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A B S T R A C T

Early life adversity has lasting effects on neuroendocrine function and increases risk for psychopathology and 
metabolic disease. Stress and metabolism are closely intertwined, with critical periods for early life stress 
overlapping those for metabolic programming. Early life adversity models in rodents have the potential to affect 
development through multiple pathways, including nutrition, parental behavior, and direct physical stress. In the 
current study, we investigate how a limited bedding and nesting material (LBN) postnatal environment affects 
maternal behavior, milk composition, and acute metabolic outcomes in rat offspring. We examined the impact of 
LBN exposure during two postnatal windows (Early: P0–6 and/or Late: P6–13) and effects of key elements of 
early experiences (maternal behavior and nutrition) on acute metabolic outcomes, with assessment of sex- 
specific effects in pups. LBN shifted maternal behavioral phenotype, increased dam milk corticosterone and 
triglyceride concentration, affected serum metabolic and pituitary hormones in pups, and increased pup esti
mated daily energy expenditure. Differential gene expression analyses of the liver and arcuate nucleus of the 
hypothalamus showed timing and sex-specific effects of LBN. LBN predicted expression of genes related to amino 
acid biosynthesis, protein assembly, and developmental transitions. These effects were associated with individual 
milk components, pup sex, and pup weight. Collectively, these findings demonstrate that early life adversity 
alters acute metabolic outcomes through multiple, interacting pathways that may contribute to increased 
vulnerability to endocrine and metabolic dysfunction later in life.

1. Introduction

Adverse early life experiences confer heightened risk for a wide 
range of poor health outcomes across the lifespan and earlier all-cause 
mortality (Felitti et al., 1998; Kelly-Irving et al., 2013). There is 
remarkable overlap in the effects of early adverse experiences related to 
nutritional extremes (over and under nutrition) and other stressors such 
as poverty, abuse and neglect, and maternal stress on long-term health 
outcomes (Boersma et al., 2014). When these stressors are experienced 
during developmentally sensitive periods, they increase vulnerability to 
poor metabolic outcomes including obesity, diabetes, cardiovascular 
disease, and metabolic syndrome as well as psychiatric conditions such 
as schizophrenia and mood disorders (Mcmillen and Robinson, 2005; 
Seal and Turner, 2021). The overlapping effects of early life nutrition 

and early life stress on mental and physical health reflect the bidirec
tional interactions between stress physiology and metabolic regulation 
(Morris et al., 2015).

Activation of the hypothalamic-pituitary-adrenal (HPA) axis in 
response to stress initiates a hormonal cascade beginning in the para
ventricular nucleus (PVN) of the hypothalamus and ultimately leading 
to glucocorticoid (GC) release by the adrenal glands. Circulating GCs 
mobilize energy reserves by promoting glucose availability with chronic 
GC elevation affecting appetite, feeding, and visceral adipose deposition 
(Lee et al., 2014; Sominsky and Spencer, 2014). Metabolic homeostasis, 
including feeding and appetite, are regulated by an array of hormones 
that act on the brain and periphery with a central role of the arcuate 
nucleus of the hypothalamus, lateral hypothalamus, and PVN. Leptin, an 
anorexigenic cytokine hormone secreted primarily by adipose tissue, 
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regulates energy balance and facilitates energy expenditure by acting on 
the arcuate nucleus (Mainardi et al., 2013; Morton, 2007). GCs and 
leptin co-regulate each other: leptin acts on several levels of the HPA 
axis to suppress GC production, while GCs increase leptin expression 
(Paul and Buchholz, 2023). GCs may also interact with other metabolic 
hormones, including ghrelin and insulin, to affect food intake and en
ergy balance (Janssen, 2022; Spencer et al., 2012). Collectively, these 
interactions can account for the significant associations between stress 
and metabolic dysregulation.

The HPA axis and metabolic systems are immature at birth and un
dergo substantial developmental changes in the early postnatal period. 
In rodents, the stress-hyporesponsive period (SHRP) refers to the period 
from birth through about postnatal day 14 (P14) when the HPA system is 
actively suppressed to keep adrenocorticotropic hormone (ACTH) and 
GC levels low in response to stimuli that would typically elicit a stress 
response (Levine, 1970; Levine et al., 1967; Schmidt, 2019). Maternal 
care plays a critical role in maintaining the SHRP and exerts life-long 
effects on HPA function by affecting GC receptor levels in the brain 
(Weaver et al., 2004), and pup leptin levels also contribute to the SHRP 
by lowering GCs and regulating HPA response (Paul and Buchholz, 
2023; Salzmann et al., 2004). Hypothalamic circuitry regulating en
ergy balance is similarly immature at birth, with arcuate nucleus pro
jections to feeding-related hypothalamic nuclei emerging around P5 in 
rats (Matsumoto and Arai, 1976; Sominsky et al., 2018). Leptin, 
although anorexigenic in adulthood, does not suppress feeding in early 
development and instead promotes hypothalamic neurocircuitry 
development (Bouret et al., 2004; Proulx et al., 2002), while ghrelin 
levels increase progressively over the first two postnatal weeks to reach 
adult levels by weaning (Sominsky et al., 2018). The liver also undergoes 
a profound shift at birth, transitioning from its prenatal role as the pri
mary hematopoietic source to a central metabolic regulator through 
fatty acid synthesis and gluconeogenesis (Böhme et al., 1983; Herrera 
and Amusquivar, 2000; Innis, 2011).

The developmental trajectory of the HPA axis and metabolic systems 
is subject to influence by postnatal experience. Prolonged maternal 
separation induces long-term dysregulation of HPA function, affects 
metabolic hormones including leptin, ghrelin, and insulin, reduces body 
weight, and alters neuropeptide expression in the arcuate nucleus in 
rodents (Paul and Buchholz, 2023; Schmidt et al., 2006; Viveros et al., 
2010), with both loss of food intake and loss of maternal tactile care 
contributing to these effects (Oers et al., 1998; Rosenfeld et al., 1993). 
Other models of chronic early life stress similarly alter leptin, ghrelin, 
insulin, adipose tissue, and hypothalamic fiber density (Yam et al., 
2017a; Yam et al., 2017b). Beyond the direct effects of parental care, 
early adverse environments may also affect offspring nutrient intake 
through changes in milk composition. For example, maternal stress can 
increase milk GC concentration and affect milk lipid content and im
mune factors (Wijenayake et al., 2023). Milk composition has long-term 
effects on offspring emotionality, HPA function, body weight, and hy
pothalamic feeding circuits (Kirk et al., 2009; Langley-Evans et al., 
1996; Vogt et al., 2014), and postnatal diet can affect peripheral meta
bolic development including liver gene expression (Nakagaki et al., 
2018). Corticosterone and leptin transferred through maternal milk 
may further shape pup stress and metabolic systems during early-life 
sensitive periods (Casabiell et al., 1997; Stead et al., 2022), suggesting 
that early adversity affects offspring development through both behav
ioral and nutritional channels.

The present study used the limited bedding and nesting material 
(LBN) postnatal environmental manipulation during sensitive periods of 
HPA and metabolic development to examine effects of early adversity on 
acute metabolic outcomes in rat pups. The LBN model alters the pup 
microenvironment by increasing thermal stress, changing pup peer in
teractions in the litter, and changing maternal behavior, although there 
is considerable variability in maternal response to LBN in rats (Lapp, 
Bartlett, et al., 2020a, 2020b; Lapp et al., 2024). The goals of this 
study were: 1) determine the acute effects of LBN on metabolic outcomes 

in offspring, 2) determine how these effects vary with timing of LBN, 3) 
identify key elements of early experience that affect metabolic out
comes, and 4) examine sex differences in metabolic outcomes. Pup 
outcomes include serum metabolic and pituitary hormones, energy 
expenditure, and transcriptomic analysis of the liver and arcuate nucleus 
of the hypothalamus. We used maternal behavioral phenotype measures 
and measures of milk macronutrients and hormones to identify key el
ements of pup experience responsible for metabolic changes.

2. Methods

2.1. Animals

All animal protocols were approved by the Institutional Animal Care 
and Use Committee (IACUC) at the University of Texas at Austin and 
were performed in accordance with IACUC guidelines and regulations 
(protocol # AUP-2022-00239). Sample sizes were based on previous 
studies using this model (Lapp et al., 2020a; Moriceau et al., 2009) 
rather than a formal power calculation. Animals were housed in poly
carbonate cages (48 cm × 26.5 cm × 20 cm) with standard wire tops and 
were kept on a reverse 12:12 h light cycle (lights off at 11am, lights on 
11pm). All dams were provided with only Aspen shavings (Nepco) for 
bedding and nesting material, which can be manipulated to construct 
nests, with no other enrichment provided. All animals were provided 
with standard chow (Lab diet 5LL2) and water ad libitum. Two cohorts of 
30 adult (P60) Long-Evans female rats and 15 adult (P60) Long-Evans 
male rats were purchased from Charles River Labs and acclimated to 
the vivarium in housing groups of three animals for at least two weeks 
before breeding. During breeding, one receptive female was housed with 
a breeder male overnight. All dams were socially housed throughout 
pregnancy until they were singly housed starting on gestational day 
18-21 before giving birth. Six females did not become pregnant and were 
excluded from the study.

