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SUMMARY
Insufficient energy intake to meet energy expenditure demands of physical activity can result in systemic
neuroendocrine and metabolic abnormalities in activity-dependent anorexia and relative energy deficiency
in sport (REDs). REDs affects >40% of athletes, yet the lack of underlying molecular changes has been a hur-
dle to have a better understanding of REDs and its treatment. To assess themolecular changes in response to
energy deficiency, we implemented the ‘‘exercise-for-food’’ paradigm, in which food reward size is deter-
mined by wheel-running activity. By using this paradigm, we replicated several aspects of REDs in female
and male mice with high physical activity and gradually reduced food intake, which results in weight loss,
compromised bone health, organ-specific mass changes, and altered rest-activity patterns. By integrating
transcriptomics of 19 different organs, we provide a comprehensive dataset that will guide future under-
standing of REDs and may provide important implications for metabolic health and (athletic) performance.
INTRODUCTION

Relative energy deficiency in sport (REDs), previously known as

the female athlete triad, is defined by the International Olympic

Committee (IOC) as a condition arising from an imbalance be-

tween excessive energy expenditure and insufficient energy

intake (intentional or unintentional), resulting in an overall nega-

tive energy balance.1–4 Prolonged inadequate energy intake,

insufficient to support vital (e.g., circulation and neural activity)

and non-vital functions (e.g., reproduction, growth, and fat stor-

age), under high training load causes detrimental effects on

physiological function and health, including metabolic rate,

reproductive function, bone health, and musculoskeletal and

cardiovascular health.2,3,5,6 These adaptive changes triggered

by an energy deficit may, over time, potentially lead to nutrient

deficiencies, fatigue, and illness and may lead to reduced (ath-

letic) performance, increased injury susceptibility, and an

elevated risk of developing psychological disorders, including

depression.7–9

REDs is a complex syndrome affecting many organ systems,

significantly impacting both health and performance.10 When

body fat stores are too low, this causes serious health issues.

Alterations in lipid/estrogen profiles (LDL, triglycerides, choles-

terol, and estrogen) and endothelial dysfunction may put REDs
Cell Metabolism 36, 2015–2037, Septem
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patients at higher risk for cardiovascular disease, including

bradycardia, arrhythmias, and low blood pressure.11,12 REDs

also has detrimental consequences for bone health, including

reduced bone mineral density (BMD).13–15 Such changes in

bone microarchitecture increase the risk of stress fractures,

which can have long-term adverse effects.13,16 Low energy

availability is a strong indicator of musculoskeletal injury risk.17

Furthermore, anorexia can lead to reduced kidney function,

which may induce severe electrolyte disruption and changes in

water balance.18 Reduced fat stores and reduced estrogen

levels can also lead to menstrual dysfunction, such as functional

hypothalamic amenorrhea, oligomenorrhea, anovulation, or

luteal phase defects.2,19,20 Severe energy deficiency can disrupt

the pituitary luteinizing hormone (LH) pulse frequency, impacting

the hypothalamus-pituitary-gonadal (HPG) axis, resulting in sup-

pression of the reproductive axis under starvation.21,22

Approximately 40% of professional athletes are affected by

REDs, and it is suspected that many more recreational active in-

dividuals who intentionally increase physical activity and do not

ingest enough food to support energy demands may also expe-

rience aspects of REDs.7,23,24 The wide range of symptoms sug-

gests that energy deficit impacts multiple organ systems and

numerous molecular pathways, yet there is very little under-

standing of REDs at the molecular level. Diagnosing REDs is
ber 3, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 2015
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Physiology and behavior of relative energy deficiency in a mouse model

(A) Experimental set-up and design.

(B) List of the 20 tissues collected. Red arrows indicate the timing of tissue collection (ZT5 and ZT17). The shaded area indicates the dark phase (ZT12–ZT24).

(legend continued on next page)
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challenging given the variability and subtlety of early-stage

symptoms.3,24,25 Current clinical assessments rely on symptom

evaluation, blood assays, and dual-energy X-ray absorptiometry

(DXA) scans to assess bone density.4,25,26 Furthermore, no early-

detection biomarkers exist to date, and there is not a single vali-

dated diagnostic approach for REDs, given the syndrome’s

complex array of symptoms.4 The current REDs treatment

focuses on nonpharmacological interventions to increase energy

intake and reduce exercise.4,25,27,28 This treatment strategy is

not always effective,3,29 primarily due to partial recovery,30

long recovery periods,31 and high dropout rates,32 and certain

symptoms like low BMD may only be partially reversible or irre-

versible with increased energy availability.30,33 This highlights

the importance of an animal model for understanding molecular

changes in response to an energy deficit.

Animal models are essential for understanding the molecular

basis of REDs and for developing biomarkers and effective

treatment strategies. Rodent models for REDs/activity-based

anorexia have been developed in the past.34–37 However, the

utility of those paradigms to study REDswas limited by highmor-

tality rates and low exercise levels. In order to understand the

molecular underpinnings of energy deficiency’s impact on

different organ systems, physiology, and health, we introduce

the ‘‘exercise-for-food’’ paradigm38–41 as a mouse model of

REDs. Our model mimics a REDs condition in a mouse, with a

similar phenotype as human REDs patients: high activity levels,

low energy intake, reductions in body/lean/fat/organ weights,

disturbed activity-rest patterns, lowered blood glucose levels,

and reduced bone health. We investigate relatively young ani-

mals (12–17 weeks old), equivalent to 20–25 years old in hu-

mans.42 This aligns with the typical age range of professional

athletes (20–30 years), the age to develop eating disorders, the

peak of BMD (females, 19–20 years; males, 20–24 years), and

the peak of fertility.43,44

In contrast to humans, animal models give us the unique op-

portunity to look into the molecular mechanisms of energy defi-

ciency. This mouse model now allows us to comprehensively

address these molecular changes in metabolic, endocrine, and

musculoskeletal organs, which are challenging to access in hu-

man subjects. To this end, we conducted an extensive analysis

of the transcriptome of 19 different metabolic tissues and plasma

proteomics and metabolomics from energy-sufficient (Ctrl) and

energy-deficient (deficient) female and male CBA/CaJ mice at

two different time points (day versus night). Our study revealed

that energy deficiency affects gene expression in multiple meta-

bolic/endocrine organs. Reproductive tissues andmuscles were

most affected in females, while in males the kidneys were most

affected. Overall, these findings provide insights into the molec-

ular changes in response to a systemic energy deficit and focus
(C–F) Daily changes in (C) workload (m/J), (D) cumulative running-wheel activity,

deficient (closed symbols) female (red) and male (green) mice (n = 20/group). The

body weight.

(G) Average activity profiles are depicted as 3-h running averages ±SD for the la

(H) Average number of active bins, number of active bouts, and fragmentation (a

(I and J) Body composition measured by echoMRI and fat mass (% of body weig

(K and L) Fresh organ mass relative to body mass (%) is depicted for (K) females

One-way ANOVA was used to analyze the effect of an energy deficit on different p

as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figures S1 and S2.
on crucial organs that play a role in governing metabolic pro-

cesses related to both exercise and energy intake.

RESULTS

Physiology and behavior of relative energy deficiency in
a mouse model
To model exercised-linked energy deficiency in mice, we used

the exercise-for-food paradigm38–41 wherein running wheel ac-

tivity was coupled to a food reward, phenotyped the mice, and

collected tissue samples for further analyses (Figures 1A and

1B). The Ctrl mice had constant access to food, while the defi-

cient mice experienced a gradual reduction in food reward

over a 3-week period (Figure 1C). Both groups showed high

levels of exercise, and deficient males increased exercise to-

ward the end of the paradigm (Ctrl females, 14.6 ± 1.4 km/day

[mean ± SEM]; deficient females, 12.2 ± 1.5 km/day; Ctrl males,

4.7 ± 0.6 km/day; deficient males, 8.4 ± 0.5 km/day; Figures 1D

and S1A–S1K). Furthermore, females ran twice the distance dur-

ing the 19-day protocol compared to males (Ctrl females, 228 ±

22 km [mean ± SEM]; deficient females, 226 ± 22 km; Ctrl males,

99 ± 19 km; deficient males, 124 ± 7 km). Over the 3-week

period, the deficient mice consumed 46%–49% less food while

maintaining a high level of wheel-running activity, resulting in a

negative energy balance (Figure 1E). Throughout the paradigm,

deficient mice lost body weight, with females (�15%) displaying

a lesser degree of weight loss compared to males (�25%) (Fig-

ure 1F). Moreover, the onset of weight loss in females occurred

later in the protocol (day 10) than in males (day 4). The energy

deficit was accompanied by reduced blood glucose levels

both during day and night, whereas ketone bodies did not signif-

icantly change (Figures S1L–S1O).

Analysis of the activity patterns revealed that deficient mice

exhibited reduced fragmentation, characterized by a decrease

in the number of active bouts while the number of active bins

per day either remained the same (in females) or increased (in

males) (Figures 1G and 1H). This indicates that the activity bouts

were extended in duration, potentially leading to disrupted sleep,

as mice typically exhibit polyphasic sleep patterns with short

active and short sleep bouts (2–4 min).45 Moreover, energy defi-

ciency led to a prolonged active period, accompanied by

increased daytime activity (61% in females, 77% in males) in

mice that are typically night-active under ad libitum conditions

(72% in females, 48% in males), providing additional evidence

of sleep disruption (Figures 1G and S1). The link between energy

deficiency and sleep disturbances has been observed in athletes

at risk for low energy availability, as indicated by their both objec-

tive and subjective poor sleep quality.6,46–50 This link has also

been observed in eating disorders such as anorexia.51–53
(E) cumulative energy intake, and (F) body weight in Ctrl (open symbols) and

dashed lines indicate when female (red) and male (green) mice significantly lost

st 5 days of the protocol (n = 20/group).

ctive bouts/active bins 3 100) over the last 5 days of the protocol.

ht) after 3 weeks of intervention in (I) female and (J) male mice (n = 8/group).

(red) and (L) males (green) (n = 20/group).

hysiological parameters between experimental groups. All data are presented
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Figure 2. Effects of energy deficiency on the estrous cycle and bone morphology

(A) Images of vaginal smear cytology stained with crystal violet staining reflecting the different stages of the estrous cycle: proestrus (primarily nucleated epithelial

cells), estrus (primarily cornified epithelial cells), metestrus (50% cornified epithelial cells and leukocytes), and diestrus (primarily leukocytes).

