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SUMMARY

Leptin gene (Lep) expression correlates with fat mass but differs between epididymal and inguinal fat depots 

in obesity. We investigated whether DNA methylation of a Lep enhancer (RS1) and the long non-coding RNA 

lncOb epigenetically regulate this depot-specific expression.

We analyzed DNA methylation, Lep and lncOb expression in fat depots across metabolic states in male 

C57BL/6 mice using CRISPR-dCas9-KRAB-mediated repression, methylation-sensitive luciferase assays, 

and mass spectrometry.

Under obesogenic conditions, RS1 methylation increased specifically in hypertrophic adipocytes of epidid

ymal fat, repressing Lep transcription. This methylation persisted after long-term weight loss. LncOb expres

sion correlated with Lep levels but was reduced in epididymal fat during obesity and remained suppressed 

post-weight loss.

Together, our findings demonstrate that adipocyte Lep expression is dynamically regulated by depot-spe

cific epigenetic mechanisms that become dysregulated in obesity and resist reversal by weight loss, 

providing a unifying molecular mechanism for depot-specific Lep expression differences in a state of obesity.

INTRODUCTION

The identification of the adipokine leptin thirty years ago funda

mentally advanced our knowledge of the homeostatic regulation 

of body weight.1,2 Leptin primarily targets hypothalamic circuits 

that trigger an anorexigenic response.2 Leptin is expressed and 

secreted in proportion to fat mass and energy status primarily by 

the two major white adipose tissue depots: the visceral adipose 

tissue (VAT, human) or epididymal adipose tissue (eWAT, mu

rine) and the subcutaneous adipose tissue (SAT, human) or 

inguinal adipose tissue (iWAT, murine).3,4 Apart from their loca

tion, these two adipose tissue depots differ in their plasticity, 

progenitor pool, and differentiation capability and eWAT/VAT 

is associated with metabolic unhealthy tissue expansion in 

obesity.3–7 Strikingly, previous studies observed a shift in leptin 

production from VAT/eWAT to SAT/iWAT in obesity.8–12 How

ever, the mechanisms driving depot-specific Lep expression 

remain elusive.

Epigenetic regulation, which enables dynamic gene control 

without altering DNA sequence, could provide an explanation 

for this depot-specific and fat mass-dependent expression pro

file. One epigenetic mechanism is DNA methylation. Promoter 

DNA methylation of Lep is associated with inconsistent changes 

in Lep expression depending on the nutritional status of the or

ganism, and cannot solely explain varying Lep expression in rela

tion to the nutritional state or fat-depot.13–17 Moreover, a distal 

Lep upstream enhancer (RS1) is linked to differential Lep expres

sion in the off-spring of high-fat diet (HFD) or triiodothyronine 
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treated dams.18,19 Long non-coding RNAs, which regulate gene 

expression via chromatin interactions or mRNA stabilization, 

represent another layer of epigenetic control. The long-noncod

ing RNA lncOb is putatively required for high Lep expression, the 

importance of the lncOb in eWAT and iWAT upon diet-induced 

obesity remains unclear.20–22 To better understand the epige

netic mechanisms driving fat-depot-specific Lep expression 

during various nutritional states, we analyzed DNA methylation 

at the distal upstream leptin enhancer (RS1) and lncOb expres

sion in eWAT and iWAT during obesity – two mechanisms 

distinct from promoter methylation.

We identified an eWAT-specific increase in the DNA methyl

ation of the upstream leptin enhancer RS1 during dietary obesity 

induction in male mice, while DNA methylation in iWAT remained 

unchanged. The RS1 methylation changes in eWAT originated 

from epigenetically reprogrammed large adipocytes, presum

ably counteracting high Lep expression. Moreover, lncOb 

enhanced Lep expression in both fat depots but was more dy

namic in iWAT.

RESULTS

Changes in the DNA methylation of a Lep enhancer and 

in lncOb expression in eWAT and iWAT during diet- 

induced obesity

The fat-depot-specific regulation of the Lep gene expression by 

epigenetic mechanisms is largely unknown. We first analyzed 

Lep regulation in eWAT and iWAT during the induction and pro

gression of diet-induced obesity (DIO) in mice (Figure 1A). As ex

pected, body weight and plasma leptin levels increased with 

Figure 1. RS1 DNA methylation and lncOb expression differ between eWAT and iWAT in response to diet-induced obesity 

(A) Schematic of the DIO model in C57BL/6N mice, with indicated timepoints of fat tissue collection. 

(B) Body weight of DIO mice (data published23). 

(C) Plasma leptin levels in weight-, age-, and DIO/control mice housed under the same conditions. 

eWAT panels. 

(D) Lep expression in chow and HFD-fed mice over time, relative to chow week 1. 

(E) RS1 DNA methylation at CpG1; additional two CpG sites shown in Figures S1K and S1L. 

(F) Pearson’s correlation of RS1 DNA methylation and Lep expression analyzed as − ΔCT of Ct(Lep) − Ct(Hprt). 

(G) lncOb expression in chow and HFD-fed mice, relative to chow week 1. 

iWAT panels. 

(H) Lep expression in chow and HFD-fed mice over time, relative to chow week 1. 

(I) RS1 DNA methylation at CpG1; additional two CpG sites are shown in Figures S1M and S1N. 

(J) Pearson’s correlation of RS1 DNA methylation and Lep expression was analyzed as − ΔCT of Ct(Lep) − Ct(Hprt). 

(K) lncOb expression in chow and HFD-fed mice, relative to chow week 1. 

Data are presented as mean ± standard deviation from the mean (SD). Statistical analysis: two-way ANOVA with Holm-Sidak post hoc test. Significance levels: 

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Note: As we combined two mouse cohorts for the DIO data, the number of mice differs from other timepoints 

in weeks 4 and 8; individual numbers can be found in the graphs (color-coded). Differences in numbers arise from technical outliers, which are further described in 

the STAR Methods section. DIO, diet-induced obesity; eWAT, epididymal white adipose tissue; iWAT, inguinal white adipose tissue; HFD, high-fat diet; Lep, leptin 

gene; lncOb, long non-coding RNA Ob, and Hprt, hypoxanthine guanine phosphoribosyl transferase.
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HFD-feeding (Figures 1B and 1C). In eWAT, Lep expression 

increased initially in week 1 of HFD-feeding but ultimately 

decreased to chow levels in week 12 (Figure 1D). Together 

with the initial peak in Lep mRNA expression, DNA methylation 

of the investigated upstream leptin enhancer element RS1 

increased initially by 5.2% ± 3.4% compared to chow 

(Figure 1E). Subsequently, DNA methylation rose progressively, 

reaching a 20.6% ± 2.5% methylation difference in week 12 

(Figure 1E). RS1 DNA methylation correlated significantly with 

Lep expression in eWAT, indicating its regulatory effect on Lep 

expression (Figure 1F). Although the long non-coding RNA lncOb 

was described to increase Lep expression, it decreased with lep

tin induction upon HFD-feeding in our study (Figure 1G). Never

theless, it weakly correlated positively with Lep expression 

(r = 0.3675, p < 0.001, Figure S1A). In contrast to the observa

tions in eWAT, Lep expression in iWAT continuously increased 

with HFD-feeding (Figure 1H). However, when directly 

comparing the fold inductions of iWAT to eWAT, Lep expression 

in iWAT did not exceed the Lep expression of eWAT 

(Figure S1B). In line with these observations, leptin protein levels 

between eWAT and iWAT are similar in week 12 of HFD-feeding 

(Figure S1C). Despite the significant increase in Lep expression, 

RS1 DNA methylation in iWAT remained unchanged with HFD- 

feeding (Figure 1I) and no correlation with Lep expression was 

observed (Figure 1J). This indicates a fat-depot-specific regula

tion of Lep expression by Lep enhancer RS1 DNA methylation in 

eWAT. Surprisingly, lncOb expression in iWAT was similarly 

induced in the chow as in the HFD mice and therefore remained 

unchanged between diet groups (Figure 1K). Opposed to the ob

servations in eWAT, lncOb expression correlated strongly with 

Lep expression in iWAT (r = 0.5367, p < 0.001, Figure S1D) 