2.2. Experiment timeline

On P0 (day of birth), pups were culled to five males and five females 
per litter using anogenital distance to determine sex. Litters were 
excluded if they had fewer than 5 pups of either sex (n = 10) or were 
born on a day when no other litters were born, precluding cross- 
fostering on P6 (n = 5). Litters included in the study were assigned to 
Control (225 g of bedding) and LBN (50 g of bedding) conditions in order 
of birth using a pre-generated random sequence, such that each suc
cessive litter born within a cohort was assigned the next condition in the 
sequence (adapted from Moriceau et al., 2009, Fig. 1A). Sequences were 
stratified by cohort to ensure balanced group sizes within each experi
mental group. On P6, milk was collected from dams (5:00am-8:00am) 
and CO2 emissions were measured from pups (1:00pm-4:00pm). This 
resulted in brief maternal separations for up to 1 h during milk collection 
(dam removed from the home cage) and 5 min during CO2 emissions 
testing (1 pup removed at a time). After pup testing on P6 
(4:00pm-5:00pm), entire litters were fostered to a new dam in a clean 
cage in the same or opposite condition resulting in four experimental 
litter groups reflecting pup exposure to LBN during two exposure pe
riods: LBN-LBN (n = 10), LBN-Control (n = 10), Control-LBN (n = 9), 
and Control-Control (n = 10). Foster dam assignment was not random 
and was determined by the conditions of the available litters born on the 
same day such that only litters with P6 pups were fostered, with the goal 
of achieving balanced representation across the four experimental 
groups (LBN-LBN, LBN-Control, Control-LBN, Control-Control). P0-6 
LBN exposure occurred prior to the development of axonal projections 
from the arcuate nucleus to other hypothalamic nuclei involved in 
feeding regulation, whereas P6-13 LBN exposure occurred during this 
period of arcuate development, so these exposure periods reflect distinct 
developmental stages of metabolic development. Dams remained in the 
same condition for the duration of the experiment. Milk collection and 
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CO2 emission measurements were repeated on P12. On P13, offspring 
were euthanized via rapid decapitation and brain tissue, liver tissue, and 
trunk blood were collected from one male and one female pup in each 
litter (4:00pm to 9:00pm). Male and female pups used for CO2 testing 
and tissue collection were selected by taking the first male and female 
pup selected from the nest in the home cage. Due to limited equipment 
availability, a subset of pups were not able to undergo CO2 testing (P6 
litters: Control = 3, LBN = 3; P12 litters: Control-Control = 1, Con
trol-LBN = 2, LBN-Control = 1, LBN-LBN = 1), resulting in a smaller 
sample size for that measure. Because experimental condition was 
readily apparent from the cage appearance, the researcher selecting the 
pup was not blind to condition. Pups were then transported to a separate 
area for CO2 measurement and tissue collection, where the researcher 
performing the procedure was blind to condition. Because neonatal pups 
did not have permanent identification, it was not possible to determine 
whether pups tested for CO2 emissions on P6, tested for CO2 on P12, and 
tissue collection on P13 were the same individuals. Sample processing 
and CO2 measurement calculations were conducted by researchers blind 
to experimental groups. Statistical analyses were conducted with re
searchers aware of group assignments.

2.3. Home cage recordings

Home cage behavior was recorded and analyzed as reported in Lapp 
et al. (2024). Briefly, Raspberry Pi 3B + minicomputers equipped with 
Raspberry Pi Module 1 NoIR cameras were used to record home cage 
behavior for 24 h (greyscale, 2 fps) on P1, P3, P7, and P9 (https://gith 
ub.com/lapphe/raspberry_rat). These recording days provided data on 
maternal behavior in the beginning and middle of the Early LBN and 
Late LBN phases while avoiding cage change and testing disruptions (P0, 
P6, and P12). Videos were screened to ensure the camera was placed at 
the nest end of the cage and data were excluded if the dam moved the 
nest to the opposite end (P1 = 7 videos, P3 = 7 videos, P7 = 6 videos, P9 
= 10 videos). An additional 9 videos were excluded due to technical 
failures (e.g. lighting failure; P1 = 3 videos, P3 = 5 videos, P7 = 1 video, 
P9 = 0 videos) that prevented accurate pose estimation, resulting in a 
total of 38 excluded videos (24%; Supplemental Table 1 and 
Supplemental Table 2). Videos were automatically scored using the 
AMBER pipeline (Lapp et al., 2023, 2024). AMBER produced measure
ments of total behavior durations, mean bout durations, and mean bout 

intervals for nursing (active nursing: crouched above pups with dam 
supporting her own weight; and passive nursing: dam on her side and 
not supporting herself with her limbs while pups are seen attached to 
nipples), pup-directed licking and grooming (licking any part of a pup's 
body with contact between the dam's nose and mouth and pup), nest 
attendance (a portion of the dam's body is in the nest and in contact with 
pups) for each 24 h video recording. Average nursing latency, defined as 
the average time from the onset of nest attendance to the onset of 
nursing for each nest attendance bout in each video, was also calculated 
for each recording. Because nursing is initiated in response to pup cues 
during nest attendance bouts, nursing latency reflects maternal 
responsiveness to pup stimulation within the home cage context, with 
shorter latencies indicating faster responses to pup solicitation. Key 
settings and parameters for the AMBER pipeline are described in the 
Supplemental Methods.

2.4. Milk collection

Milk was collected from dams on P6 and P12 to assess milk 
composition as described in Paul et al. (2015). Milk let down can be 
induced by oxytocin but is inhibited by stress, so dams were anes
thetized with isoflurane (5% induction) prior to the oxytocin injection to 
collect milk (Lau, 1992). A nose cone was used to maintain anesthesia at 
2-3% isoflurane with total anesthesia and recovery time less than 60 
min. Once anesthetized, dams were injected with 2IU oxytocin (intra
peritoneal). Dam's nipple regions were cleaned with alcohol wipes and 
warm water. Milk was collected by squeezing the base of the teat and 
manually expelling the milk to collect it in capillary tubes. After milk 
collection, dams were returned to their home cage with their pups once 
fully conscious. The pharmacokinetic profile of isoflurane suggests that 
the drug is not absorbed by offspring and that nursing can resume 
immediately after anesthesia (Lee and Rubin, 1993). The researcher 
conducting the milk collection was not blind to condition.

2.5. Enzyme-linked immunosorbent assay (ELISA)

Concentration of lactose (Sigma-Aldrich # MAK017, 1:500 sample 
dilution), triglycerides (Abcam #AB65336, 1:1000 sample dilution), 
total protein (Pierce BCA Protein Assay # 23225, 1:50 sample dilution), 
corticosterone (Enzo Life Sciences ADI-900-097, 1:40 sample dilution), 

Fig. 1. Experiment methods. A) Litters were exposed to Control and/or LBN conditions. Milk was collected from dams and pup CO2 emissions were measured on P6 
and P12. Pup blood and tissue were collected on P13. Maternal behavior was measured from 24-h home cage recordings on P1, P3, P7, and P9. B) Liver and arcuate 
nucleus tag-based sequencing data was analyzed for differential gene expression by LBN group. Weighted gene co-expression network analysis was used to identify 
key modules with eigengenes predicted by LBN exposure, maternal behavior, and milk components and their hub genes. Gene set enrichment analysis was used to 
determine biological processes associated with gene lists.
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and leptin (Millipore # EXRL-83K, no dilution) in dam milk were 
measured using ELISA according to the manufacturer's instructions.

2.6. CO2 emissions

CO2 exhaled by pups was measured from one male and one female 
(randomly selected) from each litter to estimate pup total daily energy 
expenditure. During testing, one pup was placed in a 500 ml flow- 
through jar for 5 min. Prior to pup measurements, empty jars were 
sampled to provide background measurements. A flow rate of 800 
standard cubic centimeters per minute of filtered sweep air from a hy
drocarbon trap (VICI Metronics) was used for the duration of the mea
surement. The last 15 s of the third minute were used for analysis to 
allow ample time for the volume to be flushed of any lab air. The CO2 
Analyzer (Model LI-850; LI-COR Environmental, 2018) measured CO2 
concentrations from flow-through effluent at 1 Hz.