(legend continued on next page)
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Body composition analyses revealed that deficient mice lost

both fat (females, �6%; males, �9%) and lean mass (females,

�6%; males, �10%) (Figures 1I and 1J). Further investigation

into the origin of this loss revealed that the deficient mice expe-

rienced a reduction in organ mass. In females, organs such as

the uterus, spleen, and ovaries decreased both in absolute

mass and relative to body mass, while in male kidneys, spleen

and brown adipose tissue (BAT) reduced in mass (Figures 1K,

2L, S2A, and S2B). Interestingly, there was no reduction in abso-

lute lung size, suggesting that deficient mice invested energy in

preserving lung tissue, likely to adapt to the demand of high ex-

ercise loads.

We observed a time-of-day difference in muscle glycogen

content, with elevated levels during the dark phase in both Ctrl

and deficient mice (Figure S2C). Conversely, liver glycogen

showed a significant interaction between group and time of

day, with higher levels during the dark phase in deficient mice

and higher levels during the light phase in Ctrl mice (Figure S2D).

This discrepancy suggests a divergence in the time-dependent

glycogen storage patterns between muscle and liver tissue.

While liver glycogen levels adapt in mice, altering their activity

rhythms due to energy deficiency, muscle glycogen patterns re-

mained similar. This implies that the depletion of muscle

glycogen reserves during the light phase may contribute to fa-

tigue in deficient mice, particularly considering their diurnal ac-

tivity pattern.

Effects of energy deficiency on the estrous cycle and
bone morphology
In contrast to the �28-day human menstrual cycle, the estrous

cycle inmice typically lasts 4–5 days. In humans, reduced energy

availability can cause menstrual disturbances (e.g., amenorrhea)

aiming to prevent pregnancy to conserve energy for vital pro-

cesses during periods of resource scarcity. By daily assessing

the cell-type composition within vaginal smears (Figures 2A–

2C), surprisingly we did not detect significant differences be-

tween the estrous cycle characteristics of Ctrl and deficient an-

imals (n = 11/group) (Figures 2D and 2E). However, deficient

mice showed a trend toward less frequently entering metestrus

(34% versus 27%, �7%) and more frequently entering diestrus

(17% versus 25%, +8%). Similarly, mice that lost more weight

showed reduced frequencies of entering the metestrus phase

(Figure 2D).

To assess bone health in deficient mice, we conducted 3D

mCT scans of the female proximal tibia and quantified trabecular
(B) Frequency plots for identified estrous stages during the last 7 days in Ctrl (to

(C) Examples of estrous cycle plots for individual Ctrl (top) and deficient mice (bo

(D) Correlation between frequency entering metestrus and weight loss.

(E) Bar graphs showing estrous cycle length and maximal consecutive days in o

(F) Trabecular and cortical bone morphology were analyzed in the regions 350–85

analysis is indicated by the dashed yellow box. Trabecular bone in the (I and i) sag

(i–iii) female tibia �0.5 mm distal to the proximal growth plate.

(G and H) Bar graphs showing (G) trabecular bone mineral density and (H) bo

(n = 5–6/group).

(I) Significant correlations between trabecular parameters and weight change.

(J) Definitions of morphologic parameters and p values and R2 of correlations wi

One-way ANOVA was used to analyze the effect of an energy deficit on differen

SEM, *p < 0.05, **p < 0.01, ***p < 0.001. Linear regression models were fit by usin

See also Figure S2.
(BMD, bone volume/total volume [BV/TV], trabecular spacing

[Tb.Sp], trabecular number [Tb.N], and trabecular thickness

[Tb.Th]) and cortical (tissue mineral density [TMD], cortical vol-

ume/total volume [Ct.V/Tt.V], and cortical thickness [Ct.Th])

bone morphology metrics (Figures 2F–2J). The tibia is the most

common site of stress fractures in athletes (49%)54,55 and may

be likewise affected in REDs mice. Female athletes are more

prone to stress injuries56; therefore, we decided to assess

bone morphology in female mice. mCT datasets were visualized

in orthogonal 2D planes to confirm image quality as confirmed

by the clarity of individual trabeculae and cortical walls

(Figures 2F and S2). Trabecular bone morphology of female

mice (n = 6/group) revealed significant differences between defi-

cient and Ctrl groups. Trabecular bone is porous with high bone

marrow and fat content, facilitating vascularization, blood flow,

and bone turnover (bone remodeling),57 consequently resulting

in a high impact on trabecular bone health after periods of defi-

ciency. Deficient mice showed lower BMD than Ctrl (Ctrl, 229 ±

14 mg/cm3; deficient, 172 ± 19 mg/cm3,�25%; p < 0.05), which

is linked to reduced bone calcium/mineral levels inducing bone

weakness and increased fracture risk58 and is consistent with

previous studies in rodents when energy availability was low.36

A trend toward lower BV/TV (Ctrl, 11% ± 3%; deficient, 8% ±

1%,�33%; p = 0.07) and Tb.Th (Ctrl, 54 ± 3 mm; deficient, 46 ±

3 mm, �15%; p = 0.07) in deficient mice was also observed

(Figures 2G and 2H). Trabecular bone morphology significantly

correlated with weight loss. Animals with more weight loss dis-

played lower BMD, BV/TV, Tb.Th, and Tb.N (Figures 2I and

2J). Similar relationships between tibia microarchitecture and

low energy availability contribute to higher bone stress injury

risk in REDs.14,15 In contrast, deficient mice did not show altered

cortical bone metrics: TMD (1,118 ± 12 versus 1,112 ± 12 mg/

cm3), Ct.V/Tt.V (55% ± 1% versus 55% ± 1%), and Ct.Th

(204 ± 3 versus 207 ± 6 mm) remained similar between Ctrl and

deficient female mice. Overall, these findings show that mice

subjected to an energy deficiency have trabecular morphology

indicative of impaired bone formation and lower bone quality,

which potentially can lead to increased injury susceptibility.

Energy deficiency affects gene expression across
endocrine and metabolic organs
We investigated the overall impact of energy deficiency on gene

expression in 419 samples representing various tissues

(Figures 1B and S3A; Table S1). We implemented a differential

expression analysis comparing transcripts of Ctrl and deficient
p) and deficient mice (bottom) (n = 10–11/group).

ttom).

ne stage in Ctrl (white) and deficient mice (red).

0 mm and 1,500–2,500 mmdistal to the proximal GP, respectively. The region of

ittal, (II and ii) transverse, and (III and iii) coronal view of Ctrl (I–III) and deficient

ne volume/total volume (BV/VT) stage in Ctrl (white) and deficient mice (red)

th weight change.

t parameters between experimental groups. All data are presented as mean ±

g the lm function in R to assess the correlation between different parameters.
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Figure 3. Energy deficiency affects gene expression across endocrine and metabolic organs

(A) Number of differentially expressed (DE) genes from time-independent analyses for all tissues in female andmale mice. Genes downregulated in deficient mice

are shown in blue and upregulated are shown in red.

(legend continued on next page)
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mice, irrespective of the time of day. We found substantial vari-

ation in the number of differentially expressed (DE) genes across

different tissues, showing tissue-specific responses to an energy

deficiency (Figure 3A; Table S2). Importantly, comparison of DE

genes in the liver or muscle from our study with the respective

organs from mice under calorie restriction or exercised showed

minimal overlap,59,60 thus supporting the notion that the REDs

represents a molecular state that is not largely due to calorie

deficit or exercise alone. In total, 14,837 uniquely DE genes (pro-

tein-coding and non-coding) were detected in any one tissue in

females and 11,326 in males. However, there were also changes

shared among R5 tissues (>25% of analyzed tissues) of defi-

cient mice; 497 [females]/154 [males] genes were upregulated

and 640 [females]/181 [males] genes were downregulated; Fig-

ure 3B; Table S3). A greater proportion of DE genes was found

exclusively in females (6,153, 41%) compared to males (2,641,

23%). This sex-specific gene expression suggests the contribu-

tion of sex-linked genes and sex hormones. 643 of these female-

specific DE genes contained an estrogen receptor response

element (ERE) within �10 kb to +5 kb from the mRNA 50 end,61

indicating that changes in estrogen may be responsible for

changes in the expression of these genes. Moreover, a transcrip-

tion factor (TF) enrichment analysis revealed that 11%–28%

(mean = 17%) of the DE genes per tissue contain a response

element for ER (Figure S3B; Table S4). Reduced circulating

estradiol levels have been found in chronic deficient rodents

and humans.21,36 In the following paragraphs, we focus on tran-

scripts that were DE in multiple (R5) tissues in deficient mice.

Several geneswere predominantly downregulated in tissues of

deficient females. For example, the oxytocin receptor (Oxtr) was

downregulated in 13/18 female tissues (Figure 3C). Oxytocin, a

peptide hormone produced in neurons of the paraventricular nu-

cleus (PVN) of the hypothalamus projecting to the pituitary to

release oxytocin to the bloodstream, plays a crucial role in regu-

lating various physiological processes, including social behavior,

pair bonding, eating behavior, metabolism, and the initiation of

labor and lactation.62–64 Previous studies have shown that indi-

viduals with symptoms of REDs exhibit lower plasma oxytocin

levels, which is associated with changes in bone microarchitec-

ture, as this hormone is anabolic to the bone.65–68 Moreover, es-

trogen, through the activation of the ERb TF, modulates oxytocin

expression.63 Our findings indicate that low energy availability

decreases oxytocin signaling throughout the body, possibly

due to reduced estrogen levels. Furthermore, these results high-

light the multi-tissue effects of oxytocin in the body, indicating its

functional relevance and link with energy balance beyond the

uterus and mammary glands.