supporting the previously published Lep-enhancing role of 

lncOb.20,21

The observed fat-depot specific Lep RS1 DNA methylation 

seems to specifically regulate Lep expression in eWAT, since 

we did not see differences between eWAT and iWAT in HFD- 

induced changes of glucose and lipid metabolism: After an initial 

increase in week 1, we observed the downregulation of key 

glucose and lipid metabolism genes InsR, Glut4, ChREbP, 

Srebf1, Acc1, Fasn, Lipe, Pnpla2, and Pparα in both eWAT and 

iWAT after 12 weeks of HFD-feeding (Figures S1E and S1F). 

This corresponds to the previously published glucose intolerance 

and elevated insulin plasma levels (Figures S1G and S1H;23).

Increasing RS1 DNA methylation downregulates gene 

expression

Since a positive correlation of gene expression with DNA methyl

ation at enhancer sites is generally atypical, and RS1 methylation 

in eWAT of mice is high while Lep expression decreases to the 

level of chow with 12 weeks of HFD-feeding (Figures S1I and 

S1J), we additionally measured RS1 DNA methylation in human 

VAT samples (Table 1). We observed a negative correlation of 

LEP expression and RS1 DNA methylation in VAT of human sub

jects with obesity (mean BMI = 43.50 ± 4.3, r = − 0.3141, p = 

0.0484, Figure S3A), thus confirming our results from murine 

obesity. To investigate the role of RS1 methylation on gene 

expression mechanistically, we then performed a transcriptional 

regulation assay by transfecting differentiated 3T3 adipocytes 

with a catalytically inactive dCas9 fused to a Krüppel-associated 

box (KRAB) transcriptional repression domain (dCRISPR-KRAB) 

directed to the RS1 site (Figure 2A). The KRAB-domain signifi

cantly downregulated the Lep expression confirming that RS1 

plays a regulatory role in Lep expression (Figure 2B). Further

more, we analyzed RS1 DNA methylation in 3T3-L1 cells, where 

Lep expression was induced and continued to increase over the 

time course of differentiation into adipocytes (Figure S3B). Inter

estingly, RS1 DNA methylation decreased with increasing Lep 

expression, indicating an inhibitory role of RS1 DNA methylation 

on Lep expression (Figure S3C). To confirm that the DNA methyl

ation modulates Lep expression, we next performed a methyl

ation-specific luciferase assay, for which the CpG-sites covering 

RS1 were cloned into a CpG-free firefly luciferase vector that 

was methylated or mock-methylated before transfection 

(Figure 2C). DNA methylation at RS1 reduced luciferase expres

sion compared to the mock-methylated control (Figure 2D), indi

cating either the recruitment of methyl-binding repressor pro

teins or the inhibition of transcription-stimulating factors. To 

identify these putative proteins and scrutinize their DNA methyl

ation sensitivity, we performed methylation-specific immunopre

cipitations. Methylated and unmethylated oligonucleotide se

quences containing the RS1 motif were incubated with 

proteins isolated from murine eWAT or 3T3 adipocytes. Subse

quently, proteins bound to the methylated and unmethylated 

RS1 motif were identified by mass spectrometry analysis 

(Figures 2E and 2F). Confirming our hypothesis, in methylated 

RS1, binding of the transcriptional repressors methyl-CpG bind

ing protein 2 (MECP2, p = 0.002 and log2FoldChange = 1.61, 

Figure 2E and Data S1) and methyl-CpG binding domain protein 

2 (MBD2, p = 0.001, log2FoldChange = 3.43, Figure 2F and Data 

S2) was increased compared to unmethylated RS1. Further

more, the MAF BZIP transcription factors G (MAFG) and K 

(MAFK) were enriched in the methylated state (Figures 2E and 

2F). Together, these results indicate that the DNA methylation 

of RS1 leads to transcriptional repression and explain the 

observed reduction of Lep expression in eWAT in week 12 of 

HFD-feeding.

RS1 DNA methylation is reprogrammed in hypertrophic 

adipocytes in eWAT of obese mice

Next, we wanted to dissect if the observed increase in Lep 

enhancer DNA methylation in obesity is mediated by central lep

tin-feedback signaling and quantified Lep expression and RS1 

DNA methylation in eWAT from leptin-deficient ob/ob mice. 

These mice produce high amounts of Lep mRNA (Figure S4A) 

but no functional leptin protein due to a mutation introducing a 

stop codon.1 RS1 DNA methylation (Figure S4B) was increased 

Table 1. Human subjects information that underwent bariatric 

surgery

Number/mean ± SD

sex (female/male) 28/12

age [years] 44.6 ± 12.7

weight [kg] 127.1 ± 15.2

BMI [kg/m2] 43.5 ± 4.3
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in eWAT of ob/ob mice to a similar extent as observed in the DIO 

mice compared to chow controls allowing the conclusion that 

the induction of RS1 DNA methylation with increasing fat mass 

does not require leptin-feedback signaling.

As leptin-feedback signaling was not the trigger of DNA 

methylation change, we investigated intra-adipocyte signals 

since the expansion of adipocyte size due to fat accumulation 

(hypertrophy) could function as an intracellular driver of the 

methylation of Lep enhancer sites. In eWAT of lean and DIO 

mice, we found a strong positive correlation of DNA methylation 

with mean adipocyte size (r = 0.9474, p < 0.001, Figure 3A), 

while Lep expression and mean adipocyte size did not correlate 

(r = 0.4433, p = 0.1124, Figure 3B). Therefore, we next sorted 

adipocytes from eWAT of chow and DIO mice into large (hyper

trophic) and small adipocytes using the COPAS system 

(Figure 3C). DIO mice displayed a significantly higher body

weight (Δ = 5.3 g ± 0.7 g, p < 0.001, Figure 3D) compared to 

chow mice, and RS1 DNA methylation in isolated adipocytes 

of HFD-fed mice was overall increased by 17.4% ± 9.9% 

(Figure 3E). In line with this RS1 DNA methylation increase, im

mune-histological stainings of leptin in eWAT sections showed 

Figure 2. RS1 DNA methylation downregu

lates Lep gene expression 

(A) Schematic representation of the CRISPR- 

KRAB assay set-up. 

(B) Lep expression after transfection with the 

CRISPR-KRAB system. 

(C) Experimental scheme of luciferase assay, 

showing CpG-free firefly luciferase vector with 

RS1 insert. 

(D) Relative luciferase activity of methylated 

versus mock-methylated RS1-firefly constructs. 

Data were analyzed by two-tailed Student’s t test. 

Significance: *p < 0.05 and **p < 0.01. 

(E) Volcano plot of proteins differentially abundant 

from eWAT of DIO mice binding unmethylated vs. 

methylated RS1 oligonucleotide identified by 

mass spectrometry. 

(F) Volcano plot of proteins differentially abundant 

from 13-day differentiated 3T3L-1 adipocytes 

binding to unmethylated vs. methylated RS1 

oligonucleotide identified by mass spectrometry. 

