% of the total 

uploaded genes) to KEGG pathways (Table 1). The most downregulated pathway following the 

diet and exercise-based intervention was the “Regulation of lipolysis in adipocytes” (hsa04923), 

which in combination with the downregulation of genes linked to “Insulin Resistance” (hsa04931) 

also supports improved glucose homeostasis. The pathway “Regulation of lipolysis in adipocytes” 

was based on the intervention-suppressed expression of 7 genes, INSR, NPY1R, AQP7, ADCY6, 

GNAI1, MGLL, and PNPLA2. Interestingly, neuropeptide Y receptor 1 (NPY1R) is a Gi-coupled 

receptor that has been reported to inhibit adenylate cyclase through the G protein subunit alpha i1 

(GNAI1) [23]. The significant decrease in both NPY1R and GNAI1 suggests that downregulation 

of NPY1R signaling in adipocytes could be important for intervention-mediated improvements. 

An NPY-NPY1R signaling axis in human subcutaneous adipocytes  

Recent work has functionally linked NPY1R to mural cells in mouse thermogenic adipose tissue 

[24]. While its expression has also been reported in human scWAT [25, 26] , the cell-specific 

distribution of NPY1R expression in human adipose depots remains unresolved. Our snRNAseq 

findings demonstrate that NPY1R levels are most robustly enriched in the mature adipocyte and 

smooth muscle cell population (Figure 3A). Moreover, this is consistent with earlier profiling of 

scWAT [19, 25, 26]. NPY1R is the predominant family member expressed in adipose tissue as we 

could not detect NPY2R mRNA and both NPY4R and NPY5R displayed very low expression across 

all cell-types (Figure 3B). We also did not detect any significant expression of ligands for this 

family of receptors, including neuropeptide Y (NPY), peptide YY (PYY) or pancreatic polypeptide 
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(PPY) (Figure 3B). This suggests that the source of the neuropeptide ligand for NPY1R comes 

from outside the tissue or via neurons, rendering single cell or nuclei RNAseq approaches to study 

scWAT unable to capture mRNA expression of the ligand. An analogous paradigm was recently 

reported for oxytocin receptor signaling in adipose tissue [27]. Thus, our findings show that 

NPY1R expression is highly specific for adipocytes and smooth muscle cells.  

 

NPY1R can be activated by full-length NPY or PYY but not PPY. NPY1R requires the N-terminal 

residues of the ligands and, therefore, is not fully activated by truncated NPY or PYY (3-36) [28, 

29]. Consequently, given that the majority of circulating PYY is truncated by tissue-resident 

peptidase, DPP4, to PYY 3-36 [30], the predominant in vivo ligand for NPY1R is NPY. NPY4R 

is activated predominantly by PPY with some activity from NPY and NPY5R can be activated by 

NPY, PYY, and NPY 3-36 [31, 32]. However, the relatively low expression of both NPY4R and 

NPY5R in scWAT cell populations suggests that these receptors are not playing a direct role in 

tissue function. To that end, we did detect full-length amidated NPY in human adipose tissue using 

a separate, independent donor cohort (Figure 3C) interestingly NPY has also been detected in 

mouse epididymal and subcutaneous fat [33]. Conversely, we were unable to detect PPY or PYY 

at the protein level in adipose tissue biopsies, supporting the model whereby NPY-NPY1R is the 

primary signaling axis in human scWAT. 

 

Earlier studies demonstrated that NPY is co-transmitted with norepinephrine (NE) from 

noradrenergic neurons [34, 35]. Perivascular and parenchymal NPY-containing sympathetic 

neurons have been reported in white adipose tissue of rats [36, 37]. Using a double staining 

approach to image NPY1R mRNA and protein gene product 9.5 (PGP9.5), a highly specific 

neuronal marker [38], we identified parenchymal expression of NPY1R mRNA in close proximity 

to PGP9.5 (Figure 4A and close-up Figure 4B). Signal specificity was assessed in the perivascular 

neurons, by performing double staining, substituting NPY1R mRNA with Rhodopsin mRNA in 

the presence of PGP9.5. For PGP9.5, we verified signal specificity by omission of antibody and 

with an isotype control (Figure 4C-F & J). NPY1R mRNA expression was located inside and in 

close proximity to nuclei of cells staining positive for Perilipin 1 (PLIN1), an adipocyte marker 

(Figure 4G) [21], whereas PGP9.5 was dispersed in the parenchyma of the tissue located around 

the PLIN1-positive cells (Figure 4H). PGP9.5 signal was also detected in perivascular neurons 

(Figure 4I). The histological examination of NPY1R mRNA demonstrates that NPY1R is 

expressed by adipocytes in close proximity to PGP9.5-positive neurons (Figure 4B). Taken 
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together, our data show an NPY-NPY1R paracrine signaling axis between neurons and human 

subcutaneous adipocytes.  

Clinical correlation of NPY1R in human adipose tissue during weight loss 

To further interrogate the potential clinical relevance of NPY1R in scWAT, we investigated 

spearman correlations of NPY1R mRNA with the metadata from the original study by Bruun et al. 

2006 [17]. In the adipocyte cluster from the snRNAseq (from Figure 1A), NPY1R mRNA levels 

were positively correlated with BMI (linear regression analysis R2 = 0.2139, p-value = 0.0462, 

Figure 5A), body fat percentage (linear regression analysis R2 = 0.4463, p-value = 0.0018, Figure 

5B), and waist circumference (linear regression analysis R2 = 0.2850, p-value = 0.0186, Figure 

5C). In the data we also found a significant correlation between NPY1R mRNA and leptin levels 

(linear regression analysis R2 = 0.2460, p-value = 0.0429, Figure 5D), which could suggest a direct 

coupling to adipocyte function. Collectively, these correlations between NPY1R and various 

clinical biometric parameters are consistent with the observed downregulation of NPY1R 

following lifestyle intervention-induced weight loss. 

 

In order to further investigate the involvement of adipose tissue NPY1R in cardiometabolic health 

we sought to the evaluate our findings across 23 independent studies compiled on the Adipose 

Tissue Knowledge Portal (ATKP, adiposetissue.org) [39]. Using the ATKP, we found that NPY1R 

expression levels were significantly reduced following bariatric surgery and dietary intervention 

(Figure 5E), supporting our findings from lifestyle intervention. Moreover, we confirmed the 

clinical correlations to BMI, waist circumference, and WAT LEP secretion, as well as several new 

associations, including circulating insulin and HOMA-IR (Figure 5F-I). The ATKP further 

showed that NPY1R mRNA expression is positively associated with fat cell volume (Figure 5J) 

and negatively correlated with isoproterenol-induced lipolysis (Figure 5K), suggesting that 

NPY1R signaling has a negative effect on release of free fatty acids from adipocytes [15, 39-60]. 

This is in line with NPY1R being a Gi-coupled receptor that inhibits cAMP production and thereby 

lipolysis activation.  