P4ha1, a key enzyme involved in collagen synthesis, was

downregulated in 11/18 female tissues. This finding aligns with

the downregulation of multiple genes related to extracellular ma-

trix (ECM) organization (Nrep, Apln, Aplnr, and Sparc), including

various collagens (Col1a1, Col1a2, Col3a1, and Col6a2) in both

females and males (R10 tissues). Considering the importance

of collagen in ECM organization,69 these findings suggest that
(B) Distribution of DE genes and the number of tissues in which they are downre

(C and D) Normalized expression for a selection of (C) downregulated genes and

females (red) and males (green) across tissues. Connecting dots represent the s

See also Figure S3 and Tables S2 and S3.
low energy availability leads to reduced tissue strength and sup-

port, leading to musculoskeletal weakness. Also, several tran-

scripts coding for proteins involved in immune response (C7

and Fcrls) were downregulated with energy deficiency. This is

in agreement with the observation that REDs patients are more

susceptible to infections due to decreased immunity.6,70,71

Both apelin (Apln) and its receptor (Aplnr) were downregulated

in multiple tissues. Apelin is an adipokine (factor secreted by ad-

ipose tissue to signal energy metabolism: insulin secretion,

glucose uptake, mitochondrial biogenesis, fatty acid oxidation,

and lipolysis) that is increased in obesity.72 The significant reduc-

tion in fat mass in deficient mice may have led to lower secretion

of adipokines such as apelin, which may have induced adaptive

changes in glucose and lipid metabolism. Alg14, involved in pro-

tein N-glycosylation, was downregulated in multiple tissues.

A smaller subset of genes was significantly upregulated upon

energy deficiency (Figure 3D). Among them, Pcif1, an mRNA

methyltransferase that plays an important role in gene expres-

sion regulation,73 was primarily upregulated in female tissues

(14/18 female, 1/17 male). The upregulation of the growth-pro-

moting receptor, Igf1r (10/18 female, 3/17 male), suggests

altered IGF signaling in deficient mice. Consistent with these

findings, reduced IGF-1 levels have been associated with energy

deficit in humans.5,74

Several other genes, including Pcif1, Vps11, Galnt15, Cirbp,

Apod, Hif3a, Igf1r, Ezh1, Gnmt, Slc25a28, Prodh, Mt1, Mt2, and

Pxmp2, were upregulated in multiple tissues of both females and

males. Cold-inducible RNA-binding protein (Cirbp) was induced

in various tissues and plays an important role in the adaptive

response to hypothermia. Indeed, both mice and humans lower

their core body temperature as an adaptive response to reduce

energy expenditure during periods of food scarcity.38,75–78 Apoli-

poprotein D (Apod), a component of high-density lipoprotein

(HDL) andamemberof the lipocalin family that transportssmall hy-

drophobic molecules and binds to steroids and bilirubin, showed

increased expression in several female and male tissues. Hypox-

ia-inducible factor Hif3a is a TF that regulates processes in

response to hypoxia by regulating gene transcription.79 This

finding indicates that deficient mice exhibit signs of tissue

hypoxia, which may be a consequence of hemoglobin deficiency

anemia, leading to impaired oxygen binding and transport having

detrimental effects. Prolonged hypoxia induces bone acidosis,

leading to reduced BMD when exercising.80 Prolonged malnutri-

tion in individuals with REDs increases their susceptibility to iron

deficiency.81 Upregulation of the mitochondrial iron transporter

Slc25a28 in deficient mice suggests an iron deficiency in these

mice. Furthermore, upregulation of the transporter Slc10a6 for

largeneutral aminoacids inmultiplemuscle tissues indicates inad-

equate nutrient supply to the muscles. Furthermore, the expres-

sion of metallothionein (Mt1 and Mt2) was upregulated in various

tissues. Besides its role in regulating essential metal balance

(zinc and copper), it can also be induced by glucocorticoids,82

which are elevated in the plasma of deficient mice.39 Interestingly,

a TF enrichment analysis revealed that 4%–24% (mean = 17%) of
gulated or upregulated in females (top) and males (bottom).

(D) upregulated genes in Ctrl (open symbols) and deficient (closed symbols)

ame tissues.
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Figure 4. HPA axis and HPG axis gene expression changes in deficient mice

(A–C) Normalized expression for a selection of candidate genes involved in (A) hypothalamic (PVN, paraventricular nuclei; POA, preoptic area; PVZ, periventricular

zone) from a previously published dataset,41 (B) pituitary, and (C) adrenal/gonadal axis signaling.

(legend continued on next page)
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the DE genes per tissue contain a glucocorticoid receptor element

(GRE) to bind glucocorticoids and subsequently regulate tran-

scription (Figure S3B; Table S4). Furthermore, the Ptbp2 gene, a

locus identified in genome-wide association studies (GWASs) as

having links to both anorexia nervosa and BMI, was upregulated

in 6 tissues of deficient female mice.83,84 In summary, these

changes in gene expression shared among multiple tissues irre-

spective of time of day indicate a systemic effect of energy defi-

ciency on the whole body for several pathways.

Time-of-the-day-specific gene expression changes
In addition to the time-independent analyses, we also analyzed

the transcriptome datasets for expression changes at specific

times of day (day, zeitgeber time [ZT]5 or night, ZT17) (Fig-

ure S3C; Table S5). In every organ, we found DE genes that

were specific to either ZT5 or ZT17, and <30% of DE genes

were shared between both time points. Similar functional anno-

tation of DE genes in each tissue at ZT5 or ZT17 yielded time-

specific as well as sharedGO terms (Table S5). Such strong tem-

poral effects on DE genes may arise from changes in the phase

of the circadian clock. This experimental paradigm of activity-

dependent food availability also changes the phase of the mo-

lecular circadian clock in most brain regions and peripheral tis-

sues,41 which parallels a change in diurnal activity-rest pattern

(Figure S1). However, a change in phase of the clock may not

fully explain gene expression changes that are specific to only

day or night. For example, colony-stimulating factor 1 (Csf1), a

gene encoding for a cytokine that controls macrophages, was

decreased in male lungs during energy deficiency only at ZT17

(Figure S3D). Glycogen synthase 2 (Gys2) inmale liver was higher

in Ctrl mice at ZT5. Nuclear receptor subfamily 4 group A mem-

ber 3 (Nr4a3), encoding a nuclear hormone receptor, was

elevated in deficient female adrenal glands at ZT5. Insulin-like

growth factor binding protein 1 (Igfbp1) was increased in defi-

cient mice at ZT17, and the taurine transporter (Slc16a6) was

higher in the extensor digitorum longus (EDLs) of Ctrl mice at

ZT17. In males, the reduction in BAT size aligns with reduced

BAT activity observed in male endurance athletes.85 The

decreased uncoupled protein 1 (Ucp1) expression, a mitochon-

drial regulator of non-shivering thermogenesis within BAT86 at

ZT5 in males (Figure S3D), suggests attenuated BAT activity

during energy deficiency. These findings align with previous

research that demonstrated reduced core body temperature

during inactivity in deficient male mice.38 In contrast, female

mice did not change BAT size or Ucp1 expression. This is in

line with their lower amplitude core body temperature rhythms

and relatively high temperatures during the inactive phase under

deficient conditions.87

HPA axis and HPG axis gene expression changes in
deficient mice
Next, we conducted a targeted analysis to investigate the impact

of energy deficiency on endocrine function, as observed in ath-

letes experiencing relative energy deficiency.5 Hypothalamic-pi-
(D) Energy deficit-induced log2 fold changes (log2FC ± SEM) of receptors in targe

males (green).

Data from all time points were combined in this analysis. All data are presented

See also Figure S3 and Table S2.
tuitary-adrenal/gonadal/thyroid (HPA, HPG, and HPT) axis activ-

ity plays a critical role in REDs.5 While the expression of the key

stress response regulator, corticotropin-releasing hormone

(Crh), in the PVN of the hypothalamus remained unaffected,

another releasing factor, corticotropin-releasing hormone bind-

ing protein (Crhbp), was upregulated, and the corticotropin-

releasing hormone receptor (Crhr2) was downregulated (Fig-

ure 4A). Elevated Crhbp expression in several brain sites can

be triggered by various stressors, including food deprivation

and treadmill running.88 Moreover, the expression of arginine

vasopressin (Avp), a controller of adrenocorticotropic hormone

(ACTH) secretion from the anterior pituitary, was reduced in defi-

cient mice.

Moving downstream to the pituitary gland, ACTH is cleaved

from proopiomelanocortin (POMC); however, the expression of

both Crhr1 and Pomc did not change upon energy deficiency,

suggesting a potential involvement of glucocorticoid-dependent

negative feedback (Figure 4B). It has been observed that plasma

cortisol levels are elevated in response to fasting and in individ-

uals with REDs,89–91 and a corresponding increase in plasma

corticosterone (the equivalent hormone in rodents) was also

described in this exercise-coupled feeding paradigm.39 Addi-

tionally, the Acth receptor Mc2r was upregulated in the adrenal

glands of deficient mice (Figure 4C). The glucocorticoid-medi-

ated negative feedback acts on the hypothalamic GR complex

(Nr3c1 and Fkbp5), which increased in expression during energy

deficiency (Figure 4A). The observed changes in genes associ-

ated with the HPA axis suggest activation of the neural circuitry

linked with stress in deficient mice.

Optimal functioning of the HPG axis is required for fertility and

reproduction. Previous studies have shown the tight link be-

tween energy balance and disruption in the reproductive

axis.22 The key regulator of the reproductive axis, gonado-

tropin-releasing hormone (Gnrh1) neurons, located in the pre-

optic area (POA) of the hypothalamus, showed a tendency

toward lower expression levels in deficient mice (Figure 4A). In

the pituitary gland, genes coding for HPG axis releasing factor

receptors, gonadotropin subunits, and steroid hormone recep-

tors changed in expression in deficient females (Figure 4B).

The expression of the gene encoding the GnRH receptor (Gnrhr)

was reduced in female pituitary. Vasoactive intestinal polypep-

tide (Vip), which stimulates prolactin secretion from the pitui-

tary,92 and prolactin (Prl) itself were both reduced in deficient fe-

males (with log2FC values of �3.5 and �1.0, respectively), but

not in males. This indicates sex-dependent responses of genes

within the reproductive axis in response to energy deficiency.