Data are presented as mean ± SD. DIO, diet- 

induced obesity; eWAT, epididymal white adipose 

tissue; Lep, leptin gene; KRAB, Krüppel-associ

ated box; 3T3L-1, mouse embryonic fibroblast 

cell line.

less leptin protein in DIO mice compared 

to control mice (Figures 3F and 3G). 

When stratified by size, we observed 

similar RS1 DNA methylation in small ad

ipocytes from chow-fed compared to 

HFD-fed mice (Figure 3H). However, 

RS1 DNA methylation in large adipo

cytes from HFD-fed mice was signifi

cantly higher compared to chow 

(Figure 3I), indicating epigenetic reprog

ramming of the Lep-regulating element 

in hypertrophic adipocytes. Together with the higher RS1 DNA 

methylation in large adipocytes, leptin protein content was 

decreased by an average of 30.2 μm2 per cell compared to 

the lean control, confirming the inhibitory effect of the RS1 

DNA methylation on leptin expression in hypertrophic adipo

cytes (Figures 3H and 3I). The difference of leptin protein con

tent per cell in small adipocytes was only on average 

19.6 μm2. The higher RS1 DNA methylation is in line with our 

initial finding of increased RS1 DNA methylation in bulk eWAT 

of DIO mice (Figure 1E), as eWAT of HFD mice contains more 

large adipocytes than eWAT of chow mice.

RS1 DNA methylation is not reversible with weight loss

Since the DNA methylation of RS1 was induced upon adipocyte 

hypertrophy, we tested its reversibility by weight loss using a 

24-week weight cycling intervention (Figure 4A;24). We intro

duced a Yoyo group, which was switched from HFD to chow 

(HC) and was allowed to regain weight by a final HFD-feeding 

(Figures 4A and 4B). After 12 weeks of weight loss, body weight 

together with serum leptin and eWAT Lep expression levels in 

HC mice were comparable to the levels of chow controls 
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Figure 3. Hypertrophic adipocytes trigger changes in RS1 DNA methylation in obesity 

(A) Pearson’s correlation of RS1 DNA methylation with mean adipocyte size in eWAT of 43 weeks HFD and chow-fed mice. 

(B) Pearson’s correlation of Lep expression analyzed as − ΔCT of Ct(Lep) – Ct(Hprt) with mean adipocyte size in eWAT of 43 weeks HFD- and chow-fed mice. 

(C) Experimental workflow for adipocyte size sorting in eWAT. 

(D) Body weight of mice at sacrifice. 

(E) RS1 DNA methylation in isolated adipocytes from eWAT, additional RS1 CpG sites are shown in Figure S4A. 

(F) Mean area of leptin protein per cell analyzed from immunostainings of eWAT from 42 weeks HFD-fed and chow-fed mice. 

(G) Representative immunostainings of eWAT from mice fed a chow or HFD diet. Left side: scale bars, 100 μm; right side: scale bars, 50 μm; 20× magnification. 

(H) RS1 DNA methylation in size-sorted adipocytes from eWAT. Additional CpG sites are shown in Figures S5B and S5C. 

(I) Mean area of leptin protein stratified by adipocyte size per cell analyzed from immunostainings of eWAT from 42 weeks HFD-fed, and chow-fed mice. 

Data are presented as mean ± SD (D–F, H, and I). Statistical analysis: (D and E) Two-tailed Student’s t test; (F) two-way repeated measures ANOVA with post hoc 

uncorrected Fisher’s LSD test. Significance: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. eWAT, epididymal white adipose tissue; Lep, leptin gene. Black 

circles indicate chow-fed mice; blue squares indicate HFD-fed mice.
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Figure 4. Epigenetic regulation of Lep expression is disrupted in hypertrophic adipocytes 

(A) Experimental design of the long-term weight cycling study. 

(B) Body weight over the course of the study. 

(C) Plasma leptin levels (data published24). 

eWAT panels. 

(D) Lep mRNA expression. 

(E) RS1 DNA methylation at CpG1; additional CpG sites are shown in Figure S5D. 

(F) lncOb expression. 

iWAT panels. 

(G) Lep mRNA expression. 

(H) RS1 DNA methylation at CpG1, and additional CpG sites are shown in Figure S5E. 

(I) lncOb expression. 

Data are presented as mean ± SD. (C–I) were analyzed by one-way ANOVA with Holm-Sidak post hoc test, except (H): Kruskal-Wallis test with Dunn’s multiple 

comparison test. Significance: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Abbreviations: eWAT, epididymal white adipose tissue; iWAT, inguinal white 

adipose tissue; Lep, leptin gene; lncOb, long non-coding RNA Ob.
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(Figures 4B–4D). Correspondingly, RS1 DNA methylation in 

eWAT significantly decreased by weight loss in HC compared 

to HFD mice (Figure 4E) but still remained increased compared 

to chow mice. LncOb expression did not reverse to lean levels 

upon weight loss (Figure 4F). Together with the not fully reversed 

DNA methylation, this indicates a memory of the obese epige

netic signature even after prolonged weight loss intervention.

The reduction of serum leptin levels and Lep expression was 

reversed by weight regain in the Yoyo group, accompanied by 

increased RS1 DNA methylation returning to the level of the 

HFD group (Figure 4D). Thus, eWAT expansion in obesity ap

pears to drive Lep enhancer DNA methylation.

In iWAT, Lep expression was not increased in long-term HFD- 

fed mice compared to chow controls. Weight loss in HC mice 

had no significant effect on Lep expression in iWAT. However, 

weight regain in Yoyo mice escalated Lep expression in iWAT 

significantly (Figure 4G). Surprisingly, RS1 DNA methylation 

increased with HFD-feeding, as observed in eWAT (Figure 4H). 

This observation could be explained by the longer HFD-feeding 

of 42 weeks in this study compared to the initial 12-week study, 

thus indicating that extensive adipose tissue hypertrophy and 

age may induce sensitivity toward epigenetic reprogramming 

in iWAT. Upon dietary intervention, RS1 DNA methylation and 

lncOb expression in iWAT returned to the levels of chow-treated 

mice (HC, Figures 4H and 4I), indicating greater epigenetic plas

ticity than eWAT.

Similar to the cycling of Lep expression in dependance to the 

feeding regime, we observed a cycling of key glucose and lipid 

metabolism genes InsR, Glut4, ChREbP, Srebf1, Acc1, Fasn, 

Lipe, Pnpla2 and Pparα in eWAT but not iWAT: With weight 

reduction after HFD, all genes, but Fasn, Srebf1, and Pparα, 

were restored in the HC group in eWAT (Figures S6A and S6B). 

With weight regain, these altered gene expressions decreased 

again in the Yoyo group. This cycling in gene expression in 

eWAT corresponds to the previously published plasma insulin 

levels (Figure S6C;24).

To finally validate that the epigenetic regulation of Lep expres

sion is dysregulated in hypertrophic adipocytes, we analyzed 

whether RS1 DNA methylation and lncOb expression would 

react to a 16 h overnight fast, which acutely shrinks adipocytes. 

Overnight fasting significantly reduced body weight in chow and 

HFD but did not affect plasma leptin levels (Figures 5A and 5B). 