 

Next, we functionally assessed the effects of NPY on isolated mature human subcutaneous white 

adipocytes. We found that NPY effectively reduced isoproterenol-induced lipolysis in freshly 

isolated adipocytes from 3 different donors (Figure 6A-C). These findings were confirmed in 3D 

culture by measuring the relative cAMP levels following 1 hour of stimulation with isoproterenol 
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in the presence or absence of NPY co-administration (Figure 6D-G). The measurements on 

cultured adipocytes were done using material from four different donors. Our analysis 

demonstrates that NPY causes a dose-dependent decrease in inducible lipolysis and cAMP 

signaling in human adipocytes. These data are consistent with earlier studies on immortalized 

murine white adipocytes [61, 62] and ex vivo human scWAT biopsies [63, 64].  

Thus, our collective findings reveal that NPY-NPY1R signaling in human white subcutaneous 

white adipocytes attenuates beta-adrenergic responsiveness. This paracrine axis is elevated under 

obesogenic conditions and reduced after lifestyle intervention-mediated weight loss, making it an 

appealing target for exploring pharmacological approaches that antagonize adipocyte NPY1R for 

cardiometabolic health.  

Discussion 

Our data represents the first snRNAseq map resolving how a diet and exercise weight loss regimen 

shapes the cellular landscape of human adipose tissue. The pathways we found regulated in 

adipocytes suggest an adaptive biological change that improves responsiveness to external 

lipolytic signals. In our studies, we measured a comparable distribution of nuclei across cell types 

before and after the lifestyle intervention, consistent with previously reported snRNAseq analyses 

of human adipose tissue [19]. However, a recent study by Miranda et al. [65], in which snRNAseq 

was performed on scWAT before and after bariatric surgery-induced weight loss, detected major 

shifts in cell populations. In our study these shifts were not detected, which is likely due the 

difference in timing between the two studies: the study we analyzed, from Bruun et al. [17], was a 

15-week lifestyle intervention whereas Miranda et al. [65] collected samples a minimum of 5-

months post bariatric surgery (median 7, range 5–18 months). This could also explain their 

discovery that long-term weight loss rescues cellular senescence whereas our more acute findings 

uncovered changes in lipolytic control. Also, the subjects in the present trial are younger on 

average than the ones analyzed in Miranda et al. Age is known to have a profound effect on the 

cellular composition, especially with respect to immune cells in adipose tissue [66]. In addition, 

the obtained weight loss varied between the studies, in Miranda et al the median percentage weight 

loss was 22% (range 13–33%) [65], whereas the weight loss was lower in this subset of Bruun et 

al. median percentage WL was 12% (range 4-18%) [17]. 

 

Notably, our use of decades-old bio-banked material also highlights the feasibility and opportunity 

to retroactively interrogate adipose tissue samples from older, well-characterized cohorts. Our 
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FACS-free protocol makes it possible to use samples that have been under long-term storage for 

snRNAseq analysis. The depth of resolution of the single cell transcriptomes also allows 

contextualization of earlier findings and interpretations. For example, the original clinical study 

reported a reduction in adipose tissue macrophage infiltration, as assessed by measurement of 

CD68 and CD14 mRNA levels, which correlated with reduced whole-body inflammation [17]. 

However, accounting for larger sets of transcriptomes instead of select genes, we could not detect 

any clear difference in cellular population induced by the lifestyle intervention. This might suggest 

that while resident macrophages undergo significant adaptation in inflammatory profile during 

weight loss, the absolute cell number remains unchanged. Alternatively, population changes might 

be driven by expression patterns in a small number of genes and/or in a subset of cells within the 

specific clusters. A more fine-tuned approach to analyzing the cell clusters is needed to uncover 

potential cellular trajectories underlying shifts in these sub-populations. 

 

Most strikingly, our snRNAseq data indicate that NPY1R is the predominant NPY receptor in 

human scWAT. We found that NPY1R expression in human adipocytes correlates with BMI 

(Figure 5A & G) and has an inhibitory effect on lipolysis in isolated human adipocytes and on 

cAMP in 3D cultured adipocytes (Figure 6). These findings, supported by previous studies 

Serradeil-Le Gal et al. 2000 [26], suggest that NPY activates adipocyte NPY1R to control lipolysis 

in humans. High levels of NPY1R in human adipocytes are also observed in the data available from 

Emont et al. 2022 [19] and Miranda et al. 2025 [65]. Extracting adipocyte NPY1R expression from 

the latter dataset further revealed substantially increased levels in the adipocytes of the obese 

subset compared to the levels in lean individuals (see Supplementary figure 2) [65]. Interestingly, 

the presence of NPY1R on white adipocytes appears to be a human phenomenon. Using the 

publicly available data from Emont et al. 2022 [19], high levels of NPY1R were detected in human 

but not mouse adipocytes. This species difference adds a layer of complexity to the role of NPY1R 

in adipose tissue. Indeed, a recent report from Zhu et al. 2024 [24] found that, in mice, activation 

of NPY1R in mural cells was critical for sustaining the murine thermogenic adipocyte population 

and promoting energy expenditure.  

 

In accordance with our findings, earlier studies reported that baseline NPY1R expression level was 

predictive for a transcriptome profiling-based model of weight maintenance, Armenise et al. 2017 

[50]. In the model NPY1R is one of multiple parameters including other gene levels and 

anthropometric markers. Furthermore, Armenise et al. 2017 [50] found a reduction in NPY1R 

levels following low caloric diet. Additionally Feng et al. 2022 [67], showed that NPY1R was 
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significantly higher expressed in adipose tissue of children with obesity compared to children 

without obesity and. Hua et al. 2023 [68], found that NPY1R expression is increased in adipose 

tissue in obesity. Our findings along with the collective data reported by these three studies show 

that adipose tissue NPY1R expression increases with the development of obesity (Figure 5) and 

correlates positively with bodyweight. While the cause of bodyweight driven increase in NPY1R 

expression remains to be determined, our data showing that NPY1R signaling interferes with -

adrenergic signaling and induction of lipolysis in human adipocytes, implicates NPY1R in the 

obesity-driven cell autonomous disruption of lipolytic plasticity. In our study, the sensitivity to 

both isoproterenol and to NPY varied between donors. Due to the relatively few donors, we were 

unable to identify underlying mechanisms for this donor variation in the present study. However, 

future studies interrogating the degree of variability on a larger scale could provide a more 

comprehensive picture of the role of adipose tissue NPY-NPY1R signaling in controlling lipid 

release and possibly even affecting the development of obesity. Nevertheless, even in our smaller 

scale study, the fact that a reduced ability to stimulate lipolysis is linked to weight gain and 

deteriorated glucose tolerance [23] place adipocyte NPY1R in a potentially critical axis for 

cardiometabolic health.  