2.7. Blood and tissue collection

Following rapid decapitation, 1 mL of pup trunk blood was collected 
in tubes containing 1:100 protease cocktail inhibitor (Sigma P2714), 
1:100 Pefabloc SC (Sigma 11429868001), and DPP inhibitor (Millipore 
# Dpp4-101). Pup whole livers and brains were extracted and placed in 
hexanes on dry ice. Blood was allowed to sit for a minimum of 30 min on 
ice before being spun down at 1000 x g at 4 degrees C for 10 min and 
serum was aliquoted for metabolic and pituitary assay panels. Tissue and 
serum were stored at − 80 Celsius (C) until processing.

2.8. Blood panels

Serum samples were processed using the Milliplex Rat Pituitary 
(Millipore RPTMAG-86K) and Metabolic Hormone (Millipore 
RMHMAG-84K) Magnetic Bead panels by the Bioanalytics and Single- 
Cell Core at UT-Health San Antonio.

2.9. Tissue processing

2.9.1. Liver extraction
Liver tissue was processed as previously described (Lee et al., 2022). 

Approximately 30 mg of liver tissue was extracted into reinforced 
microvials containing zirconia/silica beads (11079110z, BioSpec) and 
homogenized in 500ul of lysis buffer (Thermo Fisher Scientific 
#A27828) with 0.7% beta-mercaptoethanol using a beadbeater (607, 
Bio Spec). 100ul aliquots of homogenates were used for RNA extraction 
on the KingFisher Flex (Thermo Fisher #5400630) according to the 
manufacturer's protocol. RNA quality was determined in a subset of 
samples using the RNA 6000 Nano Assay with BioAnalyzer (Agilent 
Technologies) and RNA concentration for all samples was determined 
with Quant-it RNA High Sensitivity assay kit (Thermo Fisher Scientific 
#Q33140). Two samples (one male Control-Control and one female 
Control-Control) had insufficient RNA quality (RIN <5) and were not 
sent for sequencing. Remaining RNA samples were normalized to 
100ng/ul and stored at − 80C until sequencing.

2.9.2. Arcuate nucleus sectioning and RNA extraction
Brains were cut into 70 μm sections on a cryostat set at − 20C. The 

arcuate nucleus was dissected using a 0.35 mm core sampling tool 
(Electron Microscopy Sciences, #NC1310088) from brain slices ranging 
from bregma − 1.8 to − 3.12 (Paxinos and Watson, 1998). 120ul of lysis 
buffer containing 0.7% beta-mercaptoethanol was immediately added to 
tube containing the tissue and vortexed until homogenized. Samples 
were frozen at − 80C until RNA extraction. RNA was extracted from 
tissue samples using the MagMax Total RNA isolation kit on Kingfisher 
Flex system according to manufacturer instructions (MagMax 
#A27828). RNA quality was determined using RNA 6000 Nano Assay 
and RNA concentration was determined with Quant-it RNA High 

Sensitivity assay kit. Samples with a RIN <5 or RNA concentration <10 
ng/ul were not sent for sequencing (females: Control-Control = 2, 
Control-LBN = 1, LBN-Control = 2, LBN-LBN = 1, males: Con
trol-Control = 2, Control-LBN = 1, LBN-Control = 3, LBN-LBN = 2). 
Remaining RNA samples were normalized to 10ng/ul and stored at 
− 80C until sequencing.

2.9.3. Transcriptomic processing
Liver and arcuate nucleus samples were Tag-sequenced at the 

Genome Sequence and Analysis Facility at the University of Texas at 
Austin. Tag-sequencing is designed to measure polyadenylated tran
scripts yielding data for differential gene expression analysis in well 
annotated genomes (Lohman et al., 2016; Meyer et al., 2011). Reads 
were sequenced on the NovaSeq 6000 SR100 with minimum reads of 
four million and target reads of five million. Raw data were preprocessed 
to remove adapter sequences, PCR duplicates, and low-quality reads 
using cutadapt v. 2.8 (Martin, 2011) and FastQC v. 0.11.9 was used to 
check quality control of the sample data (Andrews, 2010). All samples 
passed QC checks and were used in the analysis. Preprocessed reads 
were then aligned to the rat genome (rnor6) using STAR (Dobin et al., 
2013) and raw counts were obtained.

2.10. Data analysis

2.10.1. Maternal behavior PCA
Principal component analysis (PCA) was conducted on home cage 

maternal behavior received by pups during the early (P1 and P3) and 
late (P7 and P9) recording days as a dimension reduction technique. 
Maternal behavior measures were first averaged for P1 and P3 (early 
maternal behavior) and P7 and P9 (late maternal behavior) recordings, 
resulting in 20 maternal behavior measurements. The majority of dams/ 
litter had 3 or 4 videos with useable data (Supplemental Table 1) and 
Fisher's exact tests with simulated p-values (Monte Carlo, 10,000 rep
licates) confirmed that missing videos did not differ significantly by 
Early LBN exposure (p = .880), Late LBN exposure (p = .149), or post
natal day (p = .607) indicating that missingness was balanced across 
conditions and recording days (Supplemental Table 2). Missing mea
surements due to missing videos (10-15% per measure) were imputed 
using random forest imputation with the missForest function of the 
missForest package in R. Although imputation may subtly influence the 
covariance structure underlying the PCA, the low proportion of missing 
values per measure and the balanced pattern of missingness across 
conditions minimizes the risk of systematic bias. Prior to PCA, data were 
z-scored and assumption checks were conducted. Bartlett's test of 
sphericity confirmed sufficient correlation structure to justify dimension 
reduction (χ2(190) = 716.11, p < .001). No multivariate outliers were 
detected based on Mahalanobis distance, and no variables were removed 
due to multicollinearity. PCA was run using the prcomp function in R 
without rotation and PCA loadings are reported as eigenvectors 
extracted from the component coefficient matrix. Given the diffuse 
loading structure characteristic of behavioral data, variables with ab
solute loadings greater than 0.25 were considered meaningful contrib
utors to each component for interpretation purposes.

2.10.2. Energy expenditure analysis
CO2 emission rates were calculated from the flow rate of the sweep 

air and from measured volume mixing ratios which were converted to 
mass concentrations assuming constant temperature and pressure. 
Incoming CO2 concentrations were subtracted using background mea
surements. Exhalation flow rates of CO2 in units of milliliters per minute 
were calculated using the following equation: 

V̇CO2 =ER ×
1

ρCO2

÷ 60
min
hour 

Where ER is the calculated mass emission rate of CO2 in milligrams per 
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hour and ρCO2 
is the density of CO2 at room temperature. Daily energy 

expenditure (DEE) in units of kilocalories was estimated using the 
following equation: 

DEE=
∑

(
D × V̇CO2

E × R

)

i
×1,440

min
day

÷ 4.184
kJ

kcal 

Where D is the percentage of total macronutrient content of the milk 
consumed by each pup, E is the volume of O2 consumed per kilojoule 
produced, and R is the ratio of CO2 produced to O2 consumed for each of 
i macronutrients (carbohydrates, protein, and lipids; Even and 
Nadkarni, 2012). Sampling was limited to 5-min measurement periods 
which were then extrapolated to estimate the total daily energy 
expenditure for each pup.

2.10.3. Differential gene expression analysis
Differentially expressed gene (DEG) analysis was conducted using 

the limma package in R in male and female datasets separately (Smyth, 
2005). First, genes with less than 10 counts across all samples were 
removed. DEG analysis with voom transformation was used to identify 
DEGs for three comparisons: LBN-LBN vs. Control-Control, LBN-Control 
vs. Control-Control, and Control-LBN vs. Control-Control. Raw p-values 
were adjusted using empirical false discovery rate (eFDR; Storey and 
Tibshirani, 2003) by permutating sample labels 5000 times to obtain a 
null distribution. Exploratory DEGS (unadjusted p value < 0.05) and 
significant DEGs (eFDR <0.05) are reported as indicated in the results. 
Gene ontology (GO) enrichment analysis was used to explore biological 
processes related to DEGs using Enrichr with the full gene list as the 
background (Chen et al., 2013; Kuleshov et al., 2016; Xie et al., 2021, 
Fig. 1B).

2.10.4. Candidate gene analysis
A list of 78 candidate genes was compiled a priori to examine 

expression of genes related to neuropeptide and neurotransmitter 
signaling, synaptic plasticity, axon growth, and neurotrophic factors in 
the arcuate nucleus (Bedont et al., 2015; Bouret, 2022; Burbridge et al., 
2016; Molnár et al., 2016; Tucker et al., 2007; Vernes et al., 2011; Zhang 
et al., 2024). Only 57 candidate genes were present in the data after 
filtering low counts.