Lep expression decreased upon fasting only in eWAT of chow 

mice, which was accompanied by an increase in RS1 DNA 

methylation (Figures 5C and 5D). Overnight fasting in DIO mice 

did not affect Lep expression and DNA methylation in eWAT 

(Figures 5C and 5D), indicating acute epigenetic inflexibility in 

obese mice. This is in line with our findings from the long-term 

weight-loss studies. Furthermore, it supports our finding of an 

overall higher DNA methylation in small compared to large adi

pocytes in chow mice (Figure 3H). LncOb levels in the metabol

ically healthy chow mice were downregulated dramatically in 

fasting, together with the Lep expression decrease; however, 

no changes in the obese mice were observed (Figure 5E). The in

crease in DNA methylation alongside a reduction in Lep expres

sion in chow mice reflects the anticipated relationship between 

RS1 methylation and Lep gene expression, indicating a healthy 

response to nutritional cues in lean mice. In contrast, fasting 

did not change RS1 DNA methylation in obese mice, indicating 

the loss in epigenetic flexibility in obesity (Figure 5D). Similarly, 

the decrease in lncOb upon overnight fasting indicates its rele

vance for Lep expression in eWAT of healthy lean mice, which 

is lost in obesity.

In summary, we demonstrated that depot-specific epigenetic 

mechanisms regulate Lep gene expression in white adipose tis

sue. eWAT Lep expression surged early during the induction of 

Figure 5. Overnight fasting is sufficient to 

change eWAT RS1 DNA methylation in lean

ness but is impaired in obesity 

(A) Body weight difference (day of sacrifice – 1 day 

before sacrifice, within each mouse) in mice fed 

chow or high-fat diet (HFD) and subsequently 

fasted overnight (16 h) or left fed ad libitum prior to 

sacrifice. 

(B) Plasma leptin levels of fed and 16h fasted mice. 

(C) Lep mRNA expression in eWAT before and 

after 16 h of fasting. 

(D) RS1 DNA methylation at CpG1 in eWAT before 

and after 16 h of fasting; other measured CpG 

sites shown in Figure S3F. 

(E) lncOb expression in eWAT before and after 

16 h of fasting. 

Data are presented as mean ± SD. Data were 

analyzed using two-way ANOVA with Holm-Sidak 

post hoc test. Significance: *p < 0.05, **p < 0.01, 

***p < 0.001, and ****p < 0.0001. Abbreviations: 

eWAT, epididymal white adipose tissue; HFD, 

high-fat diet; Lep, leptin gene; lncOb, long non- 

coding RNA Ob.
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DIO and surprisingly decreased again with prolonged HFD expo

sure. This counter-regulation was likely facilitated by increased 

RS1 DNA methylation, especially in large hypertrophic eWAT ad

ipocytes, leading to Lep deactivation. We believe that this is a 

compensatory mechanism to counteract massive leptin produc

tion in obesity that is only partially reversible with weight loss, 

contributing to the persistence of obesity-associated epigenetic 

signatures. Thus, obesity induces a loss of epigenetic flexibility 

in eWAT, potentially impairing adaptive responses to acute 

metabolic cues. LncOb enhances Lep expression in both depots 

but is more dynamically regulated in iWAT.

DISCUSSION

Lep expression in the adipose tissue involves a complex inter

play of regulatory factors,20,21,25–27 yet molecular cues deter

mining quantitative expression differences of Lep in lean and 

obese individuals for the two major white adipose tissues remain 

largely unclear. In this work, we identify a mechanism that pro

vides an explanation for the switch of Lep expression from 

eWAT to iWAT in a state of obesity.8–12 We demonstrate that 

the DNA methylation of the distal leptin enhancer RS1 regulates 

Lep expression specifically in eWAT but not iWAT, which, driven 

by hypertrophic adipocytes, leads to a reduction in the Lep 

expression of eWAT in manifested diet-induced obesity (equals 

week 12 DIO). We further show that the RS1 DNA methylation 

in eWAT is not fully reversible with dietary intervention, indicating 

a retention of an epigenetic memory.

Lep expression in iWAT was shown to surpass eWAT in late 

stages of obesity progression,8 while Lep expression in lean 

mice was higher in eWAT than iWAT.28,29 Concomitantly, LEP 

expression was higher in visceral adipose tissue than in subcu

taneous adipose tissue in lean humans, while this inversed in 

obesity.9–12,30 In accordance with these observations, we saw 

a downregulation of Lep expression in the eWAT of obese 

mice after 12 weeks of HFD-feeding to the levels of lean mice, 

together with an adipocyte size-dependent change in RS1 

DNA methylation. Lep expression in iWAT increased constantly 

without a change in RS1 DNA methylation in our longitudinal 

HFD cohort. Overall, this indicates that the metabolic status is 

important for the regulation of Lep expression and suggests a 

regulatory role of RS1 DNA methylation on Lep expression spe

cific for eWAT that might contribute to the fat depot-specific Lep 

expression pattern.

DNA methylation plays a vital role in the regulation of gene 

expression, as DNA methylation of gene promoters is associated 

with a binary on/off switch of expression, whereas the methyl

ation of enhancer sites regulates transcription more nuanced 

through protein-DNA binding modulation.31,32 Consistent with 

our findings, a higher DNA methylation of the promoters of Lep 

and Pparg2 in eWAT, but not iWAT, of DIO mice has already 

been reported.14 Surprisingly, RS1 DNA methylation in our study 

correlated positively with Lep expression in eWAT (Figure 1F) 

and ceased to correlate with the prolonged HFD-feeding of 

12 weeks (Figure S1O), indicating a possible downregulatory 

mechanism of the RS1 DNA methylation in eWAT in progressive 

stages of obesity. Our thorough mechanistic investigations 

confirmed the inhibitory effect of RS1 DNA methylation on Lep 

expression by the enrichment of the transcription repressors 

MECP2 and MBD binding to this site (Figure 2). This finding is 

in line with the general observation associating DNA methylation 

with gene expression downregulation. This counterregulatory 

epigenetic signature is caused by an epigenetic reprogramming 

of large adipocytes in eWAT. Large adipocytes displayed higher 

RS1 DNA methylation than large adipocytes from healthy, lean 

mice (Figure 3H). The level of RS1 DNA methylation in large ad

ipocytes was similar to that of its small counterparts and ulti

mately explained the on average 20% higher DNA methylation 

observed in eWAT of obese compared to lean mice. The previ

ously described uncoupling of eWAT volume from Lep expres

sion in obese and aged male mice supports the epigenetic re

programming observed in large adipocytes.8 It is important to 

note that the leptinemic state remains in HFD-diet fed mice: Lep

tin protein content remains high in eWAT compared to chow after 

12 weeks of HFD, when Lep expression is already downregu

lated. This buffering of leptin protein levels by post-transcrip

tional changes and/or hormonal cues has been described 

before.33 However, leptin protein content per cell is reduced as 

we demonstrated by immunohistochemistry after 42 weeks of 

HFD-feeding (Figure 3F). The observation that the Lep gene 

expression of eWAT and iWAT is aligning is supported by similar 

iWAT and eWAT leptin protein levels after 12 weeks of HFD- 

feeding. Together with the leptinemic state, diet-induced obese 

mice remain leptin insensitive.34,35 Nevertheless, our data help to 

further understand the characteristics of white adipose tissue 

depots and physiologic functions that differ between eWAT 

and iWAT. These differences are emphasized by the lack of 

glucose and lipid metabolism gene expression restoration by 

weight loss in iWAT. However, further studies are needed to un

derstand the physiological relevance and potential clinical 

applications.