 

We further show, through histological examination of NPY1R mRNA, that NPY1R is expressed 

by adipocytes in proximity to PGP9.5+ neurons. In a recent study, Willows et al. 2021 [69] 

visualized PGP9.5+ neurons in whole-mounted adipose tissue from mice, and identified nerve 

terminals surrounding adipocytes that they denoted as the neuro-adipose nexus. While the present 

data lacks three dimensionality, the NPY1R mRNA and PGP9.5 stain (Figure 4B) are consistent 

with a similar neuro-adipose nexus in human scWAT. Alternatively, the proximity of NPY1R-

expressing adipocytes to PGP9.5+ neurons could be indicative of paracrine signaling via neuronal 

varicosities in addition to or instead of nerve terminals. NPY and beta-adrenergic agonist, NE, are 

co-released from sympathetic neurons [70]. Therefore, the increased expression of NPY1R in 

adipocytes during obesity likely serves as a pathological brake on neuronal stimulation of adipose 

tissue metabolism and here we show that one of the benefits of lifestyle interventions involving 

diet and exercise is to reduce NPY1R in human scWAT. Further characterization of the human 

NPY-NPY1R axis, including how it is regulated in response to increased adiposity, could represent 

a novel, targetable means of correcting lipid metabolism and glucose control, reducing adipose 

tissue mass, and improving overall health outcomes.  
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Ethics 

Samples from Bruun et al. 2006 

For the study of Bruun et al. 2006 [17], informed, written consent was obtained from all subjects, 

and experiments were performed in accordance with the Helsinki II Declaration. The study was 

approved by the Ethical Committee of Copenhagen (KF 01-220/03). In compliance with current 

regulations on General Data Protection Regulation (GDPR), the current project was registered and 

granted approval by The Danish Data Protection Council. All personal data were handled in 

accordance with EU Regulation 2016/679, on the protection of natural persons with regard to the 

processing of personal data and on the free movement of such data. 

Samples from Genoskin 

Human samples of abdominal subcutaneous adipose tissue were purchased from the European 

Genoskin site (Toulouse, France). All donors were volunteering adults who undergo surgery and 

received written and oral information before signing an Informed Consent form to donate the 

residual skin (including adipose tissue) that would otherwise be destroyed. Informed, written 

consent was obtained from all subjects, and experiments were performed in accordance with the 

Helsinki II Declaration. Genoskin has all legal authorizations necessary from the French 

Government and the appropriate Ethics Committee. Genoskin has Biological Sample Transfer 

Agreements with several French hospitals and clinics, in order to comply with all applicable 

regulations for the retrieval and use of human skin tissue for research purposes. For more 

information about Informed Consent, and Biological Sample Transfer Agreements please consult 

Genoskin website, link in reference [71] and [72]. 

Samples for the peptide enrichment analysis. 

For peptide enrichment analysis ten healthy men were recruited for the study. The study was 

approved by the Copenhagen Ethics Committee (Reg. number H-16040740) and performed in 

accordance with the Declaration of Helsinki. Informed written consent was received from each 

participant prior to study inclusion. All subjects were healthy, moderately physically active and 

with no family history of diabetes. The subjects were 27 ± 0.8 (means ± SEM) years old, with a 

body weight of 85 ± 2.5 kg, body mass index (BMI) of 24 ± 0.5 kg/m2.  
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Material and methods 

Adipose tissue biopsies 

The human samples were originally collected in the study of Bruun et al. 2006 [17]. Briefly the 

participants were recruited from Ebeltoft Kurcenter and the original open study included 27 

participants. However, due to limited material 10 of these participants were included in the 

present study. The 10 participants represented in this study were severely obese at project start 

with a mean BMI of 46.0 ± 3.1 kg/m2 and a BMI range of 31.4–63.0 kg/m2, with a 50/50 

female/male ratio. After intervention mean BMI was 40.8 ± 2.8 kg/m2 with BMI range: 27.4–

57.5 kg/m2. These participants took part in 15-weeks of consecutive lifestyle intervention 

consisting of a hypocaloric diet and moderate physical activity. Hypocaloric diet was calculated 

for the specific participant and calculated to reduce the subject’s body weight by approximately 

1% per week. The exercise consisted of 2-3 hours of moderate-intensity physical activity (e.g. 

walking or swimming) 5 days per week. The specific details are reported in Bruun et al. 2006 

[17].  

In the study, body composition was assessed by bioelectric impedance (Quantum X; RJL 

Systems), and the waist circumference was measured at the midpoint between the upper iliac 

crest and lower thoracic rib at the level of the umbilicus [17]. 

Data and human samples were collected before (baseline) and repeated after the 15-weeks of 

lifestyle intervention. At least 6 hours before sampling the subjects were fasting and had not 

engaged in vigorous physical activity. Fasting and inactivity periods were standardized between 

baseline and after intervention. Adipose tissue samples were obtained from the subcutaneous 

abdominal depots as described in a previous study [73]. Briefly the skin was anesthetized with 

lidocaine (10 mg/mL), before a small incision was made and a minimum of 200 mg of adipose 

tissue was removed under sterile conditions. Immediately after removal the adipose tissue was 

washed with isotonic NaCl, snap-frozen in liquid nitrogen and kept at -80 °C. Some of the 

material was removed and used for RNA extraction in the original study [17]. Furthermore, the 

material has contributed to other additional studies, Bruun et al. 2007 [74], Helge et al. 2011 [75] 

and Kristensen et al. 2017 [76]. The remaining material was stored in a temperature monitored -

80 °C freezer until the start of this present study. 
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Isolation of mature human adipocytes 

Isolation of human adipocytes was done from large quantities of human subcutaneous adipose 

tissue. For this purpose we received samples of minimum 100 g, collected by Genoskin from 

volunteering patients who are undergoing surgical intervention, such as abdominoplasty.  

Tissue was processed in pieces of approximately 10 g. Adipose tissue was removed from the 

connective tissue and larger blood vessel by gently scraping the tissue with the back of a closed 

scissor. The larger blood vessels and connective tissue were discarded after scraping, and the 

remaining tissue was minced using a scissor. The processing was repeated until all tissue was 

processed. The minced tissue was transferred to 50 mL conical tubes, transferring approximately 

10 mL tissue to each tube, and 30 mL Degradation buffer (see Supplementary Table 1+2) was 

added to each tube. The tubes were then incubated at 37 °C in a shaking incubator at 130 rpm, 

with an average incubation time of 45 minutes. Incubation time slightly varied due to visual 

inspection of degradation levels every 5 minutes after the 20-minute mark. Digested tissue was 

then filtered through 2 layers of sterile gaze, and transferred to new 50 mL tubes, with addition 

of 20 mL wash buffer (see Supplementary Table 1+2) to stop the degradation. After a few 

minutes the buoyant adipocytes float to the top, separating from the Stromal Vascular Fraction 

(SVF), as described by Rodbell 1964 [77]. The SVF and wash buffer were removed using a 

syringe, and the washing was repeated two additional times, discarding the infranatant each time. 