2.10.5. Weighted gene co-expression network analysis (WGCNA)
WGCNA was performed in R using the WGCNA package (Langfelder 

and Horvath, 2008) with limma-normalized male and female data 
(Fig. 1B). For both the liver and arcuate nucleus, the softpower threshold 
was set to 7 based on the scale-free topology criterion (Zhang and 
Horvath, 2005) and signed hybrid mode with a minimum model size 
set of 30 was used to construct modules. Regression models were run in 
male and females separately to predict module eigengene expression 
from LBN exposure, maternal behavior, and milk components with 
batch included as a covariate to determine modules of interest. Two-way 
ANOVAs (sex and Late LBN) were run as post-hoc tests for modules with 
LBN exposure as a significant predictor. Module membership was 
determined and intramodular connectivity was determined for each 
module of interest. The top 5 genes with the highest intramodular 
connectivity score are reported as hub genes. GO analysis was run on 
genes in modules of interest using Enrichr.

2.10.6. Statistical analysis
Statistical analyses were conducted using R 4.3.3. For all mixed 

models, normality of residuals and homoscedasticity were verified by 
visual inspection of Q-Q plots and residuals versus fitted value plots, and 
normality was confirmed using Shapiro-Wilk tests prior to analysis. 
Litter was considered the unit of analysis for data collected from pups, 
with data from only one female and one male pup per litter included for 
each analysis. Mixed effects models on pup data that included data from 
both sexes had litter ID nested within cohort included as a random factor 

to account for non-independence of littermates and cohort variation. 
Mixed effects models stratified by pup sex (serum hormones, tran
scriptomic expression) or for dam data (milk measures) included cohort 
as a random factor. Early LBN, Late LBN, and Early X Late LBN effects on 
all PCs accounting for at least 5% for variance were evaluated using 
linear mixed effects models with cohort included as a random factor. 
Satterthwaite's method was used to estimate degrees of freedom for 
linear mixed effects models. Model selection was performed using 
sample-size corrected AIC (AICc) where noted, calculated using the 
MuMIn package (Burnham and Anderson, 2002). Models differing by 
less than 2 AICc units were considered equivalent, in which case the 
simpler additive model was retained. Statistical significance was set at α 
= .05 for all analyses. Error bars in figures are reported as mean ± SEM. 
Results are exploratory and were not corrected for multiple compari
sons. Therefore, they should be interpreted with caution.

Dam P12 milk corticosterone and P12 triglyceride data violated the 
assumption of normality (p < .05), so log-transformations were applied 
prior to analysis. Linear mixed model analysis with the assay plate as a 
random factor was used to assess the effects of dam LBN exposure on 
milk macronutrient and hormone concentrations separately on P6 and 
P12 measures. For several models, the plate random effect variance was 
estimated at zero; these models were retained with the random effect 
structure intact. Pearson correlations were run to examine relationships 
between different milk components and between milk components and 
Early caregiving attenuation, Late caregiving attenuation, and Bout 
brevity PCs.

Group differences in pup daily energy expenditure and CO2 emis
sions were analyzed using separate linear mixed effects models for P6 
and P12 data. For P6 outcomes, a single additive model was fit including 
Early LBN exposure, pup sex, and pup body weight as fixed effects. For 
P12 outcomes, two models were compared: an additive model including 
Early LBN exposure, Late LBN exposure, pup sex, and pup body weight, 
and an interaction model that additionally included an Early × Late LBN 
exposure interaction term. Effects of Early caregiving attenuation, Late 
caregiving attenuation, Bout brevity PCs, and milk hormones were 
evaluated in separate P6 and P12 linear mixed models with a gaussian 
distribution with pup sex and pup body weight as fixed effects. Re
lationships between energy expenditure and milk macronutrients were 
not explored because energy expenditure estimates are derived from 
macronutrient measures.

Serum hormones with more than 50% of samples below the limit of 
detection were not analyzed (ACTH, FSH, LH, TNF-α, prolactin). Hor
mone concentrations were modeled using generalized linear mixed 
models (GLMMs) with a gamma distribution and log link, to account for 
the positive, right-skewed distributions of hormone data. Pup serum 
hormone concentrations were analyzed in two stages. First, the effects of 
early and late LBN exposure on each hormone were examined. Each 
model included Early LBN exposure, Late LBN exposure, pup sex, and 
pup body weight as fixed effects. For each hormone, an additive model 
was compared to an interaction model including Early × Late LBN 
exposure. Second, to examine whether maternal behavior, milk 
composition, and metabolic variables predicted pup hormone concen
trations, a series of GLMMs was run separately for males and females due 
to pronounced sex differences identified in the first analysis. Each model 
included a single predictor of interest and pup body weight as a covar
iate. Predictors included Early caregiving attenuation, Late caregiving 
attenuation, Bout brevity, milk corticosterone, leptin, lactose, protein, 
and triglyceride concentrations at P6 and P12, and pup energy expen
diture at P6 and P12. Models were fit for each combination of predictor 
and hormone outcome.

To assess effects of predictor variables (behavior PCs, LBN exposure, 
energy expenditure, and milk measures) on module eigengene expres
sion for the liver and arcuate nucleus transcriptomic data and arcuate 
candidate genes, linear mixed models with a gaussian distribution were 
run with a single predictor variable in separate models stratified by sex. 
For modules showing significant effects of LBN exposure, 2x2 ANOVAs 
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(Sex x LBN exposure) were used as follow-up tests for sex differences and 
LBN effects. For arcuate candidate gene analysis, results were filtered to 
only significant relationships and the top 10 genes were selected based 
on largest absolute estimates.

To examine whether the effects of early-life experience and maternal 
factors on liver and arcuate gene module expression were direct or 
mediated through maternal behavior variables, we used path analysis 
(structural equation modeling) with the lavaan and piecewiseSEM 
packages (Lefcheck, 2016; Rosseel, 2012). Piecewise SEM estimates 
each component of the causal model as a separate regression equation, 
allowing the use of mixed models to account for the nested data struc
ture. Continuous predictors were standardized prior to analysis to allow 
comparison of effect sizes across predictors on different scales. LBN 
exposure variables were dummy coded as “0” for Control and “1” for 
LBN since piecewiseSEM was not designed for categorical variables 
(Lefcheck, 2024). For each module of interest, we specified a set of a 
priori candidate models representing alternative causal structures based 
on prior work suggesting LBN effects on pups are through effects on 
maternal behavior. Specifically, the liver pink and purple modules, 
which were both predicted by LBN exposure and a maternal behavior 
measure, were tested to determine whether the effects of Late LBN on 
eigengene expression were direct, mediated through Late caregiving 
attenuation, or both. We first assessed whether each model exhibited 
adequate global fit using the χ2 statistic (p > .05) or Fisher's C statistic if 
submodels failed to converge and the χ2 statistic was not reported. 
Acceptable models were then compared using AICc. Tests of directed 

separation were used to evaluate whether excluded paths were justified.

3. Results

3.1. Maternal behavior principal component analysis and relationship to 
LBN exposure

The effects of LBN on specific maternal behaviors (total duration, 
bout intervals, and bout durations) have been previously reported (Lapp 
et al., 2024) and raw data are presented in Supplemental Fig. 1. LBN 
increased pup-directed maternal behaviors (nest attendance, nursing, 
licking and grooming), reduced bout intervals, and increased nursing 
latency on P3 and reduced nursing latency on P6. PCA of maternal 
behavior received by pups showed seven PCs that each explained at least 
5% of the variance (Supplemental Fig. 2A). Principal component 1 
accounted for 27.23% of the variance with top loadings that included 
positive loadings of maternal behavior total durations and negative 
loadings of bout intervals on P1 and P3 (Fig. 2A–B, Supplemental 
Fig. 2B). We refer to this PC as “Early caregiving attenuation”, where 
higher values reflect less pup-directed behavior on P1 and P3. Condition 
analysis of Early caregiving attenuation scores showed a strong signifi
cant effect of Early LBN exposure (Fig. 2C; β = − 3.662, SE = 0.751, t 
(35.00) = − 4.876, p < 0.001). Likewise, principal component 2, which 
accounted for 16.51% of the variance, had top loadings that included 
positive loadings of maternal behavior total durations and negative 
loadings of bout intervals for P7 and P9 pup-directed behaviors and was 