Interestingly, RS1 DNA methylation in eWAT was not restored 

to levels of lean mice with a prolonged dietary intervention of 

12 weeks (Figure 4E). We interpret this as epigenetic inflexibility 

in metabolic diseases leading to persistent gene expression 

changes which has previously been described in adipose tissues 

of humans and mice, where a retention of histone modifications 

in iWAT and eWAT was demonstrated, leading to persistent tran

scriptional changes despite considerable weight loss.36 This 

study together with others suggests an epigenetic regulation of 

adipose tissue in mice and humans.36,37 As we only present 

limited human data, translation of our findings to humans needs 

to be further validated: In VAT of obese male and female humans, 

LEP mRNA levels correlate negatively with LEP RS1 DNA 

methylation, consistent with our mouse data (Figure S3a). Of 

note, extrapolating from murine to human data is complicated 

by the fact that adipose depots of mice and humans differ in 

amount and location. Human VAT but not murine eWAT drains 

directly into the portal vein,38 yet both are associated with meta

bolically unhealthy tissue expansion.3,39 However, in line with our 

findings that hyperplastic adipocytes in eWAT lead to changes in 

the RS1 DNA methylation, others showed that eWAT/VAT con

tains more large adipocytes compared to iWAT/SAT with the 

latter retaining higher plastic capability.39–41 Epigenetic and tran

scriptional differences between eWAT/VAT and iWAT/SAT were 

also shown to be translatable into humans regardless of 
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sex.36,37,42 However, future studies should confirm our finding in 

lean vs. obese iWAT and eWAT biopsies from mice and humans 

of different sexes.

We further demonstrated that in healthy, lean mice, small ad

ipocytes displayed higher RS1 DNA methylation than large adi

pocytes that express more leptin. This is substantiated by previ

ous studies of lower Lep expression in small compared to large 

adipocytes,28 alongside reduced LEP promoter methylation and 

increased expression during SAT preadipocyte differentiation.43

Additionally, normal birth weight males showed lower LEP pro

moter DNA methylation after 36 h of fasting, and Lep expression 

and eWAT volume correlated in lean male mice.17,29 Strikingly, 

we demonstrated that already an overnight fasting of 16 h was 

sufficient to change the RS1 DNA methylation in lean, 

healthy mice.

While the factors governing Lep expression in iWAT remain 

less understood, several lines of evidence suggest distinct regu

latory mechanisms in eWAT. First, eWAT adipocytes exhibit 

greater hypertrophy than iWAT adipocytes in DIO.40,41 We 

observed that adipocyte size correlated with increased DNA 

methylation at the Lep enhancer RS1, and indeed hypertrophic 

adipocytes are epigenetically reprogrammed in obesity. Consis

tent with this, RS1 methylation remained largely unchanged in 

iWAT during the time frame when eWAT methylation increased. 

However, prolonged HFD-feeding increased RS1 methylation 

and decreased lncOb expression also in iWAT, suggesting that 

sustained metabolic stress can impact epigenetics also in 

iWAT, albeit with greater plasticity, potentially reflecting the 

overall greater plasticity of iWAT adipocytes.

Furthermore, lncOb appears to play a more prominent role in 

iWAT regulation as seen by the stronger correlation between 

lncOb and Lep expression in iWAT, compared to eWAT. Surpris

ingly, we observed reduced lncOb expression in eWAT of DIO 

mice after only 4 weeks of high-fat diet feeding, a finding that 

contrasts with reports of elevated lncOb in obese mice.20 How

ever, our data align with studies demonstrating higher lncOb 

expression in iWAT but not eWAT of HFD-fed mice and showing 

that lncOb is responsive to nutritional status, decreasing with 

fasting alongside Lep expression.21 We confirmed this respon

siveness in lean mice. Similar to the RS1 DNA methylation, lncOb 

expression was not reversible to chow levels with prolonged di

etary intervention, again confirming the described retention of an 

epigenetic memory after weight loss.36

In summary, we identified a dynamic fat depot-specific epige

netic regulation of Lep expression in eWAT, leading to the switch 

of leptin production from eWAT to iWAT. Interestingly, the under

lying epigenetic reprogramming is triggered by adipocyte hyper

trophy and persists after prolonged dietary intervention, indi

cating a lasting epigenetic memory. Furthermore, we found 

that lncOb, albeit not as the sole determinant, acts as a respon

sive epigenetic modulator of Lep expression, particularly 

in iWAT.

Limitations of the study

Despite careful discussion, we would like to highlight again the 

following limitations of our study presented here. All mouse ex

periments were performed in male mice, whereas the human 

cohort includes males and females. As we only present limited 

human data, the translation of our findings to humans needs to 

be further validated. Furthermore, sex-specific differences in 

fat depots are described in the literature; therefore, further inves

tigations are needed to account particularly for these sex-spe

cific differences.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-Leptin antibody R&D systems, US AF498; RRID:AB_355394

anti-Leptin antibody, polyclonal rabbit anti-leptin 

antibody

Abcam, US ab16227; RRID:AB_302331

Polyclonal Rabbit Anti-Goat Immunoglobulins/HRP Agilent Technologies (Dako), US P0449; RRID:AB_2617143

goat anti-rabbit Alexa 750 antibody Invitrogen, US A21039; RRID:AB_2535710

Biological samples

Visceral adipose tissue, human N/A

Chemicals, peptides, and recombinant proteins

3-Isobutyl – 1-methylxanthin Sigma Aldrich, US I7018

Bovine serum albumin Sigma Aldrich, US A9418

CLARITY MAX Western ECL Substrate Bio-Rad Laboratories GmbH, US #1705062

dexamethasone Sigma Aldrich, US D4902

DMEM with high glucose GIBCO, Life Technologies #31966021

Fetal Bovine Serum One Shot GIBCO, Life Technologies N/A

HCS LipidTOX Green neutral lipid stain) invitrogen, US H34475

HindIII-HF New England Biolabs, US NEB #R3104

insulin: Humalog 100 IE/mL Eli Lilly and Company, Indianapolis, US N/A

Mini_PROTEAN TGX Stain-Free gradient gels Bio-Rad Laboratories GmbH, US #10018639

M.SssI New England Biolabs, US NEB #0226

NcoI-HF New England Biolabs, US NEB #R0193

Penicillin-Streptomycin GIBCO, Life Technologies 15070063

Pierce MS-compatible Magnetic IP Kit ThermoFisherScientific, US 90408

polyvinylidene fluoride membrane Merck Millipore, Ireland IPVH00010

Quick ligase New England Biolabs, US NEB #M2200

Critical commercial assays

DUAL-GLO Luciferase Assay Promega, US E2920

EpiTect Fast DNA Bisulfite Kit QIAGEN; Netherlands 59802

Formalin 10% neutral buffered Sigma-Aldrich, Germany HT501128

Histocore Spectra H&E Stain System S1 Leica, Germany 3801654

High-Capacity cDNA Reverse Transcription Kit ThermoFisherScientific, US 4374966

lipofectamine2000 ThermoFisherScientific, US 11668019

miRNeasy Mini Kit QIAGEN; Netherlands 217004

mouse/rat leptin Quantikine ELISA Kit R&D Systems, US MOB00B

PrimeTime Gene Expression Master Mix Integrated DNA Technologies, US 1055771

PyroMark PCR Kit QIAGEN; Netherlands 978703

PyroMark Q48 Advanced CpG Reagents QIAGEN; Netherlands 974022

QIAmp Fast DNA tissue kit QIAGEN; Netherlands 51404

QIAmp Mini kit QIAGEN; Netherlands 51304

Quick-DNA Microprep Plus Kit Zymo Research GmbH, Germany D4074

RevertAid cDNA synthesis kit ThermoFisherScientific, US K1622

GoTAQ qPCR System Promega, US A6001

Experimental models: Cell lines

3T3-L1 American Type Culture Collection 

(ATCC), US

N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

HEK293T N/A

Experimental models: Organisms/strains

Lepob (ob/ob) Jackson Laboratories RRID: MGI:5816460

WT C57BL/6J male Janvier Labs, Saint-Berthevin, Cedex, 

France

N/A

WT C57BL/6NCrl male Charles River N/A

Oligonucleotides

PrimeTime assay Acaca/Acc1 Integrated DNA Technologies, US Mm.PT.58.12492865

PrimeTime assay Fasn Integrated DNA Technologies, US Mm.PT.58.14276063

PrimeTime assay Glut4/Slc2a4 Integrated DNA Technologies, US Mm.PT.58.9683859

PrimeTime assay Hprt Integrated DNA Technologies, US Mm.PT.39a.22214828

PrimeTime assay Lep Integrated DNA Technologies, US Mm.PT.58.13515402

PrimeTime assay LEP Integrated DNA Technologies, US Hs00174877_m1

PrimeTime assay Lipe Integrated DNA Technologies, US Mm.PT.58.30708147

PrimeTime assay lncOb – custom Integrated DNA Technologies, US 5’CTAGGCCCACATTCCTGATAC; 

