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Introduction
Anorexia nervosa (AN) is a complex and serious dis-
order characterized by intense fear of weight gain and 
a disturbed body image, which encourage severe food 
restriction or other weight loss behaviors such as exces-
sive physical activity. AN affects up to 4% of women 
and 0.3% of men (Eeden et al. 2021) and has the highest 
mortality rate of any psychiatric disorder. AN is notori-
ously difficult to treat, with patients showing a relentless 
pursuit to thinness by chronically restriciting food con-
sumption and compulsively exercising. Alternations in 
neuronal networks controlling the homeostatic mecha-
nisms regulating food intake and energy expenditure, as 
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Abstract
Background Anorexia nervosa (AN) is a complex debilitating disease characterized by intense fear of weight 
gain and excessive exercise. It is the deadliest of any psychiatric disorder with a high rate of recidivism, yet its 
pathophysiology is unclear. The Activity-Based Anorexia (ABA) paradigm is a widely accepted mouse model of AN that 
recapitulates hypophagia and hyperactivity despite reduced body weight, however, not the chronicity.

Methods Here, we modified the prototypical ABA paradigm to increase the time to lose 25% of baseline body 
weight from less than 7 days to more than 2 weeks. We used this paradigm to identify persistently altered genes after 
weight restoration that represent a transcriptomic memory of under-nutrition and may contribute to AN relapse 
using RNA sequencing. We focused on adipose tissue as it was identified as a major location of transcriptomic 
memory of over-nutririon.

Results We identified 300 dysregulated genes that were refractory to weight restroration after ABA, including 
Calm2 and Vps13d, which could be potential global regulators of transcriptomic memory in both chronic over- and 
under-nutrition.

Conclusion We demonstrated the presence of peristent changes in the adipose tissue transcriptome in the ABA 
mice after weight restoration. Despite being on the opposite spectrum of weight perturbations, majority of the 
transcriptomic memory genes of under- and over-nutrition did not overlap, suggestive of the different mechanisms 
involved in these extreme nutritional statuses.
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well as non-homeostatic mechanisms driven by affec-
tive and cognitive processes interact to drive or suppress 
feeding (Rossi and Stuber 2018). In addition, there is 
a high degree of crosstalk between both peripheral and 
central signals influencing food intake (Gupta et al. 2020; 
Torres-Fuentes et al. 2017).

Chronic metabolic diseases have been postulated to 
induce irreversible physiologic and cellular changes 
which encourage the development of new body weight 
set points (Speakman et al. 2011). For example, obese 
individuals that lose weight struggle to maintain a 
reduced body weight over time due to persistent molecu-
lar changes, that affect energy expenditure (Goldsmith et 
al. 2010; Rosenbaum et al. 2003, 2005) and appetite regu-
lation (Sumithran et al. 2011; Doucet et al. 2000), which 
encourage weight re-gain. In rodent models, these per-
sistent changes encompass the metabolome (Hernandez-
Carretero et al. 2018), and transcriptome (Fischer et al. 
2018; Zapata et al. 2022), particularly in the adipose tis-
sue. Conversely, successful realimentation in AN results 
in weight restoration, but recidivism is common, and the 
rate of relapse is estimated to be ranging from 30 to 50% 
(Berends et al. 2016; Carter et al. 2012; Pike 1998). How-
ever, the underlying mechanisms driving AN recidivism 
is under studied.

The rodent Activity-Based Anorexia (ABA) model 
induces some of the core features of AN, including 
reduced food intake and hyperactivity despite profound 
weight loss (Zhang and Dulawa 2021). In the ABA para-
digm, rodents are singly housed with running wheels 
and exposed to scheduled feeding. Under these condi-
tions, animals develop compulsive wheel-running and 
decreased calorie intake despite extreme weight loss. 
Interestingly, female rodents develop greater hyper-
activity and lose body weight faster than males during 
ABA, paralleling the female preponderance in AN. How-
ever, a limitation of this paradigm is that rodents often 
lose 25% of their body weight, termed “dropout”, from 
the paradigm very rapidly. In a typical experiment, all 
mice dropout in less than a week after the start of the 
experiment (Beeler et al. 2021; Ho et al. 2016; Schalla 
and Stengel 2019). Thus, the chronicity of most cases of 
AN in humans has not been adequately modeled. Here, 
we modified the prototypical ABA paradigm to mimic 
the persistency of AN and identified potential adipose-
derived mediators of AN recidivism.

Materials and methods
Modified activity-based anorexia (ABA)
The animal care protocol was approved by UCSD 
IACUC. Nine-week-old female C57BL/6J mice were pur-
chased from The Jackson Laboratory (Catalog #000664, 
Sacramento, CA) and were acclimated to experimen-
tal conditions (12:12 light-dark cycle, 22-25  °C, 40–50% 

humidity) for 3 days. We utilized 9-week old female mice 
as this age and gender reflect the higher prevalence of 
AN in adolescent females compared to males. In addi-
tion, C57BL/6 is a commonly used mouse strain in ABA 
(Robinette et al. 2020; Daimon and Hentges 2022; Miletta 
et al. 2020; Welch et al. 2019). Mice were singly housed 
and were adapted to running wheels for 7 days with ad 
libitum normal chow diet and water. Mice were random-
ized into 3 groups: Control (ad libitum food and access to 
running wheel, n = 8), ABA (scheduled feeding and access 
to running wheel, n = 8), and Weight Restored (WR, 
scheduled feeding followed by ad libitum feeding after 
25% weight loss and access to running wheel, n = 8). ABA 
and WR mice were subjected to a progressive reduction 
in the duration of food access during the light period 
(Fig. 1A). They were fed from 0900 to 1700 (8 h, Day 1–4), 
until 1500 (6  h, Day 5–7), until 1400 (5  h, Day 8–11), 
until 1200 (3 h, Day 12–14) and until 1100 (2 h, Day 15 to 
unitil the lose 25% of their initial body weight). ABA mice 
were sacrificed upon losing 25% of their baseline body 
weight. A yoked CON mouse was paired with an ABA 
mouse such that it was sacrificed when an ABA mouse 
dropped out of the experiment. WR mice were sacri-
ficed once they regained and stabilized their pre-ABA 
body weight for 2 days (Fig.  1B). Blood, hypothalamus 
and gonadal adipose tissues were collected, flash-frozen 
in liquid nitrogen and stored at -80 °C until analysis. The 
mouse experiment was performed once by a single inves-
tigator (RZ) and no blinding was implemented.

Quantitative real-time PCR and ELISA
Total RNA was isolated from the hypothalamus and 
purified using Trizol and alcohol precipitation. RNA 
concentration and quality were assessed using Nano-
drop. cDNA was synthesized from 500 ng of RNA using 
High-Capacity cDNA transcription kit (Thermo Fisher). 
qPCR was performed using StepOne Plus (Applied Bio-
sciences). Hypothalamic gene expressions of Agrp, Npy, 
Pomc and Cart were normalized to housekeeping Hprt1 
and Pgk1 (Li et al. 2014). Primer sequences used are listed 
in Supplementary Table  6. Circulating plasma levels of 
leptin were measured in plasma by EZML-82  K (Milli-
pore Sigma).