Fig. 2. Maternal behavior principal component analysis. A) PC1 (Early caregiving attenuation; 27.23% of variance) had top loadings of behavior measurements 
received by litters from P1 and P3 and PC2 (Late caregiving attenuation, 16.51% of variance) had top loadings of behavior measurements received by pups from P7 
and P9. Litters with lower scores of both PCs tended to be litters exposed to Early LBN (PC1) and Late LBN (PC2). B) LBN groups did not separate by PC3 (12.11% 
variance) or PC4 (Bout brevity, 10.36% variance). PC4 top loadings included measurement of bout durations across all recording days, with higher values associated 
with shorter bout length. C) Early LBN exposure had a strong effect on Early caregiving attenuation (PC1) scores. D) Late caregiving attenuation scores (PC2) were 
reduced in litters exposed to Late LBN. E) There were no effects of LBN group on Bout brevity PC scores. n = 10 LBN-LBN, n = 10 LBN-Control, n = 9 Control-LBN, n 
= 10 Control-Control litters. *main effect of early LBN p < .05, # main effect of Late LBN p < .05.
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significantly affected by Late LBN exposure (Fig. 2D; Supplemental 
Fig. 2B; β = − 1.882, SE = 0.746, t(35.00) = − 2.523, p = .016). We 
refer to this PC as “Late caregiving attenuation”, where higher values 
reflect less pup-directed behavior on P7 and P9. There were no other 
statistically significant main effects or interactions of Early or Late LBN 
on PCs1-7 (all p > .05). Principal component 4, which accounted for 
10.36% of variance, had top loadings primarily comprised of negative 
loadings of mean bout durations and will be referred to as “Bout brev
ity”, where high values of Bout brevity correspond to shorter bouts of 
pup-directed behaviors. Although Early and Late LBN exposure did not 
significantly affect Bout brevity (Fig. 2E; p > .05), shorter bout durations 
have been proposed as a key mechanism linking fragmented maternal 
care to adverse offspring outcomes in the LBN model (Molet et al., 
2016). The emergence of a PC mapping well onto bout duration there
fore provided an opportunity to directly test whether caregiving frag
mentation, independent of overall caregiving quantity, predicts pup 
outcomes. PC3 (12.11% of variance), PC5 (8.07% of variance), PC6 
(6.43% of variance), and PC7 (5.47% of variance) had top loadings that 
included a range of maternal behavior measures over the early and late 
recording periods and were not significantly affected by Early or Late 
LBN exposure (Supplemental Fig. 2C–F; all p > .05), so they were not 
explored further.

3.2. LBN effects on dam milk composition

Milk triglyceride (β = 76.43, SE = 19.91, t(32.09) = 3.84, p = .001; 
Fig. 3A) and corticosterone (β = 0.71, SE = 0.26, t(32.19) = 2.70, p =
.011; Fig. 3B) concentrations were elevated in LBN dams on P6, but not 
on P12 (all p > .05; Supplemental Table 4). Mixed model analysis did not 
show any effect of LBN on lactose, total protein, or leptin concentration 
on P6 or P12 (all p > .05; Fig. 3C, D, 3E; Supplemental Table 4). P6 milk 
corticosterone concentration and Early caregiving attenuation scores 
were not correlated (Fig. 3F). P12 milk corticosterone concentration 
(log-transformed) was moderately negatively correlated with Late 
caregiving attenuation scores (r(37) = − 0.32, p = .047; Fig. 3G) and 
positively correlated with Bout brevity scores (r(37) = .39, p = .014; 

Fig. 3H). Milk leptin concentration was positively correlated with milk 
triglyceride concentration on P6 (r(32) = .40, p = .022) and P12 (log- 
transformed; r(33) = .35, p = .039) and negatively correlated with P6 
milk protein concentration (r(34) = − 0.45, p = .005).

3.3. Pup energy expenditure

On P6, pups exposed to Early LBN exposure had elevated estimated 
total daily energy expenditure (β = 0.79, SE = 0.23, t(31.25) = 3.52, p =
.001; Fig. 4) and pup body weight was a significant positive predictor (β 
= 0.33, SE = 0.07, t(62.09) = 4.69, p < .001), but pup sex was not 
significant (p > .05). For P12 pup energy expenditure, model selection 
via AICc favored the additive model over the interaction model (AICc =
253.20 vs. 254.44) of LBN exposure, so the additive model was retained. 
Early LBN exposure was associated with significantly lower energy 
expenditure (β = − 0.79, SE = 0.37, t(28.03) = − 2.15, p = .040), while 
Late LBN exposure was associated with significantly higher energy 
expenditure (β = 0.90, SE = 0.36, t(27.34) = 2.50, p = .018). Pup body 
weight was a significant positive predictor of P12 energy expenditure (β 
= 0.25, SE = 0.07, t(45.57) = 3.60, p < .001), while pup sex was not 
significant (p > .05). P6 CO2 emissions were increased by LBN exposure 
on P6 (β = 0.004, SE = 0.001, t(36.71) = 2.594, p = .014; no effects of 
sex or body weight) but were not affected by Early LBN or Late LBN on 
P12 (interaction model, p > .05; Supplemental Fig. 3). Early caregiving 
attenuation, Late caregiving attenuation, Bout brevity scores, and milk 
hormone concentrations did not predict energy expenditure on P6 or 
P12 (all p > .05).

3.4. Variation in pup serum hormones

The full results from serum hormone mixed model analysis by LBN 
group are shown in Table 1 with LBN group means and standard de
viations provided in Supplemental Table 4. Insulin, C peptide, leptin, 
peptide YY, glucagon, glucagon-like peptide-1, and thyroid-stimulating 
hormone concentrations were lower in males compared to females, 
while growth hormone concentration was higher in males than females 

Fig. 3. Milk macronutrients and hormones. A) Milk triglyceride concentration was higher in dams exposed to LBN on P6 but not on P12. B) Milk corticosterone 
concentration was higher in dams exposed to LBN on P6, but there were no group differences on P12. C) Milk protein concentration was not affected by dam exposure 
to LBN on P6 or P12. D) Milk lactose concentration was not affected by dam exposure to LBN on P6 or P12. E) Milk leptin concentration was not affected by dam LBN 
exposure. F) P6 milk corticosterone concentration and Early caregiving attenuation were not correlated. G) P12 milk corticosterone concentration and Late care
giving attenuation was negatively correlated. H) P12 milk corticosterone concentration and Bout brevity were positively correlated where shorter bouts were 
associated with higher corticosterone concentrations. Samples sizes are noted below each group label. *effect of LBN p < .05.
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(p < .05). Early LBN exposure reduced serum concentrations of C-pep
tide, peptide YY, brain-derived neurotrophic factor, and glucagon-like 
peptide-1 (p < .05). GLMM analysis of maternal behavior, milk, and 
energy expenditure measures stratified by sex are shown in 
Supplemental Fig. 4 and reported in Supplemental Table 5. Early care
giving attenuation positively predicted amylin (β = .49, SE = .17, z =
2.84, p = .008), C peptide (β = .31, SE = .12, z = 2.48, p = .019), 
interleukin-6 (β = .38, SE = .14, z = 2.65, p = .013), leptin (β = .30, SE =
.14, z = 2.21, p = .035), and pancreatic peptide (β = .30, SE = .15, z =
2.05, p = .049) concentration in males. Bout brevity positively predicted 
peptide YY in females (β = .38, SE = .15, z = 2.49, p = .019). P12 milk 
triglyceride concentration positively predicted leptin concentration in 
both sexes (females: β = .50, SE = .23, z = 2.14, p = .041; males: β = .43, 
SE = .17, z = 2.52, p = .018) and P13 pup weight predicted C peptide 
(females: β = .521, SE = .16, z = 3.36, p = .002; males: β = .33, SE = .14, 
z = 2.42, p = .022) and leptin concentration (females: β = .91, SE = .13, 
z = 6.85, p < .001; males: β = .64, SE = .10, z = 5.91, p < .001) in both 
sexes.

3.5. Liver transcriptomic analysis

3.5.1. Differential gene expression in LBN-exposed male and female pups
Differential gene expression (DEG) analysis of the liver comparing 

LBN-LBN pups to Control-Control pups revealed 487 genes for females 
and 473 for males with an unadjusted p value less than 0.05 (Fig. 5A). Of 
those genes, 346 were differentially expressed in both sexes (71% fe
males, 73% males) with complete agreement in the direction of effects 
(Fig. 5B). Four overlapping genes had an eFDR of less than 0.05: Atp9a 
(females logFC = − 0.31, eFDR <0.001; males logFC = − 0.35, eFDR 
<0.001), Nop9 (females logFC = − 0.47, eFDR <0.001; males logFC =

− 0.49, eFDR <0.001), Acsl4 (females logFC = 0.36, eFDR <0.001; males 
logFC = 0.33, eFDR <0.001), and Lamc2 (females logFC = − 1.00, eFDR 
<0.001; males logFC = − 0.93, eFDR <0.001). Mov10 (logFC = − 0.62, 
eFDR <0.001) was lower and Oat (logFC = 1.35, eFDR <0.001) was 
higher in LBN-LBN females only and Ak2 (logFC = − 0.19, eFDR <0.001) 
was lower in males only (Fig. 5A). The top three GO terms for DEGs for 
LBN-LBN males and females, LBN-LBN males, and LBN-LBN females are 
reported in Supplemental Fig. 4A.