5’GACTTTGCCTTCTTGGTTCTTG; 

5’-/56-FAM/AGGACCAAG/ZEN/ 

ACCACCAAGCCAATC/3IABkFQ

PrimeTime assay Mlxipl/ChREBP Integrated DNA Technologies, US Mm.PT.56a.33592172

PrimeTime assay Pnpla2 Integrated DNA Technologies, US Mm.PT.56a.13424398.g

PrimeTime assay RPL37A Integrated DNA Technologies, US Hs01102345_m1

PrimeTime assay Srebf1 Integrated DNA Technologies, US Mm.PT-58.8508227

Hprt - SYBR Integrated DNA Technologies, US fwd-GCAGTACAGCCCCAAAATGG 

rev-AACAAAGTCTGGCCTGTATCCAA

InsR-SYBR Integrated DNA Technologies, US fwd-ATGGGCTTCGGGAGAGGAT 

rev-GGATGTCCATACCAGGGCAC

Pparα - SYBR Integrated DNA Technologies, US fwd-AGAGCCCCATCTGTCCTCTC 

rev-ACTGGTAGTCTGCAAAACCAAA

ms-RS1-fwd Integrated DNA Technologies, US GGGTAGTTGAAATAATTAGTTAGT

ms-RS1-rev Integrated DNA Technologies, US /bio-CCTCAAAACTACTCCAAACATACA

ms-RS1-sequencing primer Integrated DNA Technologies, US AATTGGTGGTTTTGGTATTA

hu-RS1-fwd Integrated DNA Technologies, US GTAGTAGGGGTATTATTATAGGATTATATTGA

hu-RS1-rev Integrated DNA Technologies, US ACAAAATATTCTTCCAATCAATTCTTTAAC

hu-RS1-sequencing primer Integrated DNA Technologies, US TTGAAGAAGTATTGGTTAAGAAG

RS1 – luci-fwd Integrated DNA Technologies, US AGCTTTCTGGCATCATCGTGACCAGCGG 

TTTTTCCCACAGCGGTGTCCTAACAC

RS1-luci-rev Integrated DNA Technologies, US CATGGTGTTAGGACACCGCTGTGGGAAAA 

ACCGCTGGTCACGATGATGCCAGAA

RS1-fwd-bio – massspec Integrated DNA Technologies, US /bio-TTCTGGCATCATCGTGACCAGC 

GGTTTTTCCCACAGCGGTGTCCTAACAC

RS1-rev-massspec Integrated DNA Technologies, US CATGGTGTTAGGACACCGCTGTGG 

GAAAAACCGCTGGTCACGATGATGCCAGAA

pRL-SV40 (Renilla SC40 plasmid) Promega, US E2231

Recombinant DNA

CpG-free plasmid pCpGL-CMV 44 N/A

Luci-RS1-CpGfree created by the authors N/A

Software and algorithms

DIA-NN software GitHub repository version 1.8.1

FlowPILOT III software Union Biometrica Inc., US N/A

GraphPad PRISM GraphPad Software, Inc., US version 10.5.0

(Continued on next page)
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EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Mice models were performed at two institutions: In the animal facility of the Center of Brain, Behaviour and Metabolism, University of 

Lübeck, Germany and at the Helmholtz Diabetes Center, Munich, Germany. The tissues were collected from different studies, using 

high fat diets with similar fat content but different fat compositions, adding another layer of robustness to the observed direction of 

the results.

Diet-induced obesity model

Study approval

Animal procedures were approved by the ethical committee of the Ministry of Energy Change, Rural Areas & Consumer Protection 

(MELUR) Schleswig-Holstein, Germany (V 242-59721/2016).

Mice

The longitudinal diet-induced obesity (DIO) mouse model, including the i.p. glucose tolerance test and plasma insulin data were pub

lished previously.23 In brief, male C57BL/6NCrl mice were housed under constant temperature (22 +- 1◦C) and 12-hour light/dark 

cycle with ad libitum access to food and water. At 5 weeks of age, mice were randomized into two groups of similar body weight. 

The control group was fed a chow diet. The treated group was fed a 60 % high-fat diet (HFD, D12492, Research Diets, US). Subco

horts were sacrificed at weeks 1, 2, 4, 5, 6, 7, 8 or 12, tissues collected and immediately snap-frozen and stored at -80◦C. The amount 

of animals per group differed between the weeks, due to identified outliers and due to two mouse cohorts which were combined: One 

mouse cohort included the timepoints weeks 1, 2, 4, 8, 12 and the other weeks 4, 5, 6, 7, 8.

Leptin measurement

To measure circulating leptin levels, we used plasma of weight- and age-matched mice (chow = 5; HFD = 6 – 7 animals) which were 

housed and treated as described above in the same facility. Blood was withdrawn from a subgroup of mice by incising the tail vain 

and collected in EDTA coated tubes. Leptin was measured using the mouse/rat leptin Quantikine ELISA Kit after manufacturer’s pro

tocol. Plasma from chow mice was diluted 1:20 and from HFD mice 1:40 or 1:80.

Adipocyte size sorting

Study approval

Animal procedures were approved by the State of Bavaria, Germany (55.2.1.54-2532-99-16) and in accordance with German Law for 

Animal Protection, FELASA’s guidelines for animal research, EU Directive 2010/63/EU.

Mice

The adipocyte size sorting mouse study was performed in adult male C57BL/6J mice, housed on 12 h light/dark cycle with ad-libitum 

access to food and water. From 5 weeks of age, mice were fed a 60% high fat diet (E15742, Ssniff, Germany corresponding to 

D12492 Research Diets, US) or continued on chow diet for 10 – 11 weeks.

Adipocyte methylation and adipocyte size sorting

Adipocytes were isolated from eWAT directly after cervical dislocation and used for adipocyte methylation analysis or size sorting. 