RNA sequencing
The RNA seq was performed through the Institute of 
Genomic Medicine, UCSD. Total RNA was isolated from 
the gonadal WAT and purified using Trizol and commer-
cial isolation kits (Qiagen RNAeasy). The quality of the 
RNA was assessed using the Tapestation 2200 (Agilent) 
and all samples passed an RNA Integrity score (RIN) 
above 7.5 denoting good quality RNA. Libraries were pre-
pared using TruSeq Library prep kits (Illumina) and ran 
on the NovaSeq S4 (Illumina) to obtain an approximate 
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coverage of 10 million reads per sample. Quality control 
of the raw fastq files was performed using the software 
tool FastQC v0.11.8. Sequencing reads were trimmed 
with Trimmomatic v0.38 and aligned to the mouse 
genome (GRCm38p6) using the STAR aligner v2.5.1a. 
Read quantification was performed with RSEM v1.3.0 
and the Ensembl release 98 annotation. The R BioCon-
ductor packages edgeR and limma were used to imple-
ment the limma-voom method for differential expression 
analysis. In brief, lowly expressed genes—those not 
having counts per million (cpm) ≥ 1 in at least 5 of the 
samples—were filtered out and then trimmed mean of 
M-values (TMM) normalization was applied. The experi-
mental design was modeled upon condition (~ 0 + condi-
tion). The voom method was employed to model the 
mean-variance relationship in the log-cpm values, after 
which lmFit was used to fit per-gene linear models and 

empirical Bayes moderation was applied with the eBayes 
function. Significance was defined by using an adjusted 
p-value cut-off of 0.05 after multiple testing correc-
tions using a moderated t-statistic in limma. Functional 
enrichment of the differentially expressed genes was per-
formed using WebGestalt (including GSEA13). To detect 
genes significantly changed by the ‘AN’ state that did not 
revert to their normal levels after weight restoration, we 
compared the DEGs in (ABA vs. CON) to (CON vs. WR) 
and identified genes that were no different.

Rodent weight loss model
To identify common persistently changed genes in the 
adipose tissue during chronic perturbations in body 
weight, we cross-referenced the refractory genes of 
ABA with the refractory genes of overnutrition from 
our previous obesity-focused study (Zapata et al. 2022). 

Fig. 1 Modified Activity-Based Anorexia model in mice for the study of recidivsm. (A) Diagram of the progressive reduction in food access duration dur-
ing ABA. (B) Study timeline of ABA with weight restoration period. (C) Body weight changes, as percent of of baseline, (D) Food intake, (E) Time spent 
running, (F) Distance ran, (G) Average and (H) Maximum running speed of CON (n = 8), ABA (n = 8) and WR (n = 8) mice. Data was expressed as mean SEM 
and analyzed with two-tailed repeated measures ANOVA followed by two-stage linear step-up procedure of Benjamini, Kreiger and Yekutieli with an FDR 
of 0.1. Significance was set at p < 0.5
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In brief, 9–10 week old male C57BL/6J mice (#000664, 
Jackson Laboratories) were fed with either a 10% (LFD, 
D12450, Research Diets, New Brunswick, NJ) or 60% 
fat diet (HFD, D12492). After 9 weeks of HFD, half of 
the HFD-fed mice where switched to the LFD for 3 
weeks to induce ~ 10% weight loss which is sufficient to 
restore glucose tolerance and insulin sensitivity to levels 
observed in lean, normal chow fed mice (Hernandez-
Carretero et al. 2018; Li et al. 2010). The mice were then 
sacrificed, gonadal white adipose dissected and fraction-
ated into adipocytes and stromal vascular fraction (SVF) 
from which RNA was extracted and purified as described 
above.

Statistics
All data are expressed as mean ± standard error of mean. 
Biological replicates are indicated in the figure legends. 
Statistics were carried out using GraphPad 8.1. Normal 
distribution was tested using Shapiro-Wilk test prior to 
proceeding with two tailed one-way ANOVA or a two-
way ANOVA with repeated measures followed by post 
hoc tests involving two-stage linear step-up procedure of 
Benjamini, Krieger and Yekutieli corrections for multiple 
comparisons with a false discovery rate of 0.10, when-
ever applicable. Outliers were detected using the ROUT 
method. Statistical significance was set at α = 0.05.

Results
Modified ABA paradigm increased time to drop-out
We designed our ABA paradigm to prolong the induction 
of weight loss by progressively decreasing food access 
time from 8 to 2  h over a period of 3 weeks (Fig.  1A). 
The mice on ABA lost 25% of their baseline weight on an 
average 15.5 ± 3.2 days (range 9–20 days), compared to 
less than 7 days in most published studies (Beeler et al. 
2021; Ho et al. 2016; Schalla and Stengel 2019). In addi-
tion, despite a 25% weight loss and decreased food intake, 
ABA mice were hyperactive and did not exhibit any signs 
of sickness. Due to varying times of dropout and for effi-
cient graphical representation, we adjusted the timeline 
for each animal to assign the day of 25% weight loss as 
Day 0 (Fig.  1B). This adjustment made each animal, 
at a given time, very similar in terms of phenotype as a 
response to ABA. On average, WR regained the weight 
back after 7 days of ad libitum feeding (Fig. 1C). Overall, 
ABA mice ate 50% less food compared to CON (2.5 g vs. 
5 g). During the first 3–4 days of the weight regain, WR 
mice ate an average of 6.38 g (5.65–6.94 g). Surprisingly, 
thereafter, mice ate 25% less food compared to CON lev-
els (3.84 g vs. 5 g) (Fig. 1D). During the scheduled fasting, 
ABA and WR had decreased running time and distance 
ran compared to CON while ABA and WR did not have 
significant difference running time spent (Fig.  1E) and 
distance ran (Fig.  1F). There were also no difference in 

average speed (Fig.  1G) and maximum speed (Fig.  1H). 
In WR group, running time, distance ran, average and 
maximium running speed during scheduled fasting and 
ad libitum feeding did not differ.

Weight-restored ABA mice expressed markers that supress 
appetite
Several reports have examined the changes in adipose 
tissue biology during weight restoration. Waist-to-hip 
ratio, total trunk fat, visceral and intramuscular adipose 
tissue were significantly greater in the weight-recovered 
patients than in the control subjects (Mayer et al. 2005, 
2009). It has been reported that there are significantly 
higher leptin levels in AN patients at target weight than 
in healthy controls after adjustment for BMI and percent 
body fat long after weight restoration (Holtkamp et al. 
2003, 2004). When AN patients relapse to a lower body 
weight, it is speculated that high leptin levels represent 
a counter-regulatory response predisposing to renewed 
weight loss. Here, we found that adipose tissue expres-
sion and plasma concentrations of leptin were reduced 
during ABA, reflecting the decreased adipose tissue 
mass. However, despite CON and WR having similar 
amounts of gonadal adipose tissue, a type of visceral adi-
pose tissue (Fig.  2A), WR mice have increased circulat-
ing levels of leptin (Fig.  2B) but without any difference 
gene expression in the adipose tissue (Fig. 2C) Notewor-
thy, these data coincided with the decreased food intake 
observed between day 5–7 of weight regain in WR mice. 
Thus, our model can be used to examine to role of hyper-
leptinemia in the hypophagia that happens during AN 
recidivism.