Adipocytes were then spun at 10 x g for 30 seconds to increase the final concentration the 

remaining wash buffer was removed using a syringe, resulting in 40-70 mL of highly 

concentrated adipocyte suspension (close to 100% adipocytes). The protocol described above 

was based on the protocol by Rodbell 1964 [77] and modified as described Harms et al. 2019 

[78], and the video version [79], with further optimization in our laboratory. 

Measuring release of fatty acids 

Isolated mature human adipocytes (close to 100% adipocytes) were resuspended and diluted in 

Lipolysis Buffer (see Supplementary Table 1+2) to approximately 25% (v/v) adipocyte 

concentration in a 96-well plate (Clear Flat-Bottom Immuno Nonsterile 96-Well Plates 

MaxiSorp, Thermo Scientific cat. 439454). Titration curves with varying doses of ISO or NPY at 

fixed ISO concentration were dissolved in 100 µL Lipolysis Buffer. Adipocytes were stimulated 

with varying concentration of Isoproterenol (ISO) or a fixed ISO dose with varying NPY 

concentration (recombinant full-length human NPY produced at Novo Nordisk) for 1 hour at 37 

°C on a plate-shaker at 400 rpm. 40 µL of media or standard curve dilution (Wako NEFA St. 
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solution stock 1mM) was transferred to a new plate and fatty acids in the media were measured 

using NEFA-HR(2) Assay (FUJIFILM Wako Chemicals). To the 50 µL stimulated media 50 µL 

NEFA-HR(2)R1 was added, plates were incubated for 10 minutes at 37 °C with shaking at 400 

rpm. 25 µL NEFA-HR(2)R2 was added and plates were incubated for 10 minutes at 37 °C. The 

colorimetric assay was measured as optical density at 560 nm on Sunrise absorbance reader 

(Tecan). Interpolated values were reported as means of technical duplicates for each sample with 

error bars representing SEM. 

Encapsulation in HyStem-C Cell Culture Scaffold 

Adipocytes were encapsulated into HyStem-C, a Thiol-Modified Hyaluronan and Gelatin 

Hydrogel (Advanced Biomatrix, cat. no. GS313F). Consisting of thiol-modified hyaluronan 

(Glycosil), thiol-reactive crosslinker, PEGDA (Extralink), and thiol-modified denatured collagen 

(Gelin-S). The vials were reconstituted as per manufacturer’s instructions, in a 37 °C oven 

(atmospheric CO2). Glycosil and Gelin-S were mixed in 1:1 ratio. The required volume (40 

µl/well in 96-well format) of highly concentrated adipocytes (close to 100% adipocytes) were 

placed in a separate tube, and any residual wash buffer was removed. 20 µL/well Glycosil:Gelin-

S mixture was added to the adipocytes resulting in an adipocyte concentration of 50-66% (v/v). 

For 96-well plates 20 µL/well adipoicyte:Glycosil:Gelin-S mixture was added and 5 µL 

Extralink. Following addition of Extralink, plates were gently shaken from side-to-side to mix 

the components. Plates were incubated in an oven at 37 °C (atmospheric CO2) for 60-90 minutes. 

After 10 minutes plates were heavily shaken to ensure adequate mixing and gelation, and 

gelation was assessed after 45 minutes. After gelation 150 µL Adipocyte Culture media (see 

Supplementary Table 1+2) was added. The cells were then incubated in an incubator at 37 °C, 

5% CO2, for approximately a week before usage, with daily media changes. The HyStem-C 

hydrogel has previously been used for human adipocytes in a Tissue-on-Chip culture by Rogal et 

al. 2022 [80], and for static 3D culture by Hong et al. 2014 [81]. 

Measuring cAMP levels 

HyStem-C adipocytes cultured in 96-well format were washed with DPBS, and cAMP starvation 

buffer (see Supplementary Table 1+2) was added. Adipocytes were then incubated for 1-2 

hours at 37 °C, 5% CO2 before stimulation. Following starvation adipocytes were stimulated 

with varying concentration of ISO or a fixed ISO dose with varying NPY concentration 
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(recombinant full-length human NPY produced at Novo Nordisk). Adipocytes were stimulated in 

cAMP Assay buffer (see Supplementary Table 1+2) for 1 hour at 37 °C and 400 rpm shaking. 

Adipocytes were lysed using Lysis & Detection buffer from cAMP Gs dynamic kit (Revvity, cat. 

no. 62AM4PEC) and vigorously mixed by pipetting up and down. Lysate was then incubated for 

15 minutes at 37 °C and 400 rpm shaking. 10 µL of sample was transferred from each well 

carefully avoiding the floating lipids. The continued analysis was run using cAMP Gs dynamic 

kit (Revvity, cat. no. 62AM4PEC) according to manufacturer’s instructions, including dilution of 

standard. Plates were read on a Mithras Microplate reader (Berthold Technologies). HTRF ratio 

was measured and calculated by the Mithras (fluorescence ratio = (Signal 665 nm / Signal 620 

nm) * 10.000). cAMP levels were calculated from the diluted standard as described by the 

manufacturer. Interpolated values were reported as the means of technical duplicates for each 

sample with error bars representing SEM. 

Nuclei isolation and counting 

Nuclei were isolated using a modified version of the Nuclei Isolation Kit: Nuclei PURE Prep 

(Sigma-Aldrich, cat. no. NUC201). The entire protocol was carried out on ice, and the protocol 

used on average ~233 mg of adipose tissue (lowest amount was 200 mg and highest 270 mg), 

which yielded an average 175,000 nuclei per sample in 200 µL (lowest 66,800 nuclei and highest 

254,000 nuclei). The tissue was lysed in 2 mL ice cold Nuclei Lysis Buffer (see Supplementary 

Table 1+2). Briefly chopped into pieces with a scalpel and homogenized for 30 sec at 20,000 

rpm using an ULTRA-TURRAK TP18/10 homogenizer. The homogenized tissue was then lysed 

for 10 minutes, filtered through a 40 µm cell strainer and collected in Eppendorf DNA LoBind 

tubes. The nuclei were then pelleted by centrifugation at 500 x g for 10 min at 4°C. Following 

centrifugation, the supernatant was carefully removed, and the pellet was resuspended in Nuclei 

Wash Buffer (see Supplementary Table 1+2). The process of filtering, centrifugation and 

resuspending was repeated once, followed by a wash without filtering for a total of three washes. 

The lysate was then mixed with 1.8 M Sucrose Cushion Solution (see Supplementary Table 

1+2) resulting to a sucrose solution of ~1.16 M Sucrose. The mixture was then carefully loaded 

on top of 500 µL 1.8 M Sucrose Cushion Solution, and centrifuged at 13,000 x g, at 4°C for 45 

min. The supernatant was then carefully removed, and the nuclei pellet was resuspended in wash 

buffer, centrifuged at 500 x g for 10 min at 4°C, resuspended in wash buffer, and filtered once 

more through a 40 µm filter. Finally, the pellet was resuspended in ~200 µL of wash buffer and 

Jo
urn

al 
Pre-

pro
of



 

counted using NucleoCounter NC-200 (ChemoMetec) to determine nuclei concentration. 