3.5.2. Effects of LBN timing on the liver transcriptome
Gene expression in the male and female liver varied depending on 

timing of LBN exposure (Fig. 5C and D), with the majority of DEGs 
unique to each exposure condition and similar number of DEGS for each 
type of exposure in males and females. Only 9-15% of DEGS were 
differentially expressed in all LBN conditions relative to the same-sex 
Control-Control pups. Cfhr1 (females logFC = 1.03, eFDR <0.001; 
males logFC = 1.01, eFDR <0.001) and Aass (females logFC = 0.88, 
eFDR <0.001; males logFC = 0.85, eFDR <0.001) were higher in male 
and female pups in Control-LBN compared to same-sex Control-Control 
pups. Atp9a (females logFC = − 0.38, eFDR <0.001; males logFC =
− 0.40, eFDR <0.001) was lower and Acsl4 (females logFC = 0.49, eFDR 
<0.001; males logFC = 0.52, eFDR <0.001) was higher in male and 
female pups in both LBN-Control and LBN-LBN and in Control-LBN and 
LBN-LBN respectively. The top three GO terms for overlapping and LBN- 
timing specific DEGs are shown in Supplemental Fig. 5B (females) and 
5C (males). GO terms were largely sex-specific, except for Negative 
regulation of phosphate metabolic process which was a top term for 
DEGS overlapping in all three LBN exposures in both males and females.

Fig. 4. Pup energy expenditure. Estimated daily energy expenditure was elevated in LBN-exposed pups on P6 in male and female pups. On P12, Early LBN exposure 
reduced and Late LBN exposure increased energy expenditure in male and female pups. Sample sizes are noted above each group label. *significant effect of Early 
LBN, #significant effect of Late LBN.
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3.5.3. Liver WGCNA analysis
WGCNA with liver transcriptome data revealed 11 gene co- 

expression modules (Supplemental Fig. 5D). Fig. 6A shows results of 
linear mixed model analysis for eigengene expression predicted by 
maternal behavior, LBN exposure, milk components, and serum hor
mones, with full results available in Supplemental Table 6. No module 
expression was significantly predicted by Early LBN exposure, Late LBN 
exposure, Bout brevity, milk corticosterone, or energy expenditure at 
P12 in females. No module expression was predicted by Early LBN 
exposure, Bout brevity, or milk corticosterone in males.

Pink module eigengene expression was predicted by Late LBN 
exposure in males (β = 1.23, SE = .26, t(34) = 4.79, p < .001) and fe
males (β = 1.03, SE = .28, t(34) = 3.70, p < .001) and ANOVA analysis of 
the Pink module showed females had higher eigengene expression than 
males (F(1, 72) = 6.83, p = .011) and Late LBN pups had increased 
eigengene expression compared to Late control pups (F(1,72) = 35.42, p 
< .001; Fig. 6B). Pink module expression was also negatively predicted 
by Late caregiving attenuation in both sexes (males: β = − 0.33, SE = .16, 
t(34) = − 2.07, p = .046; females: β = − 0.51, SE = .14, t(34) = − 3.59, p 
= .001). Path analysis indicated that the model with only direct effects 
of Late LBN and sex on pink module expression was best supported 
(lowest AICc), indicating that Late caregiving attenuation did not 
mediate the effect of Late LBN on Pink module expression. Global model 
fit was good (χ2(2) = 2.58, p = .275; Fisher's C = 4.25, p = .373). Late 
LBN exposure had a significant positive direct effect on pink module 
eigengene expression (β = 1.10, SE = .24, t(35.15) = 4.64, p < .001, 
standardized β = 0.55), and male pups had significantly lower pink 
module expression than females (β = − 0.49, SE = .11, t(37) = − 4.43, p 
< .001, standardized β = − 0.24). Late LBN also had a significant 
negative effect on Late caregiving attenuation (β = − 1.01, SE = .20, t 
(74) = − 5.09, p < .001, standardized β = − 0.51), but Late caregiving 
attenuation had no direct effect on pink module expression. Fixed effects 
explained 36% of variance in pink module expression (marginal R2 =

.36), with the full model including random effects explaining 78% 
(conditional R2 = .78). GO-enrichment analysis indicated that genes in 
the pink module were largely related to hepatic amino acid metabolic 
processes and nitrogen handling. Pink module hub genes included Sds, 
Ass1, Got1, Gls2, and Cps1.

Eigengene expression of the purple module in females was also 
predicted by Late LBN (β = − 0.89, SE = .29, t(34) = − 3.02, p = .005), 
with follow-up ANOVA analysis showing no sex difference (p > .05) in 
expression and lower expression in Late LBN pups (F(1,72) = 5.92, p =
.017). The purple module was also predicted by Late caregiving atten
uation (β = 0.44, SE = .15, t(34) = 2.92, p = .006) in females and by 
body weight (females: β = 0.52, SE = .14, t(34) = 3.65, p < .001; males: 
β = 0.58, SE = .14, t(34) = 4.32, p < .001) and P12 milk protein con
centration (females: β = − 0.35, SE = .16, t(34) = − 2.18, p = .037; males: 
β = − 0.38, SE = .16, t(34) = − 2.41, p = .021) in both sexes (Fig. 6C). 
Path analysis with female data indicated that the effect of Late LBN 
exposure on purple module eigengene expression was fully mediated by 
Late caregiving attenuation. Global model fit was acceptable (Fisher's C 

Table 1 
Effects of Early LBN and Late LBN exposure on serum metabolic and pituitary 
hormone concentration. For each sex: Control-Control n = 10, Control-LBN n =
9, LBN-Control n = 10, LBN-LBN n = 9.

Hormone Factor Coef. β SE (β) t value p value

Insulin Early 
LBN

− 0.133 0.493 − 0.27 0.787

​ Late 
LBN

0.267 0.505 0.529 0.597

​ Sex 
(Male)

− 0.37 0.144 − 2.568 0.01

C peptide Early 
LBN

− 0.245 0.121 − 2.015 0.044

​ Late 
LBN

− 0.081 0.123 − 0.659 0.51

​ Sex 
(Male)

− 0.317 0.093 − 3.404 0.001

Amylin Early 
LBN

− 0.341 0.179 − 1.905 0.057

​ Late 
LBN

− 0.168 0.18 − 0.928 0.353

​ Sex 
(Male)

0.033 0.104 0.314 0.754

Leptin Early 
LBN

− 0.38 0.305 − 1.243 0.214

​ Late 
LBN

− 0.503 0.306 − 1.645 0.1

​ Sex 
(Male)

− 0.371 0.095 − 3.888 <0.001

Peptide YY Early 
LBN

− 0.335 0.161 − 2.086 0.037

​ Late 
LBN

0.011 0.162 0.066 0.948

​ Sex 
(Male)

− 0.379 0.105 − 3.615 <0.001

Brain-derived neurotrophic 
factor

Early 
LBN

− 0.673 0.267 − 2.522 0.012

​ Late 
LBN

0.106 0.273 0.389 0.698

​ Sex 
(Male)

0.009 0.142 0.064 0.949

Growth Hormone Early 
LBN

− 0.169 0.348 − 0.487 0.626

​ Late 
LBN

0.245 0.357 0.687 0.492

​ Sex 
(Male)

0.787 0.147 5.349 <0.001

Active Ghrelin Early 
LBN

− 0.286 0.195 − 1.463 0.143

​ Late 
LBN

0.212 0.195 1.086 0.278

​ Sex 
(Male)

− 0.01 0.119 − 0.084 0.933

Glucagon Early 
LBN

− 0.09 0.157 − 0.57 0.569

​ Late 
LBN

0.189 0.158 1.195 0.232

​ Sex 
(Male)

− 0.278 0.086 − 3.227 0.001

Monocyte Chemoattractant 
Protein-1

Early 
LBN

− 0.167 0.134 − 1.246 0.213

Late 
LBN

0.003 0.135 0.026 0.979

​ Sex 
(Male)