In the hypothalamus, we also found that the levels of 
the orexigenic genes Agrp (Fig.  2D) and Npy (Fig.  2E) 
increased during ABA, a reflection of the increased hun-
ger. Surprisingly, although Npy levels were comparable 
between CON and WR, Agrp levels were increased in 
WR compared to CON. We also measured the expres-
sion of genes that code for anorexigenic peptides. We 
observed that Pomc (Fig. 2F) was reduced in ABA while 
Cart (Fig. 2G) was unchanged. However, both genes were 
upregulated during WR compared to CON.

White adipose tissue retain a transcriptomic memory of 
undernutrition
We performed RNA seq studies of the perigonadal white 
adipose tissue to identify (I)  genes that were changed 
with AN [CON vs. AN], (II) AN genes that were upreg-
ulated or downregulated beyond CON levels after WR 
[CON vs. WR] and (III) persistently changed genes with 
AN after weight restoration [CON vs. AN] - [CON vs. 
WR]. Principal component analysis (Fig. 3A) showed that 
AN transciptomic profile clustered distinctly from CON 
and WR on PC1 while CON and WR clustered closer 
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to each other on PC1 but not on PC2. Figure  3B illus-
trates the numbers of genes that are either differentially 
expressed (DEG) among the 3 groups. Comparing ABA 
and CON, 6588 protein-coding (3954 were upregulated, 
2634 upregulated) DEGs (Supplementary Table  1) were 
identified, with Lep (leptin), Adamts16 (A disintegrin and 
metalloproteinase with thrombospondin motifs 16), Ngfr 
(nerve growth factor receptor), Aqp5 (aquaporin 5), Nnat 
(neuronatin), Cyp2b10 (cytochrome P450 2B10), Acot5 
(acyl-coenzyme A thioesterase 5), Tat (tyrosine amino-
transferase), Acot3 (acyl-coenzyme A thioesterase 3), 
Gnrhr (gonadotropin-releasing hormone receptor) being 
notable DEGs between these two groups (Fig. 3C). When 
filtered using adjusted p-values, we identified Cyp2d22 
(human ortholog Cyp2d6, cytochrome P450 2D6), Cnst 
(consortin), Dnajb6 (DnaJ heat shock protein family 
(Hsp40) member B6), Rorc (RAR related orphan receptor 
C), Galnt15 (polypeptide N-acetylgalactosaminyltrans-
ferase 15), Kctd11 (potassium channel tetramerization 

domain containing 11), Mgl2 (macrophage galactose 
N-acetyl-galactosamine specific lectin 2), Col3a1 (colla-
gen type III alpha 1 chain), Adcy5 (adenylyl cyclase type 
V), Cdc42ep2 (Cdc42 effector protein 2) to be top 10 
DEGs (Fig.  3D). Gene set enrichment analysis detected 
the following pathways to be enriched: progesterone sig-
naling, lymphatic vessel during metastasis and hemato-
poiesis (Fig. 3E).

When WR was compared to CON, despite having simi-
lar body weights and adiposity, 503 downregulated and 
541 upregulated genes were found (Fig. 3B, Supplemen-
tary Table  2). The DEGs Mup22 (major urinary protein 
1), Mup11 (major urinary protein 11), Klf14 (Krueppel-
like factor 14), Gpx3 (glutathione peroxidase 3), Prnd 
(prion-like protein doppel), Mpp4 (MAGUK p55 sub-
family member 4), Aspm (abnormal spindle-like micro-
cephaly-associated protein homolog), Cenpf (centromere 
protein F) and Orm2 (alpha-1-acid glycoprotein 2) had 
the greatest fold change between WR and CON (Fig. 3F). 

Fig. 2 Weight Restored ABA mice expressed markers that supress food intake. (A) Gonadal adipose tissue weight (CON: n = 8, ABA: n = 7 and WR: n = 8), (B) 
Leptin plasma concentrations (CON: n = 8, ABA: n = 5 and WR: n = 7), (C) Adipose tissue leptin mRNA expression (CON: n = 6, ABA: n = 6 and WR: n = 6. and 
the hypothalamic expression of the neuropeptides D.Agrp, E.Npy, F.Pomc, and G.Cart in CON (n = 6–8), ABA (n = 7–8) and WR (n = 8) mice. Data was ex-
pressed as mean SEM and analyzed with two-tailed one-way ANOVA followed by two-stage linear step-up procedure of Benjamini, Kreiger and Yekutieli 
with an FDR of 0.1. Significance was set at p < 0.5
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Fig. 3 Metabolic memory of AN. (A) Principal component analysis of all genes CON (n = 6), ABA (n = 6) and WR (n = 6), (B) Venn diagram showing the 
number of differentially and similarly expressed genes after intersecting the DEGs between ABAvsCON, WRvsCON and WRvsABA. (C) Volcano plot of the 
DEGs, (D) Heatmap of the top 25 upregulated and downregulated genes filtered using adjusted p value, (E) Top 10 enriched pathways using GSEA in 
ABAvsCON. (F) Volcano plot of the DEGs, (G) Heatmap of the top 25 upregulated and downregulated genes filtered using adjusted p value, (H) Top 10 
enriched pathways using GSEA in WRvsCON, (I) Volcano plot of the DEGs, (J) Heatmap of the top 25 upregulated and downregulated genes filtered using 
adjusted p value, K. Top 10 enriched pathways using GSEA in WRvsABA. Red points and bars mean upregulated, blue point and bars mean downregu-
lated, black points are not different bewtween the two groups compared
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If we screen using adjusted p-values, Zfp979 (zinc finger 
protein 979), Trim24 (transcription intermediary factor 
1-alpha), Pde4b (cAMP-specific 3’,5’-cyclic phosphodi-
esterase 4B), Tfrc (transferrin receptor protein 1), Ifit2 
(interferon-induced protein with tetratricopeptide repeats 
2), Sema6d (semaphorin-6D), Crim1 (cysteine-rich 
motor neuron 1 protein), Chrnb1 (acetylcholine recep-
tor subunit beta), Trp53i11 (tumor protein p53-inducible 
protein 11) and Mup22 were identified to be top 10 DEGs 
(Fig.  3G). In addition, progesterone signaling, pubertal 
breast, targets of Hoa9 and Meis1 pathways were discov-
ered to be significantly enriched (Fig. 3H).

We then determined ABA genes that did not revert to 
normal after weight restoration (Supplementary Table 3). 
We identified Inmt (indolethylamine N-methyltrans-
ferase), Chchd10 (coiled-coil-helix-coiled-coil-helix 
domain-containing protein 10), Aff2 (AF4/FMR2 family 
member 2), Mrgprb1 (Mas-related G-protein coupled 
receptor member B1), Fmo1 (flavin-containing monooxy-
genase 1), Prnd, Aplnr (apelin receptor), Ptchd4 (patched 
domain-containing protein 4), Apln (apelin), and Top2a 
(DNA topoisomerase 2-alpha) to have the greatest fold 
change between WR and ABA (Fig. 3F). The top 10 DEGs 
(when adjusted p-value was taken into consideration) 
included Fbn1 (fibrillin-1), Col5a2 (collagen alpha-2(V) 
chain), Emp1 (epithelial membrane protein 1), Inmt, 
Msln (mesothelin), Ahnak (desmoyokin), Fmo1, Kcp (kie-
lin/chordin-like protein), Itpripl2 (inositol 1,4,5-trispho-
sphate receptor-interacting protein-like 2), and Large1 
(LARGE xylosyl- and glucuronyltransferase 1) (Fig. 3G). 
Gene set enrichment analysis, highlighted pathways for 
neonatal hippocampus, graft versus host disease, and 
lymphatic vessels during metastasis to be highly enriched 
in WR compared to ABA (Fig. 3H).