Glycoprotein hormone alpha subunit (Cga), which binds to

FSHb, LHb, or TSHb to form active dimers, was downregulated

with energy deficiency, while Fshb, Lhb, and Tshb did not signif-

icantly change. Reduced Cga expression limits the pituitary go-

nadotropins (FSH, LH, and TSH) to activate downstream

signaling pathways in target organs throughout the peripheral

body during periods of food scarcity. Furthermore, Oxtr expres-

sion was downregulated and Nr3c2 upregulated in gonadal
t organs in Ctrl (open symbols) and deficient (closed symbols) females (red) and

as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 5. Energy deficiency affects gene expression in multiple muscles and tendons

(A) Number of differentially expressed (DE) genes from time-independent analyses in energy deficiency for all tissues in females and males. Female DE genes are

shown in red, male DE genes in green, and overlapping genes between females and males in gray.

(legend continued on next page)
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glands. This implies reproductive tissues change the sensitivity

to glucocorticoids and oxytocin under a negative energy balance

to regulate downstream physiological processes accordingly

(Figures 4C and 4D). Hormone-mediated negative feedback

induced alterations in the expression of several hypothalamic

steroid hormone receptors, progesterone receptor (Pgr) and es-

trogen receptor (Esr1), in response to energy deficiency. Taken

together, these findings suggest activation of the HPA axis and

de-activation of the HPG axis activity, primarily in females,

induced by a negative energy balance.

Energy deficiency affects gene expression in multiple
muscles and tendons
Athletes who suffer from REDs are more prone to musculoskel-

etal injuries.93 To investigate the effects of insufficient energy

intake while excessively exercising on the molecular dynamics

of the musculoskeletal system, we focused on DE transcripts

in several muscles and tendons, most of which are challenging

to access in human participants. Muscles and tendons were

more affected in females than in males (Figures 5A and S4). In fe-

male muscles, 6,476 DE genes were identified, with 3,136 down-

regulated and 3,340 upregulated (Figures 5B and 5C; Table S3).

In male muscles, 3,182 DE genes were detected, with 1,697

downregulated and 1,485 upregulated. Principal component

analysis (PCA) based on whole-transcriptome levels showed

clustering of (1) tendons (EDLt, GASt, and TAt), (2) glycolytic

muscles (EDL, GAS, TA, and QUA), and (3) oxidative muscle

(SOL) (Figure 5D). Functional annotation of these transcripts re-

vealed distinct biological processes affected by energy defi-

ciency in female and male mice. The top five enriched GO terms

in female muscles were ECM organization, focal adhesion, chro-

matin organization, supramolecular fiber organization, and pos-

itive regulation of cell death (Figure 5E; Table S2). In male mus-

cles, the top five enriched GO terms were translation initiation,

aerobic respiration, ECM organization, focal adhesion, and

TCA cycle.

Collagen, a prominent structural protein within the ECM of

skeletal muscle, comprises approximately 1%–10% of dry mus-

cle mass.94 Over 50% of the 46 collagen-coding genes were

downregulated in at least one muscle tissue under conditions

of energy deficiency: 25 genes in females and 23 in males

(Figures 5F and S5). The fibril-forming collagen types I, III, and

XI were most affected across muscle tissues (Figure S5).

Collagen provides strength and support to (muscle) tissue. Our

findings suggest that energy deficiency may lead to reduced

collagen content in connective tissues, potentially resulting in

structural alterations and weakening of muscles and tissue sup-

port, thereby increasing the vulnerability to injuries. Notably, the

decrease in muscle collagen content aligns with aging.95 Insuffi-

cient dietary intake leads to limited availability of collagen pre-

cursors (glycine and proline), which reduces the synthesis of
(B and C) Distribution of DE genes and the number of muscles and tendons in w

(D) Principal component analysis (PCA) was performed on all muscle and tendo

closed symbols represent deficient, triangles represent females, and circles repr

(E and G) Bar graph of common Metascape-annotated GO biological process pa

(F and H) Energy deficit-induced log fold changes (log2FC ± SEM) for a selection o

All data are presented as mean ± SEM.

See also Figures S4–S6 and Tables S2 and S3.
muscle collagen fibers, potentially contributing to the elevated

risk of injuries in REDs. Reduced collagen production within con-

nective tissues has been previously demonstrated under condi-

tions of undernutrition.96

Foxo3, the main regulator of protein synthesis and degrada-

tion inmuscle, was upregulated in all muscles (Figure 5F). A cata-

bolic state has been associated with elevated expression of

Foxo3 in human and mouse skeletal muscle, promoting auto-

phagy.97 Lysyl oxidase (Loxl2), an enzyme responsible for cata-

lyzing the formation of collagen crosslinks, was downregulated

in all muscles under conditions of energy deficiency. Rhobtb1,

which provides instructions for making a protein involved in actin

filament organization, was downregulated primarily in females

experiencing energy deficiency. Fbxo32, known to promote

muscle protein degradation, was upregulated in deficient mus-

cles, particularly in females and muscles containing glycolytic

fiber types. Acyl-CoA synthetase (Acsl6), responsible for cata-

lyzing the formation of acyl-CoA from fatty acids, was upregu-

lated in deficient muscles. C7, encoding a protein involved in

the complement system of the innate immune system, was

downregulated exclusively in males, indicating increased sus-

ceptibility to bacterial infections.98 Aldh18a1, encoding a protein

important for mitochondrial function and proline formation, was

downregulated in deficient muscles.

In female tendons, a total of 3,823 DE genes were identified,

with 2,426 downregulated (Figure 5B) and 1,397 upregulated

(Figures 5B and 5C; Table S3). Similarly, in male tendons,

3,055 DE genes were found, with 1,906 downregulated and

1,149 upregulated. The top fiveGO terms enriched in female ten-

dons were collagen formation (P4ha1), mTOR signaling (Igfbp3),

mitochondrial organization, autophagy, and small molecule

catabolic process (Figures 5G and S6; Table S2). In male ten-

dons, the top five enriched GO terms included collagen forma-

tion, metabolism of amino acids, small molecule catabolic pro-

cess, regulation of phosphate transport, and mTOR signaling.

For example, downregulation of P4ha1, an enzyme involved in

collagen synthesis, was observed in response to energy defi-

ciency (Figure 5H). Additionally, Igfbp3, which inhibits cell prolif-

eration by binding to IGF, was upregulated in the tendons of defi-

cient mice. Last, tenomodulin (Tnmd), a specific marker for

tendon maturation, was downregulated in the gastrocnemius

tendon. Interestingly, this gene has been associated with

reduced running performance in mice.99

The transcriptomes of the uterus, ovaries, and male
kidneys are most affected by energy deficiency
In females, the uterus and ovaries were the most responsive tis-

sues to a negative energy balance. These tissues showed the

highest number of DE genes: 8,785 in the uterus (4,407 down-

and 4,378 upregulated; Figures 6A–6C) and 2,563 in the ovaries

(1,368 down- and 1,195 upregulated; Figures 6D–6F). In males,
hich they are (B) downregulated (blue) or (C) upregulated (red).

n tissues. Different colors represent tissue type, open symbols represent Ctrl,

esent males.

thways for DE genes in (E) >1 muscle or (G) >1 tendon.

f genes in females (red) and males (green) across (F) muscles and (H) tendons.
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Figure 6. The transcriptomes of the uterus, ovaries, and male kidneys are most affected by energy deficiency
(A, D, and G) Volcano plots of differentially expressed (DE) genes from time-independent analyses in the (A) uterus, (D) ovaries, and (G) male kidney. Down-

regulated genes in deficient mice (blue), upregulated genes (red).

(legend continued on next page)
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the kidney was the most responsive tissue to a negative energy

balance, showing 6,037 DE genes (3,301 down- and 2,736 upre-

gulated; Figures 6G–6I). Interestingly, these organs also showed

the greatest degree of shrinkage, implying that during periods of

low energy availability, mice strategically allocate less energy to

these organs to reduce energy expenditure (Figures 1K, 1L, S2A,

and S2B).

Functional annotation of DE genes within the uterus revealed

that genes linked to immune response (C3, Mx1, and Oas2),

oxidative phosphorylation (Cox5a, Ndufa1, and Atp5e), and the

positive regulation of cell motility (Ccr3, Lrg1, and Cemip) were

most altered (Figure 6B). The endometrium of the female repro-

ductive tract containsmany immune cells and forms a barrier be-

tween the host and its environment to prevent pathogen entry.100

The majority of genes associated with immune function were

downregulated, such as complement components (C3, Cfi,

and C4b), antigens (Bsst2, Ly86, and Ly6a), and chemokines

(Ccr3, Ccl8, and Cxcl17). These findings indicate that the innate

immune system in the uterus is impaired in response to energy

deficiency. This aligns with previous findings demonstrating a

positive relationship between C3 levels and BMI.101 Given

the high energy costs of immune responses, immune function-

ality depends on the host’s energetic status.102 Furthermore,

43/44 genes associated with oxidative phosphorylation were

decreased in expression. Several genes encoding mitochondrial

cytochrome c oxidase (Cox), NADH dehydrogenase (Nduf), and

ATP synthase genes were downregulated in deficient mice. This

indicates reduced ATP (energy) synthesis, resulting in reduced

metabolic activity that, in turn, contributes to energy preserva-

tion. The majority of genes associated with the positive regula-

tion of cell motility were downregulated. This is associated with

reduced cellular movement and decreased contractility, which

indicates impaired preparations of the endometrium for embryo

implantation due to energy deficit, diminishing the likelihood of

successful implantation under conditions of food scarcity.

Osteopontin (Spp1), an ECM molecule and cytokine impli-

cated in remodeling of the luminal epithelium for successful

implantation,103,104 was dramatically downregulated in the

uterus of deficient mice (log2FC =�4.6; Figure 6C). Furthermore,

17 genes encoding keratins (Krt), which serve as fibrous struc-

tural proteins, were downregulated. Uterine keratins have previ-

ously been shown to facilitate implantation.105 Amine oxidase

copper-containing 1 (Aoc1), responsible for the inactivation of

histamine in pregnancy to protect mother and baby,106 was

also downregulated in the uterus (log2FC = �8.0). In contrast,

Claudin 8 (Cldn8), a tight junction protein, was upregulated in

the uterus of deficient mice (log2FC = 4.0). This protein can be

modulated by steroids and is elevated in cervical carcinoma.107

Another increased gene encodes for Aquaporin 11 (log2FC= 3.6;

Aqp11), which regulates the water balance in the reproductive

tract and plays a critical role in egg maturation/fertilization.108

Nr1h4, a key regulator in bile acid metabolism, was also upregu-

lated (log2FC = 4.9). Finally, the adrenoceptor (Adra2c), a nega-
(B, E, and H) Bar graphs of the top 8 GO biological processes for DE genes in (B)

(blue) and upregulated genes (red) for each GO term is depicted in bar graphs. H

(C, F, and I) Energy deficit-induced changes for a subset of genes in (C) uterus,

All data are presented as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001.