− 0.043 0.088 − 0.486 0.627

Pancreatic peptide Early 
LBN

− 0.15 0.16 − 0.937 0.349

​ Late 
LBN

− 0.1 0.162 − 0.614 0.539

​ Sex 
(Male)

− 0.097 0.119 − 0.81 0.418

Glucagon-like peptide-1 Early 
LBN

− 0.463 0.146 − 3.169 0.002

​ Late 
LBN

0.121 0.147 0.821 0.411

​ Sex 
(Male)

− 0.249 0.111 − 2.233 0.026

Table 1 (continued )

Hormone Factor Coef. β SE (β) t value p value

Interleukin-6 Early 
LBN

− 0.436 0.231 − 1.886 0.059

​ Late 
LBN

− 0.042 0.237 − 0.178 0.859

​ Sex 
(Male)

− 0.021 0.179 − 0.117 0.907

Thyroid-stimulating 
hormone

Early 
LBN

− 0.307 0.179 − 1.718 0.086

​ Late 
LBN

0.014 0.179 0.078 0.938

​ Sex 
(Male)

− 0.68 0.118 − 5.777 <0.001
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= 5.10, p = .078; χ2 statistic was not estimable due to submodel 
convergence). Late LBN exposure had a significant negative effect on 
Late caregiving attenuation (β = − 1.01, SE = .29, t(36) = − 3.55, p =
.001, standardized β = − 0.51), and Late caregiving attenuation in turn 
had a significant positive effect on purple module eigengene expression 
(β = 0.04, SE = .01, t(74) = 2.79, p = .007, standardized β = 0.32). Late 
caregiving attenuation explained 9% of variance in purple module 
expression (marginal R2 = .09).

Eigengene expression of three modules was predicted by Late care
giving attenuation in females (blue: β = − 0.45, SE = .15, t(34) = − 3.03, 
p = .005; turquoise: β = 0.45, SE = .15, t(34) = 3.00, p = .005; green: β 
= 0.41, SE = .15, t(34) = 2.69, p = .011; Fig. 6D–E). Expression of those 
same three modules was predicted by Early caregiving attenuation in 
males (blue: β = − 0.39, SE = .15, t(34) = − 2.51, p = .017; turquoise: β 
= 0.34, SE = .16, t(34) = 2.19, p = .035; green: β = 0.33, SE = .16, t(34) 
= 2.09, p = .044). The top GO terms for the turquoise module included 
translation, mitochondrial translation, mitochondrial gene expression, 
ubiquitin-dependent protein catabolic process, and macromolecule 
biosynthetic process with hub genes Stt3a, Dcaf8, Mfn2, Myl6, and Clcn4 
(Fig. 6D). The top GO terms for the green module were regulation of 
hematopoietic stem cell proliferation, intracellular protein transport, 
protein transport, ribosome assembly, and RNA decapping with hub 
genes Stk16, Eif4a, Rps14, Ganab, and Arf5 (Fig. 6E).

P6 energy expenditure predicted eigengene expression of the green 
(β = 0.46, SE = .16, t(29) = 2.80, p = .009; Supplemental Fig. 5E), brown 
(β = 0.34, SE = .15, t(29) = 2.25, p = .032; Supplemental Fig. 5F), 
greenyellow (β = 0.46, SE = .16, t(29) = 2.83, p = .008; Supplemental 
Fig. 5G), and red (β = 0.39, SE = .13, t(29) = 2.92, p = .007) modules 
in males but not females. Early LBN exposure predicted decreased red 
module eigengene expression in females (β = − 0.87, SE = .29, t(34) =

− 2.95, p = .006; Supplemental Fig. 5H). P6 milk leptin predicted 
eigengene expression of the blue (β = − 0.42, SE = .17, t(31) = − 2.50, p 
= .018; Supplemental Fig. 5I) and turquoise (β = 0.43, SE = .17, t(31) =
2.61, p = .014) modules in males but not females.

3.6. Arcuate nucleus transcriptomic analysis

3.6.1. Differential gene expression in LBN-exposed male and female pups
Differential gene expression analysis of the arcuate nucleus 

comparing LBN-LBN pups to Control-Control pups revealed 433 genes 
for females and 393 for males with an unadjusted p value less than 0.05 
(Fig. 7A). Of those genes, only 86 were differentially expressed in both 
sexes (19.9% females, 21.9% males). Using the eFDR cutoff of 0.05, one 
gene Abcf1 (logFC = 0.22, eFDR <0.001) was higher and one gene, Furin 
(logFC = − 0.46, eFDR <0.001), was lower in LBN-LBN males compared 
to Control-Control males (Fig. 7A). The top GO terms for DEGs for LBN- 
LBN males and females, LBN-LBN males only, and LBN-LBN females 
included androgen receptor signaling pathway (females), neuron 
development (males), and negative regulation of microtubule poly
merization (both sexes; Supplemental Fig. 6A).

3.6.2. Effects of LBN timing on transcription in the arcuate nucleus
Similar to the liver, the majority of DEGs (unadjusted p < .05) in the 

male and female arcuate nucleus were unique to the timing of LBN 
exposure (Fig. 7B and C), although males had more total DEGs in all LBN 
groups compared to LBN females. There were no DEGs that met the 
criteria of eFDR <0.05 in females. Abcf1 and Furin were significantly 
differently expressed in LBN-LBN males, Rwdd4 (logFC = − 0.44, eFDR =
<0.001) was lower in LBN-Control males, and Pierce2 (logFC = − 0.84, 
eFDR <0.001) was lower in Control-LBN males compared to Control- 

Fig. 5. Differential expression of genes in the liver by LBN group. A) LBN-LBN males and LBN-LBN females had a large percentage of overlapping liver DEGs relative 
to same-sex Control-Control pups (unadjusted p < .05). B) All of the 346 male and female LBN-LBN overlapping liver DEGs had the same direction of expression 
change. Points and text are colored by the absolute value of the difference in LogFC between sexes (lighter = greater difference). C) Overlap of liver DEGs in female 
LBN groups relative to Control-Control females (unadjusted p < .05). D) Overlap of liver DEGs in male LBN groups relative to Control-Control males (unadjusted p <
.05). Tables show differentially expressed genes with eFDR <0.05 for each comparison. Bold genes indicate genes that are differentially expressed in both sexes. For 
each sex: Control-Control n = 9, Control-LBN n = 9, LBN-Control n = 10, LBN-LBN n = 10.
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Control males (Fig. 7C). The top three GO terms for overlapping and 
LBN-timing specific DEGs are shown in Supplemental Fig. 6B (females) 
and 6C (males). Top GO terms included Androgen receptor signaling 
pathway (female LBN-LBN only), Regulation of triglyceride metabolic 
process (female LBN-Control only), Regulation of primary metabolic 

process (female Control-LBN only, male LBN-Control only), Regulation 
of peptidase activity (male LBN-LBN only), and Astrocyte differentiation 
(male all LBN groups).

Fig. 6. Liver WGCNA analysis. A) Heatmap showing significant predictors of eigengene expression in the eleven liver co-expression modules from regression 
analysis. Non-significant estimates are in grey. B) Pink module eigengene expression was predicted by Late LBN and Late caregiving attenuation. Follow up analysis 
showed lower eigengene expression in males compared to females and higher expression in pups exposed to Late LBN. Path analysis showed a strong effect of Late 
LBN on eigengene expression and on Late caregiving attenuation and a moderate effect of sex on eigengene expression. There was no direct effect of Late caregiving 
attenuation on eigengene expression. C) Purple module eigengene expression was predicted by Late LBN and Late caregiving attenuation. Follow up analysis showed 
lower eigengene expression in pups exposed to Late LBN. Path analysis showed that the effect of Late LBN on eigengene expression was fully mediated by Late 
caregiving attenuation. D) Turquoise module expression was predicted by Early caregiving attenuation in males and Late caregiving attenuation in females. E) Green 
module expression was predicted by Early caregiving attenuation in males and Late caregiving attenuation in females. Top significant GO terms and hub genes are 
shown for pink, green, and magenta modules. Standardized estimates are shown for path analyses with line thickness to show approximate size of estimate. For each 
sex: Control-Control n = 9, Control-LBN n = 9, LBN-Control n = 10, LBN-LBN n = 10. +main effect of sex p < .05, # main effect of Late LBN p < .05.
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3.6.3. Candidate gene analysis in the arcuate nucleus
The female top candidate gene counts were predicted by Late LBN, 

Late and Early caregiving attenuation, Bout brevity, P13 wt, P12 energy 
expenditure, and P12 milk components (protein, triglycerides, leptin; 
Fig. 7D; full results in Supplemental Table 7). Late LBN positively pre
dicted Ntsr1, Nts, Calca, and Gap43. Male top candidate genes were 
predicted by Bout brevity (Slc32a1, Pdyn), Early caregiving attenuation 
(Glp1r, Tenm3, Sst), Late caregiving attenuation (Pdyn), Early LBN 
(Ramp3, Tenm3, Glp1r), P6 energy expenditure, P12 milk components 
(lactose, leptin), and P6 milk components (triglycerides, protein, 
lactose, leptin; Fig. 7E, full results reported in Supplemental Table 7).