We then intersected the ABA DEGs with WR DEGs 
to pinpoint the potential adipose tissue metabolic mem-
ory of under-nutrition and we found that 300 genes that 
were differentially expressed in the AN state and per-
sisted after weight restoration (Fig.  3B, Supplementary 
Table  5). The genes Srm (spermidine synthase), Rasa3 
(Ras GTPase-activating protein 3), Ear2 (eosinophil cat-
ionic protein 2), Gga2 (ADP-ribosylation factor-binding 
protein GGA2), Gnl3l (guanine-nucleotide binding pro-
tein 3-like), Gabre (gamma-aminobutyric acid recep-
tor subunit epsilon), Mrto4 (mRNA turnover protein 4 
homolog), Gps1 (COP9 signalosome complex subunit 1), 
Srebf2 (sterol regulatory element binding transcription 
factor 2), and Rasal2 (RAS protein activator like 2) were 
identified to be the top ABA genes that did not every 
back to ‘normal’levels after weight restoration. Using 
adjusted p-values, we found Ear2, Gga2, Gabre, Gnl3l, 
Mrto4, Srm, Rasa3, Gps1, Srebf2, and Hspbp1 (Hsp70-
binding protein 1) be top 10 persistently dysregulated 

genes, representing a transcriptomic memory of previous 
AN state.

Identification of potential global mediators of chronic 
weight perturbations
To identify adipose tissue genes that were persistently 
dysregulated by over- or under-nutrition, we cross-ana-
lyzed the RNA seq data from both models of ABA and 
obesity to determine potential global metabolic mem-
ory genes of chronic weight-related perturbations. This 
comparative analysis identified 5 adipocyte (Calm2 - 
calmodulin-2, Abcg1 - ATP-binding cassette sub-family 
G member 1, 2610203C22Rik, Ucp2 - uncoupling pro-
tein-2, Vps13d - vacuolar protein sorting 13D) and 4 SVF 
(Slc16a10 - monocarboxylate transporter 10, Abcg1, Cfd 
- complement factor D, Aff3 - AF4/FMR2 family member 
3) genes that were persistently changed by former obe-
sity or undernutrition. We then ascertained which genes 
were altered in opposite directions in these nutritional 
extremes and found Calm2 to be increased in obesity but 
decreased in ABA while Vps13d was decreased during 
obesity yet increased during ABA.

Discussion
AN is a chronic condition characterized by extreme mal-
nutrition and excessive physical activity with a high rate 
of relapse. However, the molecular mechanisms that 
drive AN recidivism are not fully understood and are 
likely to involve multiple pathways. We hypothesized that 
a transcriptomic memory of under-nutrition may play an 
important role in AN recidivism in a similar manner obe-
served in defending the higher set point in over-nutrition 
during obesity. The most common animal model of AN is 
the ABA paradigm, wherein mice are subjected to sched-
uled feeding coupled with free wheel-running. However, 
a caveat of this paradigm, when typically done, is that 
most mice will lose 25% of their baseline body weight 
within a few days, which does not mimic the chronicity 
of the human condition. In these studies, we prolonged 
the AN induction phase to an average of 15.5 days, which 
is twice as long compared to the typical ABA paradigm, 
to mimic the chronicity of the disease in humans and 
to facilitate an extended time for the mice to effectively 
establish a transcriptomic memory of undernutrition.

The white adipose tissue (WAT) is a dynamic endo-
crine tissue that influences whole body energy homeosta-
sis by acting as an energy reservoir as well as secreting 
hormones, metabolites and cytokines (Choe et al. 2016). 
During AN, the WAT shrinks as it is being depleted of 
energy stores which is accompanied by physiologic, tran-
scriptomic and epigenetic adaptations (Xiao et al. 2020). 
Transcriptional analysis of the WAT from our modified 
ABA modelled to the identification of 6588 protein-cod-
ing genes that were altered during severe undernutrition. 
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Some of the most notable differentially expressed genes 
in our study have well-established roles in energy metab-
olism. Leptin (Matsubara et al. 2002), a well-known adi-
pose-derived anorexigenic hormone whose circulating 
levels are reflective of adipose tissue expansion and con-
traction, was decreased with ABA and notably increased 
in obesity. In addition, nerve growth factor (Bulló et al. 
2007), which is the ligand for Ngfr, was also decreased in 
ABA but was reported to be increased by 1.4 fold in the 
plasma in obese women. In contrast, Cyp2b10, a mem-
ber of the Cytochrome P450 superfamily of enzymes, was 
increased in ABA, whereas its deletion promoted weight 
gain and adiposity in mice (Heintz et al. 2019). More-
over, the adipose tissue expression of Acot5 and Acot3, 
which hydrolyze short acyl-CoA esters in aid of peroxi-
somal beta-oxidation, were both increased in our ABA 
paradigm and after a 24-hour fasting in mice (Ellis et al. 
2015). Gnrhr, the receptor for gonadotrophin releasing 
hormone, was increased in the adipose tissue in our ABA 
paradigm. However, data indicated that stimulation of 
Gnrhr increased lipogenesis in adipocytes in vitro, sug-
gesting it may be acting in a compensatory manner to 
rescue lipogenesis in adipose tissue during ABA (Li et 
al. 2022). Nnat expression was decreased in the adipose 
tissue in our ABA paradigm in line with other studies 
whereby differential expression is associated with lipo-
dystrophy (Braun et al. 2020). Furthermore, the dele-
tion of Nnat, is associated with partial leptin resistance 
resulting in hyperphagia, (Millership et al. 2018) also sug-
gesting a potential role of Nnat in metabolic regulation. 
Additional mechanistic studies are required to examine 
the direct roles of some of these novel DEGs on feeding 
behavior and body weight regulation.

Despite CON and WR mice having similar body 
weights and similar gonadal adipose tissue weights, we 
still found a large number of differentially expressed 
genes (n = 1044 DEGs) between these groups including 
genes with important roles in energy balance and adipose 
tissue biology. A collection of genes had lower expression 
in the adipose of the WR group compared with CON, 
including Gpx3, Orm2, Trim24, Pde4b, and Sema6d, 
while expression of Tfrc was increased in WR compared 
to CON. Gpx3, which catalyzes the reduction of hydro-
gen peroxide and lipid peroxides, was decreased in the 
adipose tissue of insulin resistant and obese patients 
(Hauffe et al. 2020). Orm2, which functions as a major 
protein carrier in the plasma, when globally knocked-out 
in mice, increased adipose tissue and body weights (Sun 
et al. 2016). Whole-body knockout of Trim24, an impor-
tant transcriptional factor for several nuclear receptors, 
decreased visceral adipose weight (Jiang et al. 2015) and 
was also decreased in WR compared to CON. Meanwhile, 
the genetic ablation of Pde4b, which catalyzes the hydro-
lysis of cAMP, reduced body weight and adipose tissue 

in mice (McDonough et al. 2020) and was decreased in 
WR compared to CON. Another gene, Sema6d, belongs 
to the semaphorin family of proteins and functions as a 
signaling molecule and its deletion inhibited M2 mac-
rophage polarization, accompanied by decreased fatty 
acid uptake and lipid metabolic reprogramming due to 
downregulation of PPARγ expression (Kang et al. 2018) 
while WR decreased its expression compared to CON. 
Adipocyte-specific deletion of Tfrc, which is required for 
the cellular uptake of iron via receptor-mediated endo-
cytosis, decreased body weight and fat mass (Zhang et 
al. 2021) but was increased in WR compared to CON. 
We speculate that these transcriptomic adaptations in 
WR are likely to be part of a complex network of gene 
interactions that either serve as forward loop or negative 
feedback mechanisms as the adipose tissue exponentially 
regains mass during weight restoration after ABA which 
necessitates further investigations.