See also Tables S2 and S3.
tive regulator of uterine muscle contraction, was upregulated

(log2FC = 3.6). Together, our findings indicate lower chances

of successful implantation and subsequent pregnancy under

conditions of energy deficiency.

Among the DE genes in the ovaries, several encoded for pro-

teins associated with ECM organization (Adamts4, Mmp17, and

Ntn4) and protein folding (Agr2, Qsox1, and Hspa5) (Figures 6D

and 6E). Cluster of differentiation 7 (Cd7), amember of the immu-

noglobulin superfamily, was downregulated in deficient mice

(log2FC = �1.7) (Figure 6F). Neuronatin (Nnat), playing a role in

oocyte aging,109 was downregulated in deficient mice (log2FC =

�2.0). Furthermore, genes involved in the digestion of dietary tri-

glycerides (Lipf) and the receptor for neuropeptide Y (Npy4r)

were also downregulated in deficient ovaries. On the other

hand, Ccrl2, a chemokine receptor recruiting immune cells to in-

flammatory sites, was upregulated (log2FC = 1.5). Pla2g5, a

gene involved in fatty acid metabolism and implicated in polycy-

stic ovary syndrome (PCOS),110 was also increased (log2FC =

1.6). Npbwr1, the receptor for neuropeptide B, which is impli-

cated in lipid and glucose metabolism,111 was increased in the

ovaries of deficient mice (log2FC = 2.6). Last, Elfn2 was also up-

regulated (log2FC = 3.1); interestingly, this gene has been impli-

cated in ovarian cancer.112

Functional annotation of DE genes in the male kidney re-

vealed that changed genes in deficient mice were associated

with oxidative phosphorylation (Ndufa13, Ndufa1, and Ndufv3),

catabolic process (Akr1c18 and Hpd), and macroautophagy

(Psen1, Mtor, and Ctsd) (Figures 6G and 6H). Starvation can

induce autophagy in the kidney. Interestingly, kidney size was

dramatically reduced by energy deficiency, particularly in males

(females, 348 ± 6 versus 282 ± 8 mg, 19%, p < 0.001; males,

527 ± 14 versus 354 ± 11 mg, 33%, p < 0.001), reflecting the

high degree of molecular changes in male kidneys. Several

organic anion transporters were changed in expression

(Slc22a7 and Slc22a29), suggesting potential shifts in renal

secretion and reabsorption due to lower nutrient/protein con-

centrations in the blood (Figure 6I). Additionally, angiotensin-

converting enzyme (Ace), a pivotal regulator of blood pressure

and fluid-salt balance, was downregulated (log2FC = �2.1),

potentially contributing to the decrease in blood pressure pre-

viously observed under deficient conditions in both rodents

and humans.113–115 In contrast, the prolactin receptor (Prlr)

was upregulated in deficient male kidneys. Prolactin is known

to inhibit NA+/K+-ATPase activity in the proximal tubular.116

Thus, increased Prlr expression indicates reduced sodium re-

absorption. Finally, vitamin D-binding protein (Gc), a marker

for renal interstitial damage and fibrosis,117 was upregulated

(log2FC = 2.4) and aligns with the large reduction in male kid-

ney size after deficient conditions. Taken together, these find-

ings highlight the sex-specific effects of energy deficiency on

distinct organs. In females, reproductive organs were highly

affected, whereas in males the kidney was mostly affected by

energy deficiency.
uterus, (E) ovaries, and (H) male kidney. The number of downregulated genes

eatmaps showing log2FC for a subset of genes for each GO term.

(F) ovaries, and (I) male kidney.
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Figure 7. Plasma proteomics and metabolomics in deficient mice

(A and C) Volcano plots of differentially abundant proteins in (A) female and (C) male plasma. Proteins downregulated in deficient mice (blue), upregulated (red).

(B and D) Top 10 differentially expressed plasma proteins are shown for (B) females and (D) males.

(legend continued on next page)
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Plasma proteomics and metabolomics in deficient mice
We used an untargeted plasma proteomics approach to identify

changes in the circulation in response to an energy deficiency.

We identified a total of 21,144 unique peptides mapping to

3,035 unique proteins, with an average of 10,107 peptides and

1,975 proteins per sample. By filtering the proteins detected

inR50% of the samples and using imputed normalized intensity

values, we identified 62 significantly changed proteins in females

(17 down- and 45 upregulated) and 380 changed proteins

in males (189 down- and 191 upregulated) (Figures 7A–7E;

Table S6). We conducted amanual examination of all 442 altered

proteins to highlight the most relevant changes based on prior

knowledge of energy metabolism. 31 DE proteins were overlap-

ping between females and males. In females, the top 10 down-

regulated proteins were COL1A1, LOXL1, COL1A2, RPL27,

SEMA3D, SLC6A4, RPL18, IGFALS, RPS9, and SERBP1, and

the top 10 upregulated proteins were MBL2, PCK1, AHNAK,

EHD2, ADIPOQ, LAP3, AMY2A, VAT1, GLUD1, and ACLY (Fig-

ure 7B). In males, the top 10 downregulated proteins were

SAA4, C6, CTH, NID2, LECT2, C4A, COL1A1, EGFR, SEMA3D,

and KAZALD1, and the top 10 upregulated proteins were

CSRP1, FHL1, PF4, THBS1, SERPINE2, ANGPT1, CSRP3,

LTBP1, AK1, and PTMS (Figure 7D).

In agreement with our findings at the transcript level in

several organs (Figure 3C), plasma levels of several ECM pro-

teins were decreased. For example, COL1A1 protein also

decreased in plasma of deficient mice (Figure 7E). Similarly,

other collagens (COL1A2, COL3A1, COL11A2, COL14A1,

COL6A3, and COL16A1), procollagen (PLOD3), and a collagen

cross-linking enzyme (LOXL1) were also decreased in plasma

(Figures 7B and 7E), matchingwith transcript levels in various tis-

sues (Figure 3C). Exercise induces secretion of the collagen-

binding ECM protein SPARC (Osteonectin) in both rodents and

humans.118,119 In contrast, under deficient conditions, SPARC

levels were reduced in both plasma protein levels (Figure 7E)

and at the transcript level in multiple organs of mice (Figure 3C).

Furthermore, several factors related to the immune system, such

as mannose-binding lectin (MBL2), serum amyloid A4 (SAA4),

and complement component 6 (C6), were altered in the plasma

of deficient mice.

Increased adiponectin (ADIPOQ) levels in females were de-

tected (Figure 7E). ADIPOQ is an anorexigenic adipokine regu-

lating glucose levels and fatty acid metabolism. Increased circu-

lating ADIPOQ levels were also found in women with REDs

symptoms.120,121 In males, insulin-like growth factor (IGF-1)

levels were decreased. IGF-1, an anabolic hormone produced

by the liver, is also decreased in anorexia nervosa.122,123 Most

IGF-1 is always bound to one of the six binding proteins

(IGFBP). Several IGFBPs were also downregulated in deficient

females (IGFBP5 and IGFALS) and males (IGFBP3, IGFBP4,

and IGFBP5). Also, the IGF-1/BP-3 ratio was reduced in deficient
(E) Examples of other plasma proteins that changed in response to energy defic

(F) Summary of metabolite changes in plasma. The number of changed metabolit

(G) Plasma corticosterone levels.

(H and I) Plasma triglyceride (H) and cholesterol (I) levels. Statistics: unpaired t test

comparisons test (H and I).

Data are presented as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S7 and Tables S6 and S7.
mice, which indicates reduced free IGF-1. Similar patterns have

been observed in humans with low energy availability.21 Last,

plasma TNMD levels were decreased, which aligns with reduced

Tnmd transcript levels detected in the gastrocnemius tendon.

TNMD has been associated with reduced running performance

in mice.99

We also used an untargeted plasma metabolomics approach

to identify changes in the circulation in response to an energy

deficiency. We identified a total of 990 (females) and 989 (males)

unique biochemicals, of which 882 were named. We identified

276 changed metabolites in females (148 down- and 128 upre-

gulated) and 387 changed metabolites in males (260 down-

and 127 upregulated) (Figures 7F, S7A, and S7B; Table S7).

Plasma corticosterone levels were increased in deficient mice

(Figure 7G), which has been observed before39 and is also

seen in response to fasting in individuals with REDs.89–91 More-

over, various fatty acids and metabolites associated with fatty

acid metabolism, such as margarate (17:0), linoleate (18:2n6),

12,13-DiHOME, isocaproylglycine, docosatrienoate (22:3n6),

and tetradecanedioate (C14), were changed in plasma upon

energy deficiency (Figure S7C). The lipokine 12,13-DiHOME,

known for its role as an exercise-induced mediator produced

by BAT that enhances fatty acid uptake in skeletal muscle,124

was increased in deficient mice (Figure S7D). Tetradecanedioate

(C14), a metabolic byproduct of omega-oxidation in the synthe-

sis of long-chain fatty acids, was reduced in deficient mice. Prior

research has demonstrated a positive correlation between tetra-

decanedioate levels and BMD, suggesting protective implica-

tions for BMD.125

Finally, plasma triglyceride levels were decreased in deficient

female and male mice (Figure 7H), whereas plasma cholesterol

levels were downregulated in deficient males only (Figure 7I).

DISCUSSION

Despite the significant pleiotropic impact of exercise-related

negative energy balance on physiology and behavior, the lack

of an animal model and a molecular atlas of multi-tissue

response to energy deficiency has hindered a systematic under-

standing of the underlying molecular changes. In this study, we

found that we can replicate multiple aspects of a REDs pheno-

type in mice through the implementation of the exercise-for-

food paradigm (Figure 1A).38–40,126 Both female and male mice

sustained high exercise loads while inadequately fueling over

time, consequently inducing a state of negative energy balance.