The adipose tissue was minced using razor blades, directly transferred to digestion medium (1x DMEM, 1mg/mL collagenase, 1% 

BSA) and incubated for 30 min, 37◦C, 1000 rpm. Larger particles were removed using a 250 μm mesh. Floating adipocytes were 

collected after centrifugation for 5 min at 500 x g. After staining adipocytes with HCS LipidTOX Green neutral lipid stain (1:1000) 

for 30 min at room temperature, adipocytes were sorted using the COPAS FP500 with the FlowPILOT III software (Union Biometrica 

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Image Lab Bio-Rad Laboratories GmbH, US version 6.01.34

limma-package Bioconductor version 3.56.2

Microsoft Excel Microsoft Office 15 & 16

PyroMark Assay Design 2.0 software (QIAGEN, 

Germany

QIAGEN; Netherlands version 2.0.2.5

PyroMark Q48 Autoprep software QIAGEN; Netherlands version 2.4.2

R Studio Posit PBC 2023.09.1+494

ThermoFisher Scientific Cloud ThermoFisher, US N/A

Other

chow Diet 1314 Altromin, Germany 1314

58% HFD Research Diets, US D12331

60% HFD Ssniff, Germany E15742

60% High fat diet (HFD) Research Diets, US D12492

e3 iScience 29, 115101, April 17, 2026 

iScience
Article

ll
OPEN ACCESS



Inc., US). Sorting gates and criteria were determined beforehand by using stained and unstained adipocytes from epididymal adipose 

tissue of chow or HFD-fed mice respectively. Adipocytes were identified by emission, size and optical density using a 488 nm solid 

state laser. Sorting criteria for size were defined by time-of-flight (TOF) against extinction into ‘small’ and ‘large’ for adipocytes from 

chow-fed mice and ‘small’, ‘intermediate’ and ‘large’ for adipocytes from HFD-fed mice (File S1, Tables S1 and S2). The data of the 

intermediate and large fractions were analyzed together. The different size fractions of adipocytes were sorted dropwise at circa 

10,000 – 40,000 cells per fraction under a stable flow rate into 50 mL falcons. DNA was extracted by adding 1:100 Triton-X to 

the cell suspension and mixing vigorously for 30 s. The suspension was rotated for 30 min at 4◦C, followed by another 30s mix. 

1 μL/10 mL Glycol Blue was added and centrifuged for 15 min at 4◦C. The supernatant was discarded, and the pellet resuspended. 

For further isolation, the Quick-DNA Microprep Plus Kit (Zymo Research GmbH, Germany) was used after manufacturer’s protocol. 

DNA was used for methylation analysis as described in the subsection.

Dietary interventions and genetic alteration

Study approval

Animal procedures were approved by the State of Bavaria, Germany (55.2.1.54-2532-99-16) and in accordance with German Law for 

Animal Protection, FELASA’s guidelines for animal research, EU Directive 2010/63/EU.

Mice

Ob/ob mice were housed on 12 h light/dark cycle with ad-libitum access to food (chow diet) before sacrifice and eWAT collection at 

age of 12 weeks.

The weight cycling study was already published24 and performed in male C57BL/6J mice, housed on 12 h light/dark cycle with ad- 

libitum access to food and water. Before intervention, mice were subjected to 58% HFD (Research Diets, D12331) for 24 weeks. The 

HFD group continued on HFD throughout the study period, while two other groups underwent interventions: The diet switch group 

(HC) switched to chow after 12 weeks of HFD. The weight cycling group (Yoyo) was switched to chow for the first 12 weeks of the 

study and then switched back to HFD for the other 12 weeks of the study. Age-matched chow-fed mice served as controls. Mice were 

fasted for 3 hours before organ collection.

For acute overnight fasting study, we used an already published regime45: male C57BL/6J mice, housed as described above, were 

subjected to 60% HFD (E15742, Sniff) for 27 weeks. Age-matched chow-fed mice served as controls. For each group, a subgroup 

underwent an overnight fast of 16 hours before the sacrifice at 9 am.

Human visceral adipose tissue samples

Approval of the study was granted by the local ethics committee (Ethik Komission der Ärztekammer Hamburg, PV4889, 2015). 

Visceral adipose tissue biopsies from humans with obesity were collected during bariatric surgery from overnight fasted subjects 

as previously described.46 All participants provided informed consent. Information about the cohort is given in Table 1.

METHOD DETAILS

Exclusion criteria for data or subjects

Malperforming samples due to technical difficulties were identified after quality checks in pyrosequencing (low peak height) or in 

qPCR (high deviation in the replicates, abnormalities in the melt curve) and omitted, if no replication was possible, from the analysis 

as individual values. Complete subject outliers were identified by outlier testing after ‘‘Robust regression followed by Outlier removal’’ 

(ROUT) in GraphPad PRISM and omitted from analysis if they were outliers in most or all of the measured parameters.

Adipocyte size measurement in fixed adipose tissue

Epididymal adipose tissue was dissected from mice that had been subjected to prolonged feeding of 58% HFD for 43 weeks and of 

age-matched chow controls.45 For morphometric evaluation of eWAT, adipose tissue specimens were fixed in 4 % (w/v) neutrally 

buffered formalin, embedded in paraffin and cut into 3 μm slices for H&E staining. Stained tissue sections were scanned with an 

AxioScan. Z1 digital slide scanner (Zeiss, Jena, Germany) equipped with a 20X magnification objective. Images were evaluated using 

the commercially available image analysis software Definiens Developer XD 2 (Definiens AG, Munich, Germany). The calculated 

parameter was the mean adipocyte section profile area in μm2. Images were used for correlation analysis.

Immunofluorescent analysis of leptin content

Immunofluorescence detection of leptin was performed on epididymal adipose tissue sections from mice that were either fed chow or 

60% HFD for 42 weeks that were fixed and sectioned as described above using specific antibodies (1:500, #ab16227, and secondary 

antibody: 1:100, A21039).

The stained tissue sections were scanned with an AxioScan 7 digital whole slide scanner (Zeiss, Oberkochen,Germany) equipped 

with a 20x magnification objective. AI-based digital image analysis (Visiopharm, Hoersholm, Denmark) was used for morphometric 

determination of the mean adipocyte section profile areas, as well as the percentage of leptin-positive stained area per total adipose 

tissue section area.
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Gene expression analysis

RNA from human samples was extracted and cDNA synthesized as previously described.47 RNA from mouse samples and cells was 

extracted using the miRNeasy Mini Kit after manufacturer’s protocol of RNA purification from 60 – 100 mg mouse adipose tissue 

including tissue disruption with FISHERBRAND Bead Mill 24 (Fisher Scientific GmbH, Germany) and the suggested DNase digestion. 

Complementary DNA (cDNA) of mouse and cells was synthesized using the RevertAid cDNA synthesis kit, High-Capacity cDNA 

Reverse Transcription Kit. For quantitative polymerase chain reaction (qPCR) cDNA was diluted to 2.5 ng/μL for a final input of 

10 ng cDNA per reaction. The PrimeTime Gene Expression Master Mix was used with assays given in the key resources table

and single- or multiplexed in a final reaction volume of 10 μL. For InsR and Pparα, gene expression was measured using the 

GoTAQ qPCR system after manufacturer’s protocol in a final reaction volume of 20 μL. Measurements were performed in duplicates. 

qPCR was performed on QuantStudio 5 Real-time PCR-System (ThermoFisherScientific, US). The runs were analyzed and thresh

olds between runs adjusted using the ThermoFisher Scientific Cloud tool. Fold change was calculated after Pfaffl48 using the dupli

cate’s mean CT values. Hypoxanthine-phosphoribosyl transferase gene (Hprt, mouse) or Ribosomal protein 37a (RPL37a, human) 

served as housekeeper.

Methylation analysis

For pyrosequencing analysis, DNA of 60 – 100 mg whole adipose tissue was isolated using the QIAmp Fast DNA tissue kit or QIAmp 

Mini Kit and DNA measured using the Qubit spectrophotometer (ThermoFisher Scientific, US). DNA was bisulfite converted using the 

EpiTect Fast DNA Bisulfite Kit after manufacturer’s instructions. The pyrosequencing assays for mouse and human Lep regulatory 

enhancer site RS1 were designed using the PyroMark Assay Design 2.0 software. Polymerase chain reaction was performed after 

thorough implementation of the assays using the PyroMark PCR Kit with 1 μL bisulfite converted DNA as input (cycles: 10 min, 

95◦C; (30 s, 94◦C; 25 s, 49.5◦C(ms)/52.9◦C(hu); 25 s, 72◦C)x40(ms)/45(hu); 10 min, 72◦C; assays see key resources table; and 

genomic position in File S1, Table S3). PCR product was confirmed on a 1% agarose gel in 1x TAE-buffer. The pyrosequencing 

runs were programmed using the PyroMark Q48 Autoprep software and performed on the PyroMark Q48 Autoprep (QIAGEN, 

Netherlands) after the machine’s and manufacturer’s instructions with the sequencing primer of the assay. All presented mouse 

methylation data is normalized to a standard curve of the RS1 assay to allow better comparability between the different mouse 

cohorts.