It has previosuly been noted that leptin, which sig-
nals to the brain to reduce food intake, is significantly 
increased in AN patients at target weight after weight res-
toration compared with healthy controls (Holtkamp et al. 
2004). When AN patients relapse to a lower body weight, 
it is speculated that high leptin levels in the circulation 
represent a counter-regulatory response predisposing to 
renewed weight loss. Our mouse data is parallel to these 
observations in humans, signifying that our modified 
ABA model can be used to study the role of leptin in AN 
relapse. In future studies, it will be important to estab-
lish whether the relative hyperleptinemia observed after 
weight restoration contributes to hypophagia. Mecha-
nistically, the anorexic effect of leptin is believed to be 
represented by its action of both the AgRP-expressing 
neurons (Xu et al. 2018) and POMC-CART-expressing 
neurons (Balthasar et al. 2004). Deletion of leptin recep-
tors on POMC neurons caused mice to be mildly obese 
and hyperleptinemic while deletion of leptin receptors in 
AgRP neurons caused hyperphagia, obesity, hyperglyce-
mia and insulin resistance. We therefore speculate that 
the combination of increased leptin, and increased Pomc 
and Cart during WR drive the hypophagia observed dur-
ing weight regain from ABA. Moreover, AgRP-expressing 
neurons have already been implicated in regulating com-
pulsive exercise and survival (Miletta et al. 2020) while 
POMC-expressing neurons reduced food anticipatory 
activity in with no significant changes in body weight or 
food intake (Daimon and Hentges 2022) in ABA mice. 
Further studies are warranted to examine any persistent 
effects of AN on the activity of these hypothalamic neu-
rons after weight restoration.

While AN is commonly described as a psychiatric dis-
order, it is increasingly recognized as a metabo-psychiat-
ric disorder. Large-scale genome-wide association studies 
found that AN showed significant genetic correlation 
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with both psychiatric disorders and metabolic traits 
(Duncan et al. 2017; Watson et al. 2019; Yilmaz et al. 
2015). Moreover, conditions characterized by chronic 
over-nutririton, like obesity, and undernutrition, like AN 
and cachexia, are at the opposite ends of the weight spec-
trum and might have common pathways that are dysreg-
ulated in opposite directions (Foldi et al. 2021; Molocea 
et al. 2020). This opposing pattern of correlations fur-
ther highlights that common metabolic pathways might 
be dysregulated in these extreme states of under- and 
over-nutrition. We and others have reported signifi-
cant adipose tissue gene expression changes induced by 
either obesity or caloric restriction-induced weight loss, 
that persist after restoration of a normal body weight 
(Hernandez-Carretero et al. 2018; Zapata et al. 2022; 
Schmitz et al. 2016; Hahn et al. 2019). In this study, we 
have identified 300 differentially expressed genes induced 
by AN that did not revert back to normal levels after 
weight restoration. Importantly, some of these persis-
tently dysregulated adipose tissue genes identified in the 
ABA studies have described roles in the pathophysiol-
ogy of obesity. For example, adipose tissue expression 
of Ear2 was decreased by ABA and is also known to be 
highly expressed in recruited adipose tissue macrophages 
during obesity (Lumeng et al. 2007). G Protein Pathway 
Suppressor 1 (Gps1) expression was decreased by ABA 
and previous studies have shown that a downregulation 
of Gps1 in adipocytes retarded adipogenesis (Huang et 
al. 2012). Spermidine synthase (Srm) was decreased in 
the adipose tissue of ABA mice, and the product of this 
enzyme, spermidine, is known to play a role in lipolysis 
in visceral fat (Liao et al. 2021) and increased spermi-
dine levels are associated with obesity (Gao et al. 2022). 
Sterol Regulatory Element Binding Transcription Fac-
tor 2 (Srebf2), the master regulator of cholesterol bio-
synthesis, was decreased in ABA and increased during 
obesity (Shimano 2009). RAS Protein Activator Like 2 
(Rasal2) expression was increased by ABA, while Rasal2 
null mice displayed decreased adiposity (Zhu et al. 2017). 
In addition, some of the identified persistently dysregu-
lated genes have already proven roles in energy balance 
regulation. Socs3 (Ueki et al. 2004), Mmp9 (Unal et al. 
2010) and Prmt1 (Choi et al. 2021), which had elevated 
expression levels in obesity that were reversed by weight 
loss, had decreased expression in ABA and remained 
decreased in WR.

We hypothesized that there might be common genes 
that are dysregulated in opposite directions in obesity 
and AN that might represent global mediators of weight 
recidivism. Thus, we overlaid the transcriptomic memo-
ries of both over- and under-nutrition in the adipose 
tissues. Interestingly, the majority of the transcriptomic 
memory genes in these two conditions are mutually 
exclusive. Only 5 out of 752 adipocyte, and 4 out of 247 

SVF transcriptomic memory genes of over-nutrition 
(Zapata et al. 2022) overlapped with the 300 transcrip-
tomic memory genes of under-nutrition. In addition, 
despite obesity and AN being on the opposite ends of the 
weight spectrum, the majority of the common genes were 
regulated in similar directions. Interestingly, we identi-
fied 2 genes, both of which are found in the adipocytes, 
that could play a universal role in the development of 
transcriptomic memory of chronic weight perturbations. 
Calm2 encodes calmodulin 2, and its expression was 
increased in obesity but decreased in ABA and was per-
sistently changed in both conditions. Calm2 plays a role 
in signal transduction and has been implicated in diabe-
tes where high expression of Calm2 induced early-onset 
diabetes or diabetic nephropathy in mice (Epstein et al. 
1989; Yuzawa et al. 2008). The second transcriptomic 
memory gene identified in both data sets was Vps13d, 
which encodes Vacoular Protein Sorting Homolog D, and 
a frameshift mutation in Vps13d is the primary ethiology 
of Cohen syndrome, a rare genetic disease characterized 
by trucal obesity as well as developmental delay, mental 
retardation, microcephaly, and hypotonia (Kolehmainen 
et al. 2004). Further investigations are warranted to elu-
cidate the roles of these genes in body weight regula-
tion and their potential as therapeutic targets for weight 
recidivism in both obesity and AN.