In response to this energy deficiency, we observed changes in

behavior, physiology, and gene expression levels in a sex-, tis-

sue-, and time-dependent manner.

Our findings highlight the impact of a negative energy balance

on sleep-wake patterns, aligning with previous research that has

demonstrated compromised sleep quality in individuals with
iency.

es between any two of the four different conditions is shown in the right panel.

(B and D–G) and two-way ANOVA (factors: group and ZT) and Tukey’s multiple
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REDs or anorexia nervosa.6,46–53 Although the relationship be-

tween disturbed sleep/circadianmisalignment and energymeta-

bolism has been studied, the causal mechanisms of energy bal-

ance influencing sleep and circadian alignment remain less

explored.127 We also observed distinct behavioral patterns in

the two sexes. Female mice exercised more (twice as active)

to secure food. Consequently, they showed weight loss and

altered activity patterns later in the experimental protocol

compared to males. In contrast, male mice opted for a strategy

of body mass reduction by reducing organ size, which can lower

their basal metabolic rate (BMR).128 Lower organmass of key or-

gans has previously been shown to be associated with reduced

BMR.129–131 Interestingly, the size of the lungs did not change

due to energy deficiency. Given the essential role of the lungs

in facilitating running, it is possible that animals in an energy-defi-

cient state prioritize allocating energy resources to maintain the

lungs’ capacity, a necessity for foraging/locomotion. In contrast,

the differential expression of genes across various tissues

pointed toward hypoxia, a condition characterized by reduced

oxygen supply in the bloodstream. Prolonged exposure to hyp-

oxia may lead to organ damage. This suggests that even though

lung capacity remained the same, the available energy levels

were insufficient to meet the demands to sustain optimal lung

functioning during exercise.

By reducing their metabolism (via reduced organ mass,

lowering core body temperature, and shift toward diurnal

behavior), males effectively conserve energy but increase their

vulnerability to predation by diurnal predators.38,39,87,132 In

contrast, females opted for a different approach, preserving en-

ergy more cautiously while maintaining a lower risk of preda-

tion,87 a strategy aligned with higher locomotor activity levels

to secure adequate nourishment to maintain some fat deposition

for later use during high energy demands of pregnancy and

especially lactation, which is crucial for optimal reproductive

success in females.133 These findings show that females are

more resilient with respect to organ preservation and behavior,

while males are more flexible in their phenotype when the envi-

ronment changes. Similarly, under a positive energy balance, fe-

male mice are more resistant to weight gain and metabolic dis-

orders induced by a high-fat diet when compared to male

mice.134,135 Such sex-dependent differences in temporal pheno-

typic plasticity under environmental change have been observed

in various species.136

The minimal overlap of transcriptomic changes between fe-

males and males indicates how energy deficiency may affect

distinct molecular pathways and functions. This also highlights

the importance of including both female and male subjects.

Despite the energy deficiency, there was no significant alteration

in the estrous cycle. Even among exercising women under en-

ergy deficiency, only a small fraction (5%–10%) experience an

extreme form of menstrual dysfunction known as amenor-

rhea,137–139 which supports the hypothesis that severe energy

deficiency can induce amenorrhea. Moreover, a dose-response

relationship between the severity of daily energy deficit and the

frequency of menstrual disturbances140 or changes in LH pulsa-

tility has been observed.21 Although we did observe an �50%

decrease in the mass of female reproductive organs, which

has been previously observed in voles,141 we also observed

changes in gene expression indicative of modified HPG axis ac-
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tivity, a potential negative impact on successful implantation,

and downregulation of Oxtr. It is therefore possible that females

may have switched to a survival mode at the expense of

reproduction.

Physical exercise contributes to increased bone density, pro-

moting bone strength and overall bone health.142 However,

when exercise is coupled with inadequate energy intake, it detri-

mentally affects bone health, resulting in diminished bone

strength,143 which we now also confirmed in our mouse model,

having altered trabecular bone microarchitecture. Trabecular

bone is indeed more susceptible to low BMD and impaired mi-

croarchitecture induced by low energy availability.3 The absence

of changes in cortical bone among deficientmice could be attrib-

uted to the relatively brief duration of the protocol, which might

not be extensive enough to trigger cortical bone alterations as

observed in REDs patients.13–15 Human REDs patients often

experience prolonged periods of reduced energy availability,

contrasting our comparatively shorter experimental protocol.

The synthesis and fibril formation of collagen, the main structural

protein present throughout the body, is a metabolically

demanding process not crucial for immediate survival. This pro-

cess was reduced during energy deficiency, affecting the major-

ity of organs. The collagen reduction could potentially result in

diminished ECM content within connective tissues, reducing tis-

sue strength and structure. This might explain both the reduced

organ mass observed in REDs mice and the heightened suscep-

tibility to injuries noted in REDs patients.

Interestingly, several transcripts activated by the GR or ER

were changed in various tissues. When activated by glucocorti-

coids, GR can act as a TF to bind to GR response elements,

thereby regulating the transcription of glucocorticoid-responsive

genes.144 Similarly, when activated by estrogen, ER can act as a

TF to bind EREs, thereby regulating the transcription of estro-

gen-responsive genes (Figure S3B; Table S4). Given the mouse

genome contains more than a thousand TFs, over-enrichment of

GR and ER elements in the upstream regions of the DE genes is

remarkable.

The pronounced upregulation of GR expression in the gonads

suggests heightened sensitivity to corticosterone in reproductive

tissues. This observation aligns with our and previous research

confirming elevated plasma corticosterone levels in deficient

mice and increased cortisol levels in individuals with REDs,

potentially contributing to increased GR expression.39,89–91

Interestingly, glucocorticoids are catabolic to bone and mus-

cle,145,146 a phenotype that was observed in our deficient

mice. Furthermore, transcriptomic changes also pointed to

reduced immune function, which could potentially be attributed

to the elevated corticosterone levels, known for their immuno-

suppressive effects. Thus, it is possible that some of the pheno-

typic and transcriptomic changes we observed in response to

energy deficiency can be attributed to changes in GR signaling.

Future studies are needed to reveal the causal relationship be-

tween corticosterone and gene expression under energy-defi-

cient conditions. Our findings are in line with the observed

changes in gene expression patterns, indicative of the activation

of the HPA axis and the suppression of the HPG axis, a pattern

that is expected in REDs.5

A high prevalence of REDs is observed in both weight-

restricted sports and endurance sports, where achieving a lower
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weight can lead to enhanced performance outcomes.113,147–149

Our exercise-for-foodmodel effectively mimics the physiological

demands of endurance sports. However, it is important to note

the potential for additional molecular responses in response

to resistance exercise, a factor that remains unexplored in

our study.

Exercising with insufficient energy intake reduces glucose

levels, enhancing gluconeogenesis during fasting to elevate

blood glucose levels for supply to vital organs. Glycogen and

protein reserves from the liver and muscles are utilized, ulti-

mately leading to skeletal muscle catabolism. Consequently, a

prolonged negative energy balance can lead to a reduction in

muscle mass, as observed in humans and in our mouse

model.150 Maintaining muscle mass is critical for athletes to sus-

tain optimal performance levels. Furthermore, the extraction of

triglycerides from adipocytes is a crucial source of energy under

such circumstances, which was reflected in the reduction in fat

mass in deficient mice. This is often accompanied by a decrease

in muscle protein synthesis and an increase in muscle proteoly-

sis, potentially contributing to the loss of muscle mass.

Our findings confirm that we can mimic a REDs condition in

both female and male mice, distinct from existing caloric restric-

tion59,77,151,152 and exercise paradigms.60,153,154 The transcrip-

tome atlas of mouse metabolic/endocrine tissues under condi-

tions of energy sufficiency and deficiency will be a valuable

resource that will guide our future understanding of energy defi-

ciency. Elucidating the molecular changes and organ interplay

whereby metabolic feedback acts on the neuroendocrine sys-

tem and endocrine/metabolic organs will have substantial impli-

cations for human health, including sleep regulation, metabolic

functioning, and (athletic) performance, and will be essential

for developing biomarkers and effective treatments for REDs.

Limitations of the study
Caution should be implemented for the translation of our findings

from REDs mice to REDs humans since not all aspects of REDs

are present in our model. In humans, REDs is a heterogeneous

disease and may manifest either with or without an eating disor-

der, such as anorexia nervosa.4,24,155 The human REDs syn-

drome is more heterogeneous than our REDs mouse model.

There is a higher prevalence of disordered eating among athletes

compared to nonathletes.147,156 The desire to be lean, personal-

ity traits, and social pressures can all contribute to the develop-

ment of REDs.155,157 The psychological component of the dis-

ease is lacking in our mouse model. In mice subjected to

energy deficiency, a rapid increase in food intake and conse-

quently weight gain upon food supplementation is observed,

which is not the case in humans.38 Despite the absence of the

psychological component in our REDsmousemodel, it still gives

the opportunity to study the molecular changes induced by en-

ergy deficiency in organs that are difficult to access in human pa-

tients. To investigate the long-term effect of energy deficiency,

future experiments are required to explore to what extent behav-

ioral, physiological, and molecular changes can be reversible by

supplementing food. Another limitation of our study is that

although female mice were sacrificed across different estrous

stages, Ctrl mice were predominantly sacrificed during estrus,

whereas deficient mice were predominantly sacrificed during

diestrus. While this discrepancy could potentially stem from
the energy deficit, we cannot rule out the possibility that part of

the DE genes (primarily in the uterus and ovaries) might be ex-

plained by variations in estrous cycle stages. The time-of-day-

dependent changes in DE genes may be due to change in phase

of the circadian clock in different tissues. Studies integrating

gene expression changes found at one time point representing

day or night with time series gene expression changes with

more frequent tissue sampling throughout the 24 h can better

discern the contribution of change in clock phase and of change

in energy deficit to overall transcriptome changes.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

TRIzol Reagent Invitrogen 15596026

Quant-IT DNA Assay Kit Thermo Scientific Q33120

TruSeq Stranded mRNA kit Illumina 20020595

Triglycerides Reagent Thermo Scientific TR22421

Total Cholesterol Reagent Thermo Scientific TR13421

Glycogen Assay Kit Abcam ab65620

Deposited data

Raw files for RNA-seq This paper GEO: GSE243060

Raw counts, normalized counts This paper GEO: GSE243060

Statistical analysis for differential gene

expression

This paper Tables S1, S2, S3, S4, S5, S6, and S7;

Mendeley Data: https://dx.doi.org/10.