Luciferase assay

The insert for RS1 was ordered as single-strand oligonucleotides (see key resources table) and duplexed The insert was cloned up

stream of the CMV promoter and luciferase of the CpG-free plasmid pCpGL-CMV, a gift from Prof. Rehli44 using restriction enzymes 

NcoI-HF and HindIII-HF and Quick ligase . Methylation of the vectors was performed using M.SssI, a mock-methylation reaction 

without the addition of M.SssI served as control. Vectors were gel purified. Transfection into HEK293T was performed using lipofect

amine2000 in 96-well plates as triplicates per site with biological replicates. Transfection efficiency was controlled with a co-trans

fection of Renilla-SC40 plasmid at a ratio of 1:1. Renilla and Firefly luciferase signals were measured using the DUAL-GLO Luciferase 

Assay 24h after transfection. Transfections were performed as technical triplicates and biological replicates, as indicated in the 

figure. Each signal was normalized by its Renilla signal before each normalized signal was divided by a normalized mock-methylation 

signal of the biological replicate. The average of these adjusted signals was taken as the value for the respective biological replicate.

Mass-spectrometry analysis

For mass-spectrometry analysis of the proteins binding to RS1 the PIERCE MS-compatible Magnetic IP Kit was used. Methylated (as 

described in the luciferase assay) and unmethylated oligonucleotides were used. Briefly, 5 μg biotinylated double-stranded oligonu

cleotides containing the RS1 CpG sites (methylated or unmethylated) were incubated with either 200 μg protein extract from epidid

ymal adipose tissue of mice on HFD for 12 weeks (n = 3 for each methylated vs unmethylated) or 100 μg nuclear protein extract of 

differentiated 3T3-L1 cells (13 days differentiated, as described below; n = 3 for unmethylated strand, n = 2 for methylated strand) in a 

final volume of 500 μL in IP-MS Cell lysis buffer overnight at 4◦C. The immunoprecipitation was conducted as per manufacturer’s 

instructions separately for each biological replicate. For the liquid chromatography coupled mass spectrometry, DNA-protein com

plexes were lyophilized and dissolved in 0.1% formic acid in water for mass spectrometric analysis. The reconstituted complexes 

were loaded onto C18 EvoTip disposable trap columns and chromatographically separated using an EvoSep One system 

(EvoSep, Odense, Denmark) with a C18 Performance column (EV1137, 15cm x 150 μm, 1.5 μm) and an extended 15 SPD method 

(88 min gradient, 220 nl/min). A nano-electrospray ion source linked the system to the hybrid TIMS quadrupole TOF mass spectrom

eter (Bruker timsTOF Flex HT), which ran in the diaPASEF mode with specific settings for scan range, ion mobility, and mass accuracy 

(File S1, Table S4). Data processing was performed using DIA-NN software with specific parameters shown in (File S1, Table S5). The 

analysis of the generated protein group list was performed using R Studio. First, the data were filtered for transcription factors ob

tained from the mouse RIKEN transcription factor database (accessed 12/12/2023). Methylated and unmethylated data were 

analyzed for the differential abundance of proteins between methylated and unmethylated strand using the limma-package with 

linear model fit and correction using the empirical Bayes-method. Data from 3T3-L1 and mouse adipose tissue were analyzed 

separately.
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Protein isolation for mass spectrometry

Protein isolation from epididymal adipose tissue from week 12 DIO mice was performed using the Bio-Plex Cell lysis kit after man

ufacturer’s protocol with a repeated centrifugation step to purify the protein sample from the lipid layer. Homogenization of 300 μL cell 

lysis buffer with ca. 50 mg eWAT was performed with a bead mill.

Nuclear proteins from 13-day differentiated 3T3 cells were extracted using the Ne-Per Nuclear and Cytoplasmic Extraction Kit. 

Cells were washed three times with cold 1xDPBS and harvested using a cell scraper. Cells were centrifuged at 6000xg for 5 min 

and the supernatant discarded. Further steps were performed after manufacturer’s instructions, with following changes: The pellet 

was resuspended in 300 μL CER I; 165 μL CERII and 150 μL NER were further used.

Proteins were quantified using the PIERCE BCA Protein Assay Kit after manufacturer’s protocol. Absorbance was measured using 

the plate reader CLARIOstar Plus at 562 nm.

3T3-L1 cell culture differentiation

For differentiation into adipocytes, 3T3-L1 ATCC cells were seeded at 2*104 cells/well in a 12-well plate with proliferation medium 

(1xDMEM high glucose; 10% FBS, 1% Penicillin-Streptomycin). One day after confluency, cells were stimulated with induction me

dium (1xDMEM high glucose, 0.25 μM dexamethasone, 0.5 mM 3-isobutylmethylxanthine, 1 μg/mL insulin) for 72 h before being 

switched to differentiation medium (proliferation medium with the addition of 1 μg/mL insulin). Differentiation medium was changed 

every other day.

Immunoblotting

Adipose tissue (iWAT and eWAT, 40 – 80 mg) was homogenized in lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH7.4, 0.5% wt/vol 

sodium deoxycholate, 1% vol/vol Nonidet P40, 1 mM EDTA, 1mMNaVO4, 10mMNaF, cOmplete Protease Inhibitor Cocktail (Roche), 

with freshly added 1mM PMSF) to isolate total protein. Protein concentration was determined with BCA-assay. For immunoblotting, 

15 μg total protein mixed 1:4 with loading dye (heated to 98◦C for 5 min) was separated on Mini PROTEAN TGX Stain-Free gradient 

gels and transferred onto a polyvinylidene fluoride. Membranes were blocked with 5% milk powder in TBS-T and incubated overnight 

at 4◦C with anti-Leptin antibody (1:1000, AF498). After 1 h of washing in TBS-T, membranes were incubated with secondary antibody 

(1:5000, P0449) for 1 h, washed again for 1 h and visualized using CLARITY MAX Western ECL Substrate and ChemiDoc, Touch 

Imaging System (Bio-Rad Laboratories GmbH, US). Band intensity was quantified with the Image Lab software and data were 

normalized to total protein lane (stain free) and then to a calibrator on each blot to allow comparison between plots.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed as indicated in the figure legends using GraphPad PRISM 10.5.0 (GraphPad Software, Inc, US) and are presented 

as mean ± SD. For one-way, two-way and two-way repeated measure ANOVA as well as two-tailed t-test, normality (Shapiro-Wilk, 

D’Agostino-Pearson omnibus) was verified beforehand. When normality was not given for one-way ANOVA, data was analyzed using 

the Kruskal-Wallis test- For two-way (repeated measure) ANOVA or t-test, data was log-transformed and two-way ANOVA or t-test 

repeated. The precise alternative tests are given in the figure legends. Also, the n-value can be extracted from the graphs. Signifi

cance was assumed for p<0.05 if not stated differently. For gene expression data, the ΔCT values were taken for statistical analysis. 

Schematics were created using BioRender.com. Data were visualized using GraphPad PRISM 10.5.0 (GraphPad Software, Inc, US) 

or R Studio.
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