Protocol was loosely based on Martelotto 2020 “Frankenstein” protocol [82]. 

Single nuclei RNAseq using Chromium Next GEM Single Cell 

For isolation of single nuclei RNA, the samples were run using the 10x Genomics Chromium 

Next GEM Single Cell 3ʹ Reagent Kits v3.1 on a 10x Chromium Controller according to 

manufacture’s instructions (protocol version 

“CG000204_ChromiumNextGEMSingleCell3_v3.1_Rev_D”). Before loading the samples, the 

nuclei were diluted to be below 1200 nuclei/µL. The average loading concentration was ~875 

nuclei/µL after dilution (min. 128 nuclei/µL max. 12,700 nuclei/µL) and ~8300 nuclei were 

loaded from each sample for an expected recovery of up to 5000 nuclei/sample. During the run, 

the sample cDNA quality control and quantification was assessed using Bioanalyzer High 

Sensitivity DNA kit (Agilent). The samples were assigned unique sample index sequence sets 

from the Dual Index Kit TT Set A 96 rxns plate, (10x Genomics). Post run the Agilent 

Bioanalyzer High Sensitivity DNA kit was used to estimate fragment size, coupled with a 

concentration measurement on a Qubit 4 Fluorometer (Invitrogen) using the Qubit 1X dsDNA 

HS Assay Kit (Invitrogen). The sample libraries were diluted to the same concentration 5 nM 

dsDNA libraries and were pooled to a single balanced library before sequencing. 

NovaSeq 6000 sequencing 

The libraries were sequenced on an Illumina NovaSeq 6000 sequencing system and run using the 

NovaSeq 6000 S4 Reagent Kit v1.5 (200 cycles) (Illumina). With potentially 16–20 billion 

Paired-end Reads passing filter. This results in a sequencing depth of up to approx. 100.000 

reads per nucleus. The pooled library with nuclei isolated from 20 samples were loaded onto a 

single chip and spiked with 1% PhiX (Illumina). The NovaSeq 6000 was run according to the 

manufacturer’s instructions, with sequencing run set to as described in 

(“CG000204_ChromiumNextGEMSingleCell3_v3.1_Rev_D”).Briefly, we used paired-end, 

single indexing with the following cycle settings: Read 1 at 28 cycles (10x Index and UMI), 8 

cycles (i7 Index), 0 cycles (i5 Index) and Read 2 at 91 cycles. 

Single-nucleus RNA-seq analysis 

BCL files were demultiplexed into FASTQ files using Cellranger mkfastq software (v6.1.1) [83].  
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Salmon Alevin v1.4.0 [84] and Alevin-fry v0.3.0 [85] were used to perform pseudoalignment of 

the FASTQ files to a customized GRCh38 genome (assembly GCF_000001405.26) [86], 

modified into discriminating between mature mRNA and pre-mRNA using the 

make_splici_txome function from alevin-fry-tutorials [87]. Cell calling was done on the 

unfiltered count matrix with barcodeRanks function from the DropletUtils package [88-90]. 

Ensembl gene IDs were mapped to symbol with the mapIds function from the AnnotationDbi 

package [91]. The Seurat objects were converted to a singleCellExperiment object. RNA counts 

were log-normalized and PCA was performed. An individual doublet score for each cell was 

then computed with the computeDoubletDensity function from the scDblFinder package [92, 

93]. After processing the individual sequence reactions, all results were aggregated into a single 

object. All individual reactions were filtered for common genes between them and then merged. 

Genes without any detection in the merged objects were then removed, and all blacklisted cells 

were removed. The object was then normalized using SCTransform [94], and PCA was 

performed. The Global dimensions were calculated using maxLikGlobalDimEst function from 

the intrinsicDimension library [95]. Using the Seurat (v4) package we ran RunUMAP, DimPlot, 

FindNeighbors, and FindClusters functions (using the Leiden algorithm [96]) [97]. The resulting 

data was saved as a filtered object containing the filtered RNA and SCT assays. The continued 

analysis was run on the SCT assays. Upon analyzing the data, two clusters were removed that 

likely represented doublets, due to the presence of multiple key marker genes 

Cluster identification 

Cluster identification was run at multiple Leiden Resolutions (0.3 to 0.8) resulting in a maximum 

of 22 separate clusters. These clusters were reduced by combining clusters of the same cell types 

in order to increase the number of cells per cluster and to ensure that genes identified were 

robustly expressed in the given cell types.  

Clusters were manually annotated using markers from previously published work on scRNAseq, 

snRNAseq and spatial transcriptomics [19, 21, 98-102]. The following marker genes were used 

to identify the different clusters based on previous publications (Figure 1C): adipocytes were 

defined as expression of ADIPOQ, PLIN1 and PLIN4, in accordance with [19, 98]. Adipocyte 

progenitor cells were defined by PDGFRA and LUM expression, [19, 98, 102]. Endothelial cells 

were defined by expression of marker genes VWF and PECAM1, [98, 102]. Endothelial cells 

were subdivided into endothelial cells from artery and/or arterioles, by expression of SOX17 

[21],endothelial cells from the microvascular by expression of RBP7 [99], endothelial cells from 
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veins and/or venules, by expression of SELP [21] and endothelial cells from lymphatic vessels, 

by expression of MMRN1 [103, 104]. Immune cells were identified by expression of 

hematopoietic marker PTPRC (CD45) [99]. In this branch of clusters, we identified macrophage 

by expression of CD163 [100]. Furthermore, we identified lymphocytes by the expression of 

CD96 [103]. Mast cells were identified by the expression of KIT [105]. We identified a 

population of pericytes by the expression of PDGFRB and smooth muscle cells by the 

expression of MYH11 [19, 98, 102]. 

At Leiden Resolution 0.8 the identified clusters contain additional subclusters. Adipocyte 

progenitor separates into 6 subclusters. Adipocytes are separated into 4 subclusters. Dendritic 

Cells is 1 cluster. Endothelial cells separate into the 4 clusters presented in the UMAP (Figure 

1B). Lymphocyte is 1 cluster. Macrophage separate into 2 subclusters. Mast cell is 1 cluster. 

Pericyte is 1 cluster. Smooth Muscle cell is 1 cluster. 

Differential expression analysis 

Differential expression analysis was done by comparing the expression value “before” 

intervention with “after” intervention on the 12 cell clusters. Differential expression was done 

using rank_gene_groups from the Scanpy package (version 1.9.6) [106] comparing the gene 

expression between the samples from the “before” and “after”, using non-parametric Wilcoxon 

rank sum test. Adjusted p-value, were Bonferroni-corrected across all features [97].  