17632/skbxc86s9b.2

RNA-seq dataset, Energy deficient mouse

hypothalamus

van Rosmalen et al.41 GEO: GSE228967

Experimental models: Organisms/strains

Mouse CBA/CaJ The Jackson Laboratory JAX: 000654

Software and algorithms

MedPC IV Med Associates https://med-associates.com/product/med-

pc-v/

Circadian Activity Monitoring

System (CAMS)

Developed by HM Cooper, INSERM, Bron,

France

N/A

R, v4.1.2 R Development Core Team, 2022 https://www.r-project.org

RStudio, v2022.07.1 + 554 RStudio: Integrated Development for R,

Boston, MA

https://www.rstudio.com

ActoView for MS Excel 2010 Developed by C. Mulder, University of

Groningen

N/A

ChronoShop, v1.1 Spoelstra et al.158 https://dataverse.nl/dataset.xhtml?

persistentId=hdl:10411/YHJEFV

Cutadapt, v4.1 Martin et al.159 https://cutadapt.readthedocs.io/en/stable/

FastQC, v0.11.9 Babraham Bioinformatics, Cambridge, UK https://www.bioinformatics.babraham.ac.

uk/projects/fastqc/

STAR, v2.7.10a Dobin et al.160 https://github.com/alexdobin/STAR

DESeq2, v1.34.0 Love et al.161 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

Metascape, v3.5.20230101 Zhou et al.162 https://metascape.org/gp/index.html#/

main/step1

Ggplot2, v3.3.5 Wickham et al.163 https://ggplot2.tidyverse.org

LAS-X, v3.7.5.24914 Leica N/A

NRecon Bruker https://www.microphotonics.com/micro-

ct-systems/nrecon-reconstruction-

software/

Other

45-mg grain-based dustless precision food

pellets

BioServ F0165

Standard rodent chow Altromin 141005

Food pellet dispenser Med Associates ENV-203-45

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Plastic running wheels Savic N/A

Spruce wood bedding material Safe-lab BK8-15

NovaMax Plus Glucose/Ketone monitor +

strips

Nova Biomedical N/A

EchoMRI-100 Echo Medical Systems N/A

SkyScan 1076 SkyScan N/A

Phase Lock Gel – Heavy tubes QuantaBio N/A

glycoblue coprecipitant Invitrogen AM9516

Leica DMI6000B microscope Leica DMI6000B

Tissue pulverizer CellCrusher N/A

NovaSeq 6000 Illumina N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the corresponding author

Satchidananda Panda (satchin@salk.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All raw (FASTQ files) and processed (raw counts and normalized counts) bulk RNA-seq data discussed in this publication have

been deposited in NCBI’s Gene Expression Omnibus (GEO) and are publicly available as of the date of publication throughGEO

series accession number GSE243060 and BioProject PRJNA1015634. Statistics and other parameters of gene expression can

be found in Tables S1, S2, S3, S4, S5, S6, and S7, which are deposited on Mendeley at https://dx.doi.org/10.17632/

skbxc86s9b.2 and are publicly available as of the date of publication. This paper also analyzes existing, publicly available

data. The accession number for the dataset is listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
A total of 40 female and 40 male CBA/CaJ mice (JAX strain 000654, a melatonin-proficient inbred mouse strain with intact retina),

were individually housed in transparent macrolon cages, 32 cm (L) x 13 cm (W) x 15 cm (H). Each cage was equipped with a plastic

running wheel (Savic, Kortrijk, Belgium) with a diameter of 14 cm and filled with spruce wood bedding material (BK8-15; Safe-lab,

Rosenberg, Germany). Mice were entrained to a 12-h light: 12-h dark cycle (60–70 lux at cage level). The light spectrum consisted

of peak wavelengths at 458 nm and 610 nm. Light levels during nighttime were <0.01 lux. The ambient conditions were maintained at

an ambient temperature of 21 ± 1�C and relative humidity of 55 ± 5% by using climate-controlled chambers. Prior to baseline mea-

surements, the mice were provided with standard rodent chow (no. 141005; Altromin, Lage, Germany) ad libitum for at least two

weeks. Throughout the experiments, the mice had unrestricted access to water. All animal experiments were conducted in compli-

ance with the guidelines set by the local animal welfare body (IvD), adhering to Directive 2010/63/EU, and approved by the CCD

(Centrale Commissie Dierproeven) of the Netherlands (CCD, license number: AVD1050020186147).

‘Exercise-for-food’ paradigm
Twelve-week-old mice were individually housed in specialized experimental cages. Each cage was equipped with a food pellet

dispenser (ENV-203-45; Med Associates Inc., St. Albans, VT, USA) that was controlled by the running wheel activity of the mouse.

A 45-mg grain-based dustless precision food pellet (21% protein, 4% fat, 54% carbohydrate, 630 J per pellet; F0165, BioServ, Fle-

mington, NJ, USA) was dispensed into the cage through a feeder tube after a predetermined number of wheel revolutions. Following a

two-week habituation period, animals were randomly divided into two groups: a low-workload and a high-workload group. All ani-

mals (14-weeks old, females 22.08 ± 0.24 g, males 27.07 ± 0.40 g, n = 80) initially started with a low workload, defined as 100 wheel

revolutions/food pellet, equivalent to a reward of 0.068 m/Joule (m/J). In the high-workload group, the workload was progressively

increased by 20 revolutions per food pellet (0.014 m/J) on a daily basis until the animals started to lose weight. Once weight loss
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occurred, the workload was increased by 10 revolutions/pellet (0.007 m/J), to induce a gradual energy deficiency over time. The

workload remained stable once weight loss exceeded or equaled 0.5 g/day. The low-workload group maintained a workload of

approximately 100 wheel revolutions/food pellet (0.068 m/J), resembling an ad libitum condition where food pellets were constantly

available within the cage. Food intake and body weight were monitored daily between ZT6-ZT11, with ZT0 representing the time

when the light turned on and ZT12 representing the time when the light turned off. In addition, female mice underwent daily vaginal

lavage between ZT6-ZT11 to determine estrous stage. A more detailed description of the ‘exercise-for-food’ paradigm in small

rodents can be found here.40

METHOD DETAILS

Wheel-running behavior
The daily running wheel activity patterns of each individual mouse were recorded using a Circadian Activity Monitoring System

(CAMS; developed by HMCooper, INSERM, Bron, France). The system allowed for continuous recording of activity in 1-min intervals

until the time of tissue collection. To visualize the activity patterns, actograms and activity profiles were generated using ActoView for

MS Excel 2010 (programmed by C. Mulder, University of Groningen). ChronoShop (version 1.1) was used to calculate circadian pa-

rameters of wheel-running activity, including onset, center of gravity (COG), and offset.158 To calculate the proportion of activity dur-

ing daytime, the sum of wheel revolutions during the light phase was divided by the total wheel revolutions throughout the 24-h

period. Activity profiles were generated by 3-h running averages of the last 5 days of the protocol. The number of activity bouts

was calculated by ActoView and the fragmentation of activity profiles was determined by the following formula: (active bouts/active

bins) * 100.

Estrous cycle staging
The estrous cycle stage was daily determined using the protocol established by McLean and colleagues.164 Briefly, vaginal lavage

was performed by flushing the vagina 3–5 times with 50 mL autoclavedMilliQ daily between ZT6-ZT11. 1 mL smears obtained from the

lavage were permeabilized with 70% ethanol and subsequently stained with 0.1% crystal violet. High-resolution images were

captured using a Leica DMI6000Bmicroscope at 50X and 100Xmagnification, and software LAS-X version 3.7.5.24914. The estrous

stage was determined based on analyzing the ratio of cell types: primarily nucleated epithelial cells (proestrus), primarily cornified

epithelial cells (estrus), 50% cornified epithelial cells and leukocytes (metestrus), or primarily leukocytes (diestrus).165,166 Cycle stage

data analysis and visualization were performed using the protocol and Python software developed by Pantier and colleagues.167

Estrous cycle length was defined as the days between two days of proestrus, with the different stages occurring in between. Proes-

trus andmetestrus stages are sometimes too brief to fully capture, therefore, if the smears indicated a transition from estrus tometes-

trus or from proestrus to estrus the cycle was identified as a full cycle. The cycle length was calculated based on the last complete

cycle or if the ongoing cycle was longer than the previous cycle.

Glucose and ketone
Blood glucose and Ketone levels were measured for a subset of animals (n = 48) at four different time points throughout the protocol

(day 0, 7, 14, and 20) using the NovaMax Plus Glucose/Ketone monitor (Nova Biomedical, Waltham, MA, USA). Tail clips were taken

at either ZT5±1 (light) or ZT17 ± 1 (dark) to obtain the blood samples and directly measure glucose and ketone levels.

Body composition
To distinguish between lean and fat mass, body composition was assessed in a subset of live mice (n = 48) at ZT5±1 1–2 days before

tissue collections using a Magnetic Resonance Imaging machine (EchoMRI-100, Echo Medical Systems, Houston, TX, USA). Mice

were transferred from their home cage to the apparatus and underwent a 2-min scanning period.

Sample collection and processing
After 3 weeks in the ‘exercise-for-food’ paradigm, 40 mice per condition (80 mice in total) were sacrificed by decapitation with prior

CO2 exposure until unconscious. Of which 20 mice (10 males and 10 females) were sacrificed at ZT5 ±30min (light) and 20 mice (10

males and 10 females) at ZT17 ± 30min (dark). Animals that were sacrificed during the dark phase, were killed under low-intensity red

dim light (<0.1 lux). 20 tissues, pituitary (PIT), heart (HEA), lung, (LUN), brown adipose tissue (BAT), liver (LIV), adrenal glands (ADR),

kidney (KID), spleen (SPL), ovaries (OVA), uterus (UTE), testis (TES), quadriceps (QUA), gastrocnemius (GAS), gastrocnemius tendon

(GASt), extensor digitorum longus (EDL), extensor digitorum longus tendon (EDLt), tibialis anterior (TA), tibialis anterior tendon (TAt),

soleus (SOL), were removed and snap-frozen in liquid N2 directly after dissection and stored at �80�C until RNA extraction. Soft tis-

sue was carefully removed from the tibia bone (BON) and the bones were stored at �80�C until imaging.