Our studies have several limitations. First, our modi-
fied ABA model used a relatively short weight restora-
tion period. A longer weight restoration period may have 
revealed further changes in body weight, which appeared 
to decrease over time. Furthermore, it would be inter-
esting to determine how long the hypophagic behavior 
we observed during this period would continue. Sec-
ond, though the levels of leptin and expression of hypo-
thalamic genes reflect a hypophagic phenotype, further 
studies are required to prove causation. Third, due to the 
limited quantity of adipose tissues from ABA mice, we 
could only conduct a bulk RNA sequencing of the whole 
adipose tissue. Further studies are needed to determine 
the cell-type-specific refractory gene expression changes 
from adipocytes and the immune-cell-containing stro-
mal vascular cells, that are likely to play a dynamic role 
the transcriptomic memory of ABA and have established 
roles in metabolic function in obesity (Abete et al. 2006; 
Caslin et al. 2020). Finally, additional studies are needed 
to functionally validate the role of the identified DEGs 
and their role in the regulation of food intake and body 
weight. Similar to obesity, ABA is likely to also drive 
persistent changes in the proteome (Geyer et al. 2016), 
metabolome (Hernandez-Carretero et al. 2018), microbi-
ome (Thaiss et al. 2016) and epigenome (Martínez et al. 
2014). For example, we identified several ABA memory 
genes that potentially play a role in epigenetic regula-
tion of gene expression. Fbl (fibrillarin), Nsun4 (NOP2/



Page 10 of 12Zapata et al. Molecular Medicine          (2023) 29:109 

Sun RNA methyltransferase 4), Mettl1 (tRNA (guanine-
N(Rosenbaum et al. 2005)-)-methyltransferase), Hmgn1 
(Non-histone chromosomal protein HMG-14) and Prmt1 
(Protein arginine N-methyltransferase 1) were all per-
sistently decreased by ABA while Brd8 (bromodomain-
containing protein 8) was increased by ABA despite 
weight restoration. Given that most of these genes 
were downregulated could suggest that their targets are 
actively being transcribed. Additional future omics-based 
approaches including adipose tissue ATAC-seq, pro-
teomics and metabolomics will establish a broader pic-
ture of the mechanisms that encourage weight recidivism 
after chronic under-nutrition. The examination of addi-
tional metabolic tissues, including muscle, liver and brain 
should also be performed to determine if they also retain 
a transcriptomic memory of under-nutrition.

Conclusions
We were able to design and execute a modified ABA par-
adigm to model hypophagia seen during AN recidivism. 
In addition, our mouse model also was able to recapitu-
ate the hyperleptinemia observed in weight restored AN 
patients. Finally, we identified 300 metabolic memory 
genes of under-nutrition in the adipose tissue which 
could potentially mediate hypophagia and AN relapse, 
with Calm2 and Vps13d as potential universal regulators 
on transcriptomic memory of chronic pertubations in 
body weight.

Abbreviations
ABA  Activity-based anorexia
AN  Anorexia Nervosa
CON  Control mice
DEG  Differentially expressed gene
SVF  Stromal vascular fraction
WR  Weight restored mice

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s10020-023-00705-7.

Supplementary Material 1

Acknowledgements
Not applicable.

Authors’ contributions
OO, SCD and RCZ conceived the study and designed and carried out the 
experiments. CAN and DRCF performed the RNAseq and pathway analyses. 
RCZ, SCD and OO wrote, reviewed and edited the manuscript.

Funding
These studies were funded through the National Institutes of Health CTSA 
grant #UL1TR001442 (OO), Larry L. Hillblom Foundation Postdoctoral 
Fellowship 2019-D-007-FEL (RCZ) and Department of Defense Discovery 
Award W81XWH2210084 (SCD).

Data Availability
All data for this study are reported in this manuscript. The raw, curated and 
metadata of RNA sequencing are available at GSE229316.

Declarations

Ethics approval and consent to participate
All animal protocols were approved by UCSD IACUC.

Consent for publication
Not applicable.

Competing interests
The authors have nothing to disclose.

Received: 20 April 2023 / Accepted: 24 July 2023

References
Abete I, Parra MD, Zulet MA, Martinez JA. Different dietary strategies for weight 

loss in obesity: role of energy and macronutrient content. Nutr Res Rev. 
2006;19(1):5–17.

Balthasar N, Coppari R, McMinn J, Liu SM, Lee CE, Tang V, et al. Leptin receptor 
signaling in POMC neurons is required for normal body weight homeostasis. 
Neuron. 2004;42(6):983–91.

Beeler JA, Mourra D, Zanca RM, Kalmbach A, Gellman C, Klein BY, et al. Vulner-
able and resilient phenotypes in a mouse model of Anorexia Nervosa. Biol 
Psychiatry. 2021;90(12):829–42.

Berends T, van Meijel B, Nugteren W, Deen M, Danner UN, Hoek HW, et al. Rate, 
timing and predictors of relapse in patients with anorexia nervosa following a 
relapse prevention program: a cohort study. BMC Psychiatry. 2016;16(1):316.

Braun JL, Geromella MS, Hamstra SI, Fajardo VA. Neuronatin regulates whole-body 
metabolism: is thermogenesis involved? FASEB Bioadv. 2020;2(10):579–86.

Bulló M, Peeraully MR, Trayhurn P, Folch J, Salas-Salvadó J. Circulating nerve growth 
factor levels in relation to obesity and the metabolic syndrome in women. 
Eur J Endocrinol. 2007;157(3):303–10.

Carter JC, Mercer-Lynn KB, Norwood SJ, Bewell-Weiss CV, Crosby RD, Woodside DB, 
et al. A prospective study of predictors of relapse in anorexia nervosa: impli-
cations for relapse prevention. Psychiatry Res. 2012;200(2–3):518–23.

Caslin HL, Bhanot M, Bolus WR, Hasty AH. Adipose tissue macrophages: unique 
polarization and bioenergetics in obesity. Immunol Rev. 2020;295(1):101–13.

Choe SS, Huh JY, Hwang IJ, Kim JI, Kim JB. Adipose tissue remodeling: its role in 
Energy Metabolism and Metabolic Disorders. Front Endocrinol (Lausanne). 
2016;7:30.

Choi S, Choi D, Lee YK, Ahn SH, Seong JK, Chi SW, et al. Depletion of Prmt1 in 
Adipocytes impairs glucose homeostasis in Diet-Induced obesity. Diabetes. 
2021;70(8):1664–78.

Daimon CM, Hentges ST. Inhibition of POMC neurons in mice undergoing activity-
based anorexia selectively blunts food anticipatory activity without affecting 
body weight or food intake. Am J Physiol Regul Integr Comp Physiol. 
2022;322(3):R219–r27.

Doucet E, Imbeault P, St-Pierre S, Alméras N, Mauriège P, Richard D, et al. Appetite 
after weight loss by energy restriction and a low-fat diet-exercise follow-up. 
Int J Obes Relat Metab Disord. 2000;24(7):906–14.

Duncan L, Yilmaz Z, Gaspar H, Walters R, Goldstein J, Anttila V, et al. Significant 
locus and metabolic genetic correlations revealed in genome-wide Associa-
tion study of Anorexia Nervosa. Am J Psychiatry. 2017;174(9):850–8.

Ellis JM, Bowman CE, Wolfgang MJ. Metabolic and tissue-specific regulation of 
acyl-CoA metabolism. PLoS ONE. 2015;10(3):e0116587.