Functional analyses were done using the “DAVID 2021 (Dec. 2021), DAVID Knowledgebase 

(v2023q4, updated quarterly)” [107, 108]. Genes identified as significantly regulated (adjusted p-

value < 0.05) from the differentially expressed gene analysis of the adipocyte cluster, were 

uploaded as gene list, to the DAVID platform and analyzed using the KEGG pathway tool, using 

“Official Gene ID’s and the Homo sapiens gene from DAVID as reference. Gene lists were 

separately uploaded for up and down regulated genes (defined as a positive or negative average 

log2 fold change). The resulting list was then reduced to only include pathways with a p-value < 

0.05.  

Peptide enrichment 

Human subcutaneous abdominal adipose were collected by needle biopsy (approx.150 mg) under 

local anesthesia with 1% lidocaine from 10 healthy men in the age between 25-35 years with a 

BMI ≤ 25. Fat biopsies were rinsed in ice-cold saline and frozen in liquid nitrogen and stored at -

80°C. For analysis, the fat biopsies were taken directly from a frozen state and heated to 95 °C in 
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an air-evacuated cartridge in a Denator T1 heat stabilizor [109]. Extraction of peptides was done 

essentially as [110] with the following modifications. We used 5 µL/mg tissue weight of 0.5% 

acetic acid. Microcon YM-10 cut-off filters (Millipore) were preconditioned with 500 µL 2% 

MeCN/3% MeOH and 500 µL 5 M urea in 0.5% acetic acid. The filtrate was pooled and 

fractionated by strong cation exchange (SCX). SCX fractionation was done using an in-house 

STAGE tip packed with six SCX disks (Em-pore SPE Disks #66889-U). The SCX-tips were 

equilibrated 100 µL of buffer 0.5% acetic acid, 20% acetonitrile. Peptides were eluted into ten 

(10) SCX-fractions (pH 4; 4.5; 5.0; 5.5; 6.0; 6.5; 7.5; 9.0 11.0 and FT). Each SCX fraction was 

then loaded onto in-house packed reverse-phase C8 STAGE tips with two Empore C8 discs 

preconditioned with 40 µL MeOH, 40 µL 80% MeCN/0.5% acetic acid and twice with 50 µL 

0.5% acetic acid/0.1% trifluoroacetic acid (TFA). Stage tips were washed twice with 200 µL 

0.5% acetic acid/0.1% TFA. The peptides were eluted from the C8 STAGE tips into a 96-well 

microtiter plate with 40 µL of 40% acetonitrile (ACN), 0.1% formic acid and 60% ACN 0.1% 

formic acid, respectively in the same sample well. The samples are now ready for LC-MS 

analysis. 

Mass spectrometry analysis 

The peptides were eluted from the C8 STAGE tips into a 96-well microtiter plate with 40 µL of 

40% acetonitrile, 0.1% formic acid and 60% ACN 0.1% formic acid, respectively. Peptides were 

reconstituted in 10 µL 2% MeCN, 0.5% acetic acid, 0.1% TFA after vacuum centrifugation in a 

speed-vac. 5 µL of the peptide eluate was separated by a 120 min gradient using a 15-cm fused-

silica emitter packed with reversed-phase ReproSil-Pur C18-AQ 1.9 µm resin (Dr. Maisch 

GmbH) using a nanoflow Easy-nLC system (Thermo Scientific). The MS analysis was done 

using a QExactive HF orbitrap instrument, and the samples were analyzed using a top-10 higher-

energy collisional dissociation (HCD) fragmentation method [111]. 

Peptide identification and search 

Raw files were processed using MaxQuant (v1.6.1.0) using the human UniProt (SwissProt) 

database. An unspecific search was conducted using a peptide and protein FDR at 0.01 and 0.05, 

respectively. Peptide site-FDR was set to 0.01 min and max peptide length was set to 7 and 50, 

respectively. The HCD-MS/MS spectra were searched with Oxidation (M); Gln à pyro-Glu; Glu 

à pyro-Glu; Amidated (C-term); Acetyl (N-term) as variable modifications. Precursor ion 

tolerance was set to 10 ppm and MS/MS tolerance at 0.03 Da. 
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In situ hybridization and immunohistochemistry 

Adipose tissue samples were collected from five Genoskin donors, trimmed to ~5 mm in 

diameter and fixed in 10% neutral buffered formalin (VWR International) for approximately 

48h. After fixation, the samples were processed and embedded in paraffin. Sections of 10 µm 

thickness were mounted on SuperFrost Plus slides (VWR International).  

NPY1R mRNA was detected with RNAscope in situ hybridization (ISH) combined with 

immunohistochemical (IHC) staining of either PGP9.5 or Perilipin 1 on a Ventana Ultra 

Discovery autostainer (Roche). In brief, sections were baked, deparaffinized, rehydrated and 

underwent heat-induced epitope retrieval (HIER) in CC1 buffer with pH 8.4 at 97°C for 24 min 

(all reagents from Roche), followed by incubation with the NPY1R RNAscope probe (ACD) 

listed in Supplementary Table 3. Upon amplification according to the manufacturer’s 

instructions, the ISH signal was developed with Discovery Rhodamine Kit (Roche). Thereafter 

sections were denatured in CC2 buffer with pH 6 at 95°C for 8 minutes, previous peroxidase 

activity was quenched with Discovery inhibitor, and unspecific antibody binding was blocked 

with TNB blocking buffer prior to incubation with the primary antibodies diluted in TNB buffer 

(rabbit anti-PGP9.5 or rabbit anti-Perilipin 1, see Supplementary Table 3). These primary 

antibodies were subsequently detected with anti-rabbit HQ (Roche) followed by HRP-labelled 

anti-HQ (Roche) and finally visualized with either the Discovery FAM kit (PGP9.5, Roche) or 

Discovery Cy5 kit (Perilipin 1, Roche). Slides were counterstained with DAPI (VWR 

international), and cover glasses were mounted with Fluorescent Mounting Medium (Agilent 

Dako). A RNAscope probe targeting RHO (ACD, see Supplementary Table 3) was used as 

negative control for the NPY1R ISH signal. As negative control for IHC staining of PGP9.5 and 

Perilipin 1, the primary antibodies were replaced with either rabbit IgG (see Supplementary 

Table 3) or TNB buffer. 

Additionally, IHC staining of Perilipin 1 was combined with IHC staining of PGP9.5. This was 

also performed on a Ventana Ultra Discovery autostainer (Roche). In brief, the slides were 

baked, deparaffinized, rehydrated and HIER was performed in CC1 buffer with pH 8.4 at 95°C 

for 24 min. Endogenous peroxidase activity was blocked with Discovery inhibitor, and 

nonspecific antibody binding was blocked with TNB blocking buffer prior to incubation with the 

rabbit anti-Perilipin 1 antibody (Supplementary Table 3) diluted in TNB. This antibody was 

subsequently detected with BrightVision poly-HRP-anti rabbit IgG polymer (VWR international) 

and the Discovery Cy5 kit (Roche). Sections were then incubated in CC2 buffer with pH 6 at 

95°C for 8 minutes. Peroxidase activity was quenched with Discovery inhibitor prior to 
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incubation with the second primary rabbit anti-PGP9.5 antibody (Supplementary Table 3), also 

diluted in TNB buffer. The second primary antibody was subsequently detected with 

BrightVision poly-HRP-anti rabbit IgG polymer (VWR international) followed by Discovery 

Rhodamine Kit (Roche). Counterstaining and mounting of cover glasses was done as described 

above. As negative control the primary antibodies were replaced with rabbit IgG. 