Blood collection
Bloodwas taken by heart puncture, immediately transferred to EDTA tubes, and subsequently centrifuged at 1200g for 15min at 4�C,
allowing for the separation of plasma, which was immediately transferred to a clean tube and stored at�80�C until further procedure.
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Plasma triglyceride and cholesterol quantification
Plasma triglyceride quantity was assessed with Thermo Scientific Triglycerides Reagent TR22421 according to the manufacturer’s

protocol (Thermo Scientific, Waltham, MA, USA). Plasma cholesterol quantity was assessed with Thermo Scientific Total Cholesterol

Reagent TR13421 according to themanufacturer’s protocol (Thermo Scientific). In short, 1.5 mL plasmawas diluted in 150 mL reagent

and incubated at 37C for 5 min. Absorbance was measured at 505nm for 30 min.

Hepatic and muscle glycogen quantification
10-15mg of frozen liver andmuscle powder was used tomeasure glycogen levels using a colorimetric enzymatic kit according to the

manufacturer’s instructions (ab65620, Glycogen Assay Kit, Abcam, Cambridge, UK). The sensitivity was 0.04 mg/mL, and levels be-

tween 0.04 and 2 mg/well can be detected.

Microcomputed tomography (mCT): Scanning and Reconstruction
The tibia bones of a subset of female mice (n = 12) were scanned by mCT at (9 mm)3 isotropic voxel resolution (SkyScan 1076;

SkyScan. Kontich, Belgium; 50 kVp, 200 mA, 0.5 mm aluminum filter, 180� scan, D = 0.8�). Specimens were supported and hydrated

with PBS during scanning. Images were reconstructed using NRecon (Bruker, Belgium) using a smoothing factor of 1, ring artifact

reduction factor of 6, beam hardening correction factor of 40%, and with a dynamic range from 0 to 0.11 attenuation units. Tibia

aligned and registered to a representative control femur and cropped to a standard VOI size of (750 3 750 3 3200 px) using

DataViewer (SkyScan, Kontich, Belgium). Bone structure parameters were analyzed using CTAn (SkyScan). Trabecular bone was

analyzed by semi-automatic contouring of the medullary volume 0.35–0.85 mm distal to the proximal tibial metaphysis (H =

0.05 mm, 58 slices, 8.8 mm slice thickness), using an adaptive threshold to select trabecular bone. Cortical bone was analyzed by

selection of the cortical bone 1.5–2.5 mm distal to the proximal tibial metaphysis (H = 1.05 mm, 121 slices, 8.8 mm slice thickness),

using a global threshold (70–255). One outlier was removed from the analysis because its bonemineral density (BMD) deviated >2 SD

of the mean.

RNA extraction
All frozen tissues, with the exception of the pituitary, adrenal glands, ovaries, and tendons, were cryopulverized into fine frozen pow-

der using a tissue pulverizer (CellCrusher, Portland, OR, USA). Total RNA was extracted from �30 mg of the powdered tissue using

TRIzol reagent (Invitrogen, Carlsblad, CA, USA) according to the manufacturer’s protocol for RNA extraction using half volumes.

100 mL chloroformwas replaced with 50 mL 1-Bromo-3-chloropropane. Stainless steel screws were used to homogenize tissue using

a vortex mixer. Phase lock gel heavy tubes (QuantaBio) were used to enhance phase separation. 2 mL glycoblue coprecipitant

(AM9516, Invitrogen) was added to the ispropanol step for small tissues (<20mg; pituitary, adrenal glands, ovaries, tendons).

Extracted RNA was quantified using a Nanodrop 2000 spectrophotometer (Thermo Scientific).
Tissue RNA extraction method Sequencing platform Sequencing depth

PIT TRIzol, glycoblue Illumina Novaseq 6000 PE100

HEA TRIzol Illumina Novaseq 6000 PE100

LUN TRIzol Illumina Novaseq 6000 PE100

BAT TRIzol Illumina Novaseq 6000 PE100

LIV TRIzol Illumina Novaseq 6000 PE100

ADR TRIzol, glycoblue Illumina Novaseq 6000 PE100

KID TRIzol Illumina Novaseq 6000 PE100

SPL TRIzol Illumina Novaseq 6000 PE100

OVA TRIzol, glycoblue Illumina Novaseq 6000 PE100

UTE TRIzol Illumina Novaseq 6000 PE100

TES TRIzol Illumina Novaseq 6000 PE100

QUA TRIzol Illumina Novaseq 6000 PE100

GAS TRIzol Illumina Novaseq 6000 PE100

GASt TRIzol, glycoblue Illumina Novaseq 6000 PE100

EDL TRIzol Illumina Novaseq 6000 PE100

EDLt TRIzol, glycoblue Illumina Novaseq 6000 PE100

TA TRIzol Illumina Novaseq 6000 PE100

TAt TRIzol, glycoblue Illumina Novaseq 6000 PE100

SOL TRIzol Illumina Novaseq 6000 PE100
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mRNA library preparation and sequencing
Libraries were prepared using Illumina’s TruSeq Stranded mRNA (PolyA+) kit (Illumina, San Diego, CA, USA) following the man-

ufacturer’s instructions, with the use of half volumes. 500 ng of total RNA was used to generate libraries. Unique dual (i5 and i7) 8

base pair sequencing indexes for Illumina-TruSeq DNA were used to enable multiplexing up to 96 library samples for next-gen-

eration sequencing (Illumina). Quality and quantity of libraries were inspected by using a nanodrop spectrophotometer (Thermo

Scientific), Quant-IT dsDNA HS assay kit (ThermoFisher Scientific) and gel electrophoresis. Libraries were pooled and sequencing

was performed using NovaSeq 6000 (Illumina) to obtain paired-end 100 base pair reads with a targeted sequencing depth of 25

million total reads per sample. Samples with <10 million reads were removed from the analysis. In total, 419 samples passed qual-

ity control.

Read mapping, annotation, quantification and normalization
The quality of the sequencing data was assessed using FastQC, version 0.11.9 (Babraham Bioinformatics, Cambridge, UK). Adapter

sequences were removed using Cutadapt.159 The sequence reads were aligned to the Mus musculus (house mouse) genome

GRCm38 (mm10) and counted per gene using STAR aligner.160 The average sequencing depth was 25M input reads and 20M

uniquely mapped reads per sample (Table S1). Sequencing quality was assessed using FastQC, version 0.11.9 (Babraham Bioinfor-

matics, Cambridge, UK). Gene counts were filtered for low counts and normalized per tissue (females and males together) using the

DESeq2 workflow.161

Differential gene expression analysis
Differential gene expression analysis per tissue was carried out using DESeq2,161 with a design that accounted for energy deficiency.

Subsequently, contrast analyses were performed (sex, energy deficiency, and zeitgeber time). Genes were considered expressed if

normalized average gene counts wereR10. On average, 15,077 genes (protein coding and non-coding) were expressed per tissue

(Table S1). Differentially expressed (DE) genes were identified based on significance threshold of Benjamini and Hochberg adjusted

p < 0.05 (Tables S2, S3, and S5).

Gene ontology
Gene ontology (GO) analysis was performed on groups of differential expressed (DE) genes using the gene annotation tool Meta-

scape.162 Top most significant clustered representative GO Biological Processes (GO:BP) were used as terms for subsequent anal-

ysis and can be found for each tissue in Table S2.

Transcription factor binding site enrichment analyses
Transcription factor (TF) enrichment analysis was performed on all DE genes for all tissues by using the ChEA3 software (Table S4).168

Hypothalamus RNA-seq data
Bulk RNA-seq data from male mice (control and energy deficient) from three different hypothalamic brain tissues, paraventricular

nucleus (PVN), paraventricular zone (PVZ), and preoptic area (POA), were used from GEO: GSE228967.41

Untargeted plasma proteomics
48 plasma samples (12 per group) were processed for untargeted proteomics analysis. 125 mL of plasma was diluted 1:1 to 250 mL

and used for proteomics analysis by SeerBio (Redwood City, CA, USA). 250 mL per sample was loaded onto the SP100 automation

instrument, protein corona’s were formed and processed to extract purified peptides to identify quantity by LC-MS.169 LC-MS

(Thermo Scientific UltiMate 3000 RSLCnano), nanoflow, 100 nL/min, 26 min gradient. Injected five nanoparticles, 1 by 1 acquisition,

30 min run, 20 min gradient. 2.5h total acquisition per sample. Data Independent Acquisition (DIA) protocol, 33 min total acquisition

time. The data was analyzed using the Proteograph Analysis Suite (PAS) software (DIA-NN version 1.8.1). Data was filtered to 1%

peptide and protein FDR for identification on peptide and protein group level. The uniprot database UP000005640_9606 was

used as reference with a library free search. Raw MS intensity values were median normalized on a run-by-run basis, and used

for subsequent analysis. Proteins were included in the analysis if they were detected inR50% of samples (Table S6). Protein values

are depicted as normalized values in all figures.

Untargeted plasma metabolomics
31 plasma samples (7–8 per group) were sent to Metabolon (Morrisville, NC, USA) for untargeted metabolite analysis using Ultrahigh

Performance Liquid Chromatography-Tandem Mass Spectroscopy (UPLC-MS/MS).170 Batch normalized (median-scaled) imputed

metabolite counts were used for analysis. For each metabolite, the minimum value across all batches in the median scaled data is

imputed for the missing values. Results are summarized in Table S7.
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Statistical analysis
One-way ANOVA was used to analyze the effect of an energy deficit on different physiological parameters between experimental

groups. Two-way repeated measures ANOVA was used to analyze the effect of energy deficit on different behavioral and physiolog-

ical parameters over multiple time points. Post hoc test (Tukey’s HSD) was performed to detect statistical differences between

groups at specific time points. Linear regressionmodels were fit by using the lm function in RStudio to assess the correlation between

different parameters. All analysis and statistical tests were performed in RStudio (version 2022.07.1; http://www.rstudio.com/). Un-

less otherwise described, all data are presented as mean ± SEM, with *p < 0.05, **p < 0.01, ***p < 0.001. All figures were generated

using the R-package ‘ggplot2’.163
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