3.6.4. Arcuate nucleus WGCNA analysis
Arcuate nucleus WGCNA revealed 17 gene co-expression modules 

(Supplemental Fig. 6D). Significant effects from linear mixed model 
analysis for eigengene expression predicted by LBN exposure, milk 
components, and serum hormones are shown in Fig. 8A and 
Supplemental Table 8.

Early caregiving attenuation, Late caregiving attenuation, and Early 
LBN did not significantly predict the eigengene expression of any 
modules.

Bout brevity predicted tan module eigengene expression (β = 0.45, 
SE = .17, t(27) = 2.70, p = .011) in males, which included genes related 
to mitochondrial processes and ATP synthesis (Fig. 8B). In females, Late 
LBN negatively predicted grey60 eigengene expression (β = − 0.92, SE =
0.31, t(29) = − 2.96, p = .006; Fig. 8C). Follow-up analysis of the grey60 
module revealed a sex by Late LBN interaction where eigengene 
expression was higher in Control females (F(1, 60) = 7.92, p = .006), but 
no main effects of sex or Late LBN (p > .05). Grey60 module eigengene 

expression was also predicted by P6 energy expenditure in males (β =
− 0.41, SE = .18, t(24) = − 2.29, p = .030; Supplemental Fig. 6E). Grey60 
module hub genes include Ppia, Ftl1, Rpl32, Ndufb4, and Rps25l2.

Late LBN also positively predicted greenyellow eigengene expression 
in females (β = 0.86, SE = .32, t(29) = 2.72, p = .011; Fig. 8D). Follow- 
up analysis of the greenyellow module showed males had higher 
expression (F(1, 60) = 4.55, p = .037) than females and Late LBN 
increased (F(1, 60) = 6.21, p = .016) eigengene expression. Greenyellow 
eigengene expression was also predicted by pup body weight (β =
− 0.55, SE = .15, t(29) = − 3.70, p < .001) and P12 milk protein (β =
0.53, SE = .16, t(29) = 3.37, p = .002) in females. Greenyellow top GO 
terms included neuron differentiation, regulation of canonical Wnt 
signaling pathway, and positive regulation of peptide hormone secretion 
and top hub genes included Foxg1, Nts, Pnoc, Hmx2, and Lratd1.

P6 milk corticosterone positively predicted brown eigengene 
expression in males (β = 0.47, SE = .16, t(27) = 2.85, p = .008; Fig. 8E). 
Top GO terms for the brown module were related to cilia, with hub genes 
including Cfap43, Cdhr4, Hydin, Dnah12, and Ak9. In females, P12 milk 
corticosterone negatively predicted purple module eigengene expression 
(β = − 0.38, SE = .18, t(29) = − 2.12, p = .044; Fig. 8F) and positively 
predicted midnightblue eigengene expression in females (β = 0.39, SE =
.17, t(29) = 2.37, p = .024; Fig. 8G). Purple top GO terms were related to 
protein synthesis and translational regulation. Midnightblue top GO 
terms included those related to translation and all top hub genes were 
mitochondrial genes. P12 milk leptin positively predicted magenta 
eigengene expression females (β = 0.37, SE = .17, t(28) = 2.16, p =
.039), which had top GO terms related to calcium signaling, ion channel 
regulation, and neuronal development including axonogenesis 
(Supplemental Fig. 6F).

Fig. 7. Differential expression of genes in the arcuate nucleus by LBN group. A) LBN-LBN males and LBN-LBN females had a small percentage of overlapping arcuate 
nucleus DEGs relative to same-sex Control-Control pups (unadjusted p < .05). B) Overlap of arcuate nucleus DEGs in female LBN groups relative to Control-Control 
females (unadjusted p < .05). C) Overlap of arcuate nucleus DEGs in male LBN groups relative to Control-Control males (unadjusted p < .05). Tables show 
differentially expressed genes with eFDR <0.05 for each comparison. D) Top candidate genes for female arcuate nucleus candidate gene analysis shown with 
predictor variables. E) Top candidate genes for male arcuate nucleus candidate gene analysis shown with predictor variables. Arrow thickness indicates size of effect 
and arrow color indicates direction of effect. Females: Control-Control n = 8, Control-LBN n = 8, LBN-Control n = 8, LBN-LBN n = 9. Males: Control-Control n = 8, 
Control-LBN n = 8, LBN-Control n = 7, LBN-LBN n = 8.
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4. Discussion

Stressful experiences occurring during early life require substantial 
energy expenditure to maintain homeostasis, potentially diverting 

resources away from critical growth and maturation processes during 
developmentally sensitive periods. In the current study, we found that 
LBN during the first two postnatal weeks exerted acute effects on rat pup 
metabolic outcomes, including estimated energy expenditure, 

Fig. 8. Arcuate nucleus WGCNA analysis. A) Heatmap showing significant predictors of eigengene expression in the arcuate nucleus co-expression modules from 
regression analysis. Non-significant estimates are in grey. Red, salmon, and blue modules were not predicted by any factors and are not shown. B) Tan module 
eigengene expression was predicted by Bout brevity in males. C) Late LBN exposure was a significant negative predictor of grey60 module eigengene expression in 
females, and follow-up analysis showed a significant sex by Late LBN interaction. D) Greenyellow module eigengene expression was higher in males and increased by 
Late LBN exposure. E) Milk corticosterone concentration on P6 was a significant positive predictor of brown module eigengene expression in males but not in females. 
F) P12 Milk corticosterone concentration was a significant negative predictor of purple eigengene expression and G) a significant positive predictor of midnightblue 
eigengene expression in females. Top significant GO terms and hub genes are shown for each module. Females: Control-Control n = 8, Control-LBN n = 8, LBN- 
Control n = 8, LBN-LBN n = 9. Males: Control-Control n = 8, Control-LBN n = 8, LBN-Control n = 7, LBN-LBN n = 8. # main effect of Late LBN p < .05, +
main effect of sex p < .05, @: sex by Late LBN interaction p < .05.
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circulating metabolic and pituitary hormones, and transcriptomic pro
files of the liver and arcuate nucleus. Many of these effects were specific 
to timing of LBN, with peripheral measures impacted by exposure 
occurring both early and later within the postnatal period and the hy
pothalamus more heavily impacted by the later LBN exposure. Limited 
bedding had multifaceted effects on dams and pups including changes to 
dam milk composition, and here we identify several key elements of 
early experience contributing to the development of metabolic end
points. Finally, we observed sex differences across many of these LBN- 
associated outcomes. Sex differences were particularly pronounced in 
the arcuate nucleus transcriptome, where gene modules in females were 
more susceptible to influence of early experiences.

4.1. Acute effects of LBN on pup metabolism

Exposure to LBN during P0–13 altered pup estimated energy 
expenditure, circulating hormone levels, and transcriptomic profiles in 
both the liver and arcuate nucleus. Estimated daily energy expenditure 
was elevated when measured proximal to the stressor (Early LBN at P6; 
Late LBN at P12) but was reduced at later time points relative to LBN 
exposure (Early LBN at P12). This pattern suggests distinct acute versus 
delayed responses to the stressor, where initial energy expenditure in
creases to mobilize resources to restore homeostasis (Seal and Turner, 
2021). Maternal corticosterone, transferred via milk, may contribute 
to this effect since corticosterone increases blood glucose through ac
tions in the liver, pancreas, smooth muscle, and white adipose tissue to 
increase energy supply during acute stress (Seal and Turner, 2021). 
However, this early increase in energetic output may incur a cost, 
leading to subsequent energy depression as reserves are depleted. A 
similar effect was previously observed where a marker of brown adipose 
tissue (BAT) activation, an energetically expensive thermoregulatory 
mechanism, was initially increased in LBN females relative to controls, 
consistent with mild cold stress induction by LBN. Later measures of BAT 
activation were reduced despite continued exposure to the LBN thermal 
environment and reduction in core body temperature until approxi
mately P9 (Lapp et al., 2024; Lapp et al., 2020a). Reduced energy 
expenditure at later stages could indicate a lower metabolic rate, 
potentially freeing resources previously devoted to immediate stress 
responses (Pettersen et al., 2016). This idea is corroborated by a previ
ous study showing decreased P10 blood glucose levels in male and fe
male