Digital whole-slide images of all stained sections were captured on a VS200 slide scanner 

(Olympus) according to the manufacturer’s instructions.  

Statistical analysis 

For plotting of Correlation graphs (Figure 4A-D) free fatty acid and cAMP levels (Figure 5) we 

used GraphPad Prism Software (9.0.1).  

Correlation values were determined by computing the pseudobulk gene expression for each 

donor in adipocytes and correlating these values with the clinical information. Fitted curves were 

plotted using a built-in GraphPad Prism XY analysis tool for “simple linear regression” showing 

95% confidence interval.  

Interpolated values for measuring cAMP levels were calculated using a built-in GraphPad Prism 

XY analysis tool for “nonlinear regression (curve fit)” with the “Standard curves to interpolate 

Sigmoidal, 4PL, X is concentration” calculation pre-set and the measured standards. Interpolated 

values for measuring of fatty acids were calculated using a built-in GraphPad Prism XY analysis 

tool for “Simple Linear Regression” with “Interpolated unknowns from standard curve” enabled 

and the measured standards.  
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Novo Nordisk®1

Figure Graphical Abstract: NPY-NPY1R signaling in human adipose 

tissue. 

Neuropeptide Y (NPY) released by neurons in adipose tissue signals via the NPY receptor 1
(NPY1R) in human adipocytes. 
NPY1R signaling results in lower cAMP levels following by β-adrenergic receptor signaling (β-
AR) activation. Thus, activation of NPY1R leads to repression of stimulated lipolysis.

In adipocytes NPY1R is increased in obesity and is reduced by lifestyle intervention.
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Novo Nordisk®Figure 1 – snRNAseq analysis of human subcutaneous adipose 

tissue before and after lifestyle intervention
A B

C D

A. Overview of Bruun et al. 2006 study data.
B. UMAP containing 57,498 nuclei isolated from human subcutaneous adipose tissue from 19 samples, 
collected “Before” and “After” lifestyle intervention. The nuclei are separated into 12 cell-type clusters. 
Adipocyte Progenitors, Adipocytes, Dendritic cells, Endothelial cells Artery, Endothelial cells Lymphatic, 
Endothelial cells Microvascular, Endothelial cells Vein, Lymphocytes, Macrophages, Mast cells, Pericytes 
and Smooth Muscle cells.
C. Stacked Violin plot representing the expression of marker genes in the separate clusters.
D. Nuclei composition of the individual adipose biopsies from the 19 samples, expressed as fraction of 
all nuclei present in the sample.
Abbreviations: EC, Endothelial cells; SMC, Smooth muscle cells
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Figure 2 – Number of detected differentially expressed genes across cell 

clusters 
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Table 1 – Top 5 KEGG pathway analysis of differentially expressed genes 

in the adipocyte cluster

4

Relative 
expression

KEGG pathway Term Gene count, (% 
of total genes 
in pathway)

Genes identified in KEGG pathway p-value

Lower after hsa04923: Regulation of 
lipolysis in adipocytes

7, (1.8%) INSR; NPY1R; AQP7; ADCY6; GNAI1; MGLL; PNPLA2 1,80E-03

Lower after hsa04820: Cytoskeleton in 
muscle cells

14, (3.6%) ELN; HSPG2; SYNE1; COL3A1; FMNL2; PDLIM2; COL5A1; COL5A3; 
COL6A1; ITGA7; TLN2; SPTAN1; VCL; SPTBN1

1,81E-03

Lower after hsa04931: Insulin 
resistance

9, (2.3%) GYS1; MLXIPL; SLC27A1; INSR; GFPT1; OGA; PYGL; OGT; PTPRF 2,73E-03

Lower after hsa04144: Endocytosis 14, (3.6%) RAB5B; IQSEC1; WIPF2; ASAP2; CBL; AP2A2; DNM2; EEA1; EHD2; SNX2; 
IL2RA; CLTCL1; PIP5K1A; SNX6

3,72E-03

Lower after hsa04520: Adherens
junction

8, (2.1%) PDCD10; ACTN1; INSR; EP300; PTPRJ; PTPRF; VCL; NECTIN2 4,33E-03

Higher After hsa04140: Autophagy -
animal

77, (1,7%) CALCOCO2; IRS1; MTMR14; WDR41; PTEN; IRS2; PIK3CB; WDR45; 
RPTOR; TBK1; CTSL; AKT2; RB1CC1; LAMP2; EPG5; PRKACA; PRKACB; 
MAP3K7; VPS39; SH3GLB1; ATG3; GABARAPL2; GABARAPL1; MAP2K1; 
DAPK2; PRKCD; ATG10; WIPI2; ATG14; ATG13; ATG12; RAB33B; MRAS; 
GORASP2; RRAGB; DDIT4; TAX1BP1; PIK3C3; PRKCQ; WDFY3; BIRC6; 
RAF1; RAB7A; PRKAA1; STX17; PIK3R4; ITPR1; PIK3R1; AMBRA1; MTMR4; 
HIF1A; TANK; C9ORF72; PPP2CA; PPP2CB; MAPK9; MAPK8; MAPK1; 
NRBF2; RPS27A; ATG7; ATG5; IGBP1; UVRAG; BNIP3; CFLAR; EIF2S1; 
MTOR; MAPK10; ATG16L2; ATG16L1; RHEB; RPS6KB2; VPS41; KRAS; 
ATG2B; BCL2L1

3,15E-11

Higher After hsa00280: Valine: leucine 
and isoleucine 
degradation

31, (0,7%) ACAA2; HIBADH; ABAT; AACS; ACAT1; HMGCL; MCEE; AUH; OXCT1; DBT; 
AOX1; MMUT; HADH; ACAA1; BCKDHA; MCCC2; HMGCS1; BCKDHB; 
MCCC1; ACSF3; ACADSB; HADHB; ALDH3A2; HADHA; PCCA; IVD; 
EHHADH; PCCB; DLD; ALDH7A1; ALDH9A1

2,22E-09

Higher After hsa03013: 
Nucleocytoplasmic 
transport

51, (1,1%) AHCTF1; IPO11; NUP107; PNN; IPO9; SUMO1; XPO4; XPO6; MAGOH; 
KPNA6; KPNA4; KPNA5; TNPO1; KPNA3; TNPO3; KPNA1; UPF2; NUP214; 
UPF1; SEC13; NUP133; NCBP1; NCBP2; THOC1; THOC2; SENP2; THOC7; 
SRRM1; EEF1A1; DDX39B; TMEM33; NUP54; NUP98; NUP58; POM121; 
NMD3; POM121C; NUP85; NUP42; SAP18; NUP88; RANBP2; UBE2I; 
NUP155; PYM1; XPO7; NUP153; MAGOHB; XPOT; RNPS1; NUP37