Epstein PN, Overbeek PA, Means AR. Calmodulin-induced early-onset diabetes in 
transgenic mice. Cell. 1989;58(6):1067–73.

Fischer IP, Irmler M, Meyer CW, Sachs SJ, Neff F, Hrabě de Angelis M, et al. A history 
of obesity leaves an inflammatory fingerprint in liver and adipose tissue. Int J 
Obes (Lond). 2018;42(3):507–17.

Foldi CJ, Morris MJ, Oldfield BJ. Executive function in obesity and anorexia nervosa: 
opposite ends of a spectrum of disordered feeding behaviour? Prog Neuro-
psychopharmacol Biol Psychiatry. 2021;111:110395.

Gao H, Zhang Q, Xu J, Yuan W, Li R, Guo H et al. Elevation of serum spermidine in 
obese patients: results from a cross-sectional and Follow-Up study. Nutrients. 
2022;14(13).

https://doi.org/10.1186/s10020-023-00705-7
https://doi.org/10.1186/s10020-023-00705-7


Page 11 of 12Zapata et al. Molecular Medicine          (2023) 29:109 

Geyer PE, Wewer Albrechtsen NJ, Tyanova S, Grassl N, Iepsen EW, Lundgren J, et al. 
Proteomics reveals the effects of sustained weight loss on the human plasma 
proteome. Mol Syst Biol. 2016;12(12):901.

Goldsmith R, Joanisse DR, Gallagher D, Pavlovich K, Shamoon E, Leibel RL, et 
al. Effects of experimental weight perturbation on skeletal muscle work 
efficiency, fuel utilization, and biochemistry in human subjects. Am J Physiol 
Regul Integr Comp Physiol. 2010;298(1):R79–88.

Gupta A, Osadchiy V, Mayer EA. Brain-gut-microbiome interactions in obesity and 
food addiction. Nat Rev Gastroenterol Hepatol. 2020;17(11):655–72.

Hahn O, Drews LF, Nguyen A, Tatsuta T, Gkioni L, Hendrich O, et al. A nutritional 
memory effect counteracts benefits of dietary restriction in old mice. Nat 
Metab. 2019;1(11):1059–73.

Hauffe R, Stein V, Chudoba C, Flore T, Rath M, Ritter K et al. GPx3 dysregulation 
impacts adipose tissue insulin receptor expression and sensitivity. JCI Insight. 
2020;5(11).

Heintz MM, Kumar R, Rutledge MM, Baldwin WS. Cyp2b-null male mice are suscep-
tible to diet-induced obesity and perturbations in lipid homeostasis. J Nutr 
Biochem. 2019;70:125–37.

Hernandez-Carretero A, Weber N, La Frano MR, Ying W, Lantero Rodriguez J, Sears 
DD, et al. Obesity-induced changes in lipid mediators persist after weight 
loss. Int J Obes (Lond). 2018;42(4):728–36.

Ho EV, Klenotich SJ, McMurray MS, Dulawa SC. Activity-based Anorexia alters the 
expression of BDNF transcripts in the mesocorticolimbic reward circuit. PLoS 
ONE. 2016;11(11):e0166756.

Holtkamp K, Hebebrand J, Mika C, Grzella I, Heer M, Heussen N, et al. The effect of 
therapeutically induced weight gain on plasma leptin levels in patients with 
anorexia nervosa. J Psychiatr Res. 2003;37(2):165–9.

Holtkamp K, Hebebrand J, Mika C, Heer M, Heussen N, Herpertz-Dahlmann 
B. High serum leptin levels subsequent to weight gain predict renewed 
weight loss in patients with anorexia nervosa. Psychoneuroendocrinology. 
2004;29(6):791–7.

Huang X, Ordemann J, Müller JM, Dubiel W. The COP9 signalosome, cullin 3 and 
Keap1 supercomplex regulates CHOP stability and adipogenesis. Biol Open. 
2012;1(8):705–10.

Jiang S, Minter LC, Stratton SA, Yang P, Abbas HA, Akdemir ZC, et al. TRIM24 
suppresses development of spontaneous hepatic lipid accumulation and 
hepatocellular carcinoma in mice. J Hepatol. 2015;62(2):371–9.

Kang S, Nakanishi Y, Kioi Y, Okuzaki D, Kimura T, Takamatsu H, et al. Semaphorin 6D 
reverse signaling controls macrophage lipid metabolism and anti-inflamma-
tory polarization. Nat Immunol. 2018;19(6):561–70.

Kolehmainen J, Wilkinson R, Lehesjoki AE, Chandler K, Kivitie-Kallio S, Clayton-
Smith J, et al. Delineation of Cohen syndrome following a large-scale 
genotype-phenotype screen. Am J Hum Genet. 2004;75(1):122–7.

Li P, Lu M, Nguyen MT, Bae EJ, Chapman J, Feng D, et al. Functional heterogeneity 
of CD11c-positive adipose tissue macrophages in diet-induced obese mice. J 
Biol Chem. 2010;285(20):15333–45.

Li B, Matter EK, Hoppert HT, Grayson BE, Seeley RJ, Sandoval DA. Identification of 
optimal reference genes for RT-qPCR in the rat hypothalamus and intestine 
for the study of obesity. Int J Obes (Lond). 2014;38(2):192–7.

Li X, Zhang X, Shen Z, Chen Z, Wang H, Zhang X. GnRH receptor mediates 
lipid storage in female adipocytes via AMPK pathway. Int J Med Sci. 
2022;19(9):1442–50.

Liao CY, Kummert OMP, Bair AM, Alavi N, Alavi J, Miller DM, et al. The Autophagy 
Inducer Spermidine protects against metabolic dysfunction during overnutri-
tion. J Gerontol A Biol Sci Med Sci. 2021;76(10):1714–25.

Lumeng CN, Deyoung SM, Bodzin JL, Saltiel AR. Increased inflammatory proper-
ties of adipose tissue macrophages recruited during diet-induced obesity. 
Diabetes. 2007;56(1):16–23.

Martínez JA, Milagro FI, Claycombe KJ, Schalinske KL. Epigenetics in adipose tissue, 
obesity, weight loss, and diabetes. Adv Nutr. 2014;5(1):71–81.

Matsubara M, Maruoka S, Katayose S. Inverse relationship between plasma adipo-
nectin and leptin concentrations in normal-weight and obese women. Eur J 
Endocrinol. 2002;147(2):173–80.

Mayer L, Walsh BT, Pierson RN Jr, Heymsfield SB, Gallagher D, Wang J, et al. Body fat 
redistribution after weight gain in women with anorexia nervosa. Am J Clin 
Nutr. 2005;81(6):1286–91.

Mayer LE, Klein DA, Black E, Attia E, Shen W, Mao X, et al. Adipose tissue distribution 
after weight restoration and weight maintenance in women with anorexia 
nervosa. Am J Clin Nutr. 2009;90(5):1132–7.

McDonough W, Aragon IV, Rich J, Murphy JM, Abou Saleh L, Boyd A, et al. PAN-
selective inhibition of cAMP-phosphodiesterase 4 (PDE4) induces gastropare-
sis in mice. Faseb j. 2020;34(9):12533–48.

Miletta MC, Iyilikci O, Shanabrough M, Šestan-Peša M, Cammisa A, Zeiss CJ, et al. 
AgRP neurons control compulsive exercise and survival in an activity-based 
anorexia model. Nat Metab. 2020;2(11):1204–11.