2,36E-08

Higher After hsa04120: Ubiquitin 
mediated proteolysis

62, (1,4%) DET1; UBE2D4; UBE2D3; UBE3A; CBLB; UBE3B; HERC4; HERC3; HERC2; 
CDC23; HERC1; UBE2Q2; CDC27; FBXO4; ELOC; SKP2; SKP1; FBXW8; 
FBXW11; FBXW7; UBE2E3; UBE2E1; UBE4A; UBE2QL1; UBE4B; PIAS2; 
PIAS1; DDB1; CDC34; BIRC6; ANAPC1; PRKN; CUL5; UBA6; CUL3; CUL2; 
CUL1; NEDD4L; XIAP; ANAPC10; RHOBTB1; COP1; VHL; RPS27A; UBE2F; 
UBE2I; PPIL2; SMURF1; FANCL; SIAH1; HUWE1; WWP1; UBE2G1; CUL4A; 
UBE2W; UBE2N; UBA3; MDM2; ERCC8; UBA1; TRIP12; CUL4B

2,38E-08

Higher After hsa00640: Propanoate 
metabolism

23, (0,5%) BCKDHA; ACSS3; BCKDHB; ABAT; ACACB; ACACA; LDHB; HADHA; LDHA; 
MCEE; SUCLA2; PCCA; ACOX1; EHHADH; PCCB; DBT; ECHDC1; SUCLG2; 
SUCLG1; MMUT; ACOX3; MLYCD; DLD

2,45E-08
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Figure 3 – NPY and NPY1R identified in human adipose tissue

B

A. Expression of NPY1R visualized in UMAP of snRNAseq from human subcutaneous adipose tissue from
B. Stacked Violin plot representing the expression levels from snRNAseq analysis, of NPY, NPY1R, NPY4R, NPY5R, PPY, PYY and 
GNAI1 across the different cell types, NPY2R was not detected in the snRNAseq. None of the genes were differentially 
expressed following lifestyle intervention.
C. Sequence of Pro-neuropeptide Y protein (Uniprot ID: P01303), consisting of signal peptide (1-28), neuropeptide Y (29-64) 
and C-flacking peptide of NPY (68-97). Highlighted in bold, C-terminal amidated NPY peptide (29-64) identified by LC-MS 
analysis. MS/MS spectrum showing b- and y-fragment ions used for identifying amidated NPY (top panel). Error tolerance 
for all fragment ions were < 5 ppm for the LC-MS analysis (bottom panel). 
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Figure 4 – NPY1R and PGP9.5 in human adipose tissue

A. Double staining using NPY1R mRNA ISH 
(orange) probe and anti-PGP9.5 (green) of 
human adipose tissue, at 100 µm scale. 
Square and (*) denotes section visualized in 
B.
B. Subsection of A. staining using NPY1R 
mRNA ISH probe and anti-PGP9.5 of human 
adipose tissue, at 20 µm scale. Arrows 
added to denote signal (Orange – NPY1R 
mRNA, Green – PGP9.5).
C. Double staining using NPY1R mRNA ISH 
(orange) probe and anti-PGP9.5 (green) of 
blood vessels in human adipose tissue, at 50 
µm scale. D. Comparable double stain to C.
substituting anti-PGP9.5 with Isotype 
control IgG (green). E. comparable to A.
without a primary antibody (green). F.
comparable to C. substituting NPY1R mRNA 
ISH (orange) probe with RHO mRNA ISH 
(orange) probe.
G. Double staining using NPY1R mRNA ISH 
(orange) probe and anti-PLIN1 (red) of 
human adipose tissue, at 20 µm scale. 
Arrow added to denote signal NPY1R mRNA 
(orange) probe signal.
H. Double staining using anti-PGP9.5 
(orange) and anti-PLIN1 (red) of human 
adipose tissue, at 50 µm scale. Arrow added 
to denote anti-PGP9.5 (orange).
I. Double staining using anti-PGP9.5 
(orange) and anti-PLIN1 (red) of human 
adipose tissue blood vessels, at 100 µm 
scale. J. Comparable stain to I. substituting 
anti-PGP9.5 with Isotype control IgG 
(orange).
A. B. C. D. E. F. G. H. I. J. Staining was done 
on tissue from 5 Genoskin donors. Images 
are representative of the findings across 
samples. Blue color in all slides represent 
nuclei stains using DAPI.
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Figure 5 – Clinical correlation of NPY1R in human adipose tissue

A. B. C. D. 

in adipocytes with clinical parameters. 

Correlation with Body fat, 

D.

E. F. G. H. I. J. K.

NPY1R expression in adipose tissue was found to decrease in weight

intervention studies.  

parameters from described on the portal.

shown for correlations with 
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A. B. C. D. Identified significant correlations of NPY1R gene expression in adipocytes with clinical 

parameters. A. Correlation with BMI, B. Correlation with Body fat, C. Correlation with Waist circumference, 

and D. Correlation with Leptin.

E. F. G. H. I. J. K. Plots from adiposetissue.org knowledge portal. E. NPY1R expression in adipose tissue 

was found to decrease in weight-loss intervention studies.  F. Correlation of NPY1R expression with clinical 

parameters from described on the portal. G. H. I. J. K. Forrest plots are shown for correlations with G. BMI, 

H. Waist circumference and I. WAT Leptin Secretion, J. Fat cell volume, K. Isoproterenol-induced lipolysis.

Figure 5 – Clinical correlation of NPY1R in human adipose tissue
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Figure 6 – Neuropeptide Y response in human adipocytes

A. B. C. Measurement of free fatty acids released from isolated mature human adipocytes in the presence of the 
indicated concentration of isoproterenol (ISO) or neuropeptide Y (NPY). Assessment of NPY effect was performed at a 
constant ISO concentration of 30 nM.
D. F. E. G. cAMP levels measured in 3D cultured mature human adipocytes in the presence of the indicated 
concentration of isoproterenol (ISO) or neuropeptide Y (NPY). Assessment of NPY effect was performed at a constant 
ISO concentration of either 33 nM or 11 nM.
All graphs contain adipocytes from separate donors. First point for each ISO curve represents no ligand stimulation. 
Error bars represent SEM of technical replicates
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Highlights 
• Single nuclei RNAseq was performed on of human adipose tissue before and after 15-
week hypocaloric diet combined with moderate physical exercise. 
 
• Weight loss reduces Neuropeptide Y receptor Y1 (NPY1R) to enhance metabolic 
health 
 
• NPY-NPY1R signaling inhibits lipolysis in human adipocytes 
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