Millership SJ, Tunster SJ, Van de Pette M, Choudhury AI, Irvine EE, Christian M, et al. 
Neuronatin deletion causes postnatal growth restriction and adult obesity in 
129S2/Sv mice. Mol Metab. 2018;18:97–106.

Molocea CE, Tsokanos FF, Herzig S. Exploiting common aspects of obesity and 
cancer cachexia for future therapeutic strategies. Curr Opin Pharmacol. 
2020;53:101–16.

Pike KM. Long-term course of anorexia nervosa: response, relapse, remission, and 
recovery. Clin Psychol Rev. 1998;18(4):447–75.

Robinette TM, Nicholatos JW, Francisco AB, Brooks KE, Diao RY, Sorbi S, et al. 
SIRT1 accelerates the progression of activity-based anorexia. Nat Commun. 
2020;11(1):2814.

Rosenbaum M, Vandenborne K, Goldsmith R, Simoneau JA, Heymsfield S, Joanisse 
DR, et al. Effects of experimental weight perturbation on skeletal muscle 
work efficiency in human subjects. Am J Physiol Regul Integr Comp Physiol. 
2003;285(1):R183–92.

Rosenbaum M, Goldsmith R, Bloomfield D, Magnano A, Weimer L, Heymsfield S, 
et al. Low-dose leptin reverses skeletal muscle, autonomic, and neuro-
endocrine adaptations to maintenance of reduced weight. J Clin Invest. 
2005;115(12):3579–86.

Rossi MA, Stuber GD. Overlapping brain circuits for homeostatic and hedonic feed-
ing. Cell Metab. 2018;27(1):42–56.

Schalla MA, Stengel A. Activity based Anorexia as an animal model for Anorexia 
Nervosa-A systematic review. Front Nutr. 2019;6:69.

Schmitz J, Evers N, Awazawa M, Nicholls HT, Brönneke HS, Dietrich A, et al. 
Obesogenic memory can confer long-term increases in adipose tissue but 
not liver inflammation and insulin resistance after weight loss. Mol Metab. 
2016;5(5):328–39.

Shimano H. SREBPs: physiology and pathophysiology of the SREBP family. Febs j. 
2009;276(3):616–21.

Speakman JR, Levitsky DA, Allison DB, Bray MS, de Castro JM, Clegg DJ, et al. Set 
points, settling points and some alternative models: theoretical options to 
understand how genes and environments combine to regulate body adipos-
ity. Dis Model Mech. 2011;4(6):733–45.

Sumithran P, Prendergast LA, Delbridge E, Purcell K, Shulkes A, Kriketos A, et al. 
Long-term persistence of hormonal adaptations to weight loss. N Engl J Med. 
2011;365(17):1597–604.

Sun Y, Yang Y, Qin Z, Cai J, Guo X, Tang Y, et al. The Acute-Phase protein Oroso-
mucoid regulates Food Intake and Energy Homeostasis via leptin receptor 
signaling pathway. Diabetes. 2016;65(6):1630–41.

Thaiss CA, Itav S, Rothschild D, Meijer MT, Levy M, Moresi C, et al. Persistent micro-
biome alterations modulate the rate of post-dieting weight regain. Nature. 
2016;540(7634):544–51.

Torres-Fuentes C, Schellekens H, Dinan TG, Cryan JF. The microbiota-gut-brain axis 
in obesity. Lancet Gastroenterol Hepatol. 2017;2(10):747–56.

Ueki K, Kondo T, Tseng YH, Kahn CR. Central role of suppressors of cytokine 
signaling proteins in hepatic steatosis, insulin resistance, and the metabolic 
syndrome in the mouse. Proc Natl Acad Sci U S A. 2004;101(28):10422–7.

Unal R, Yao-Borengasser A, Varma V, Rasouli N, Labbate C, Kern PA, et al. Matrix 
metalloproteinase-9 is increased in obese subjects and decreases in response 
to pioglitazone. J Clin Endocrinol Metab. 2010;95(6):2993–3001.

van Eeden AE, van Hoeken D, Hoek HW. Incidence, prevalence and mortal-
ity of anorexia nervosa and bulimia nervosa. Curr Opin Psychiatry. 
2021;34(6):515–24.

Watson HJ, Yilmaz Z, Thornton LM, Hubel C, Coleman JRI, Gaspar HA, et al. 
Genome-wide association study identifies eight risk loci and impli-
cates metabo-psychiatric origins for anorexia nervosa. Nat Genet. 
2019;51(8):1207–14.

Welch AC, Zhang J, Lyu J, McMurray MS, Javitch JA, Kellendonk C et al. Dopa-
mine D2 receptor overexpression in the nucleus accumbens core induces 
robust weight loss during scheduled fasting selectively in female mice. Mol 
Psychiatry. 2019.

Xiao Y, Liu D, Cline MA, Gilbert ER. Chronic stress and adipose tissue in the anorexic 
state: endocrine and epigenetic mechanisms. Adipocyte. 2020;9(1):472–83.

Xu J, Bartolome CL, Low CS, Yi X, Chien CH, Wang P, et al. Genetic identifica-
tion of leptin neural circuits in energy and glucose homeostases. Nature. 
2018;556(7702):505–9.

Yilmaz Z, Hardaway JA, Bulik CM. Genetics and Epigenetics of Eating Disorders. Adv 
Genomics Genet. 2015;5:131–50.



Page 12 of 12Zapata et al. Molecular Medicine          (2023) 29:109 

Yuzawa Y, Niki I, Kosugi T, Maruyama S, Yoshida F, Takeda M, et al. Overexpression of 
calmodulin in pancreatic beta cells induces diabetic nephropathy. J Am Soc 
Nephrol. 2008;19(9):1701–11.

Zapata RC, Carretero M, Reis FCG, Chaudry BS, Ofrecio J, Zhang D, et al. Adipocytes 
control food intake and weight regain via Vacuolar-type H(+) ATPase. Nat 
Commun. 2022;13(1):5092.

Zhang J, Dulawa SC. The utility of animal models for studying the Metabo-Psychi-
atric Origins of Anorexia Nervosa. Front Psychiatry. 2021;12:711181.

Zhang Z, Funcke JB, Zi Z, Zhao S, Straub LG, Zhu Y, et al. Adipocyte iron levels 
impinge on a fat-gut crosstalk to regulate intestinal lipid absorption and 
mediate protection from obesity. Cell Metab. 2021;33(8):1624–39e9.

Zhu X, Xie S, Xu T, Wu X, Han M. Rasal2 deficiency reduces adipogenesis and occur-
rence of obesity-related disorders. Mol Metab. 2017;6(6):494–502.

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


	Identification of adipose tissue transcriptomic memory of anorexia nervosa
	Abstract
	Introduction
	Materials and methods
	Modified activity-based anorexia (ABA)
	Quantitative real-time PCR and ELISA
	RNA sequencing
	Rodent weight loss model
	Statistics

	Results
	Modified ABA paradigm increased time to drop-out
	Weight-restored ABA mice expressed markers that supress appetite
	White adipose tissue retain a transcriptomic memory of undernutrition
	Identification of potential global mediators of chronic weight perturbations

	Discussion
	Conclusions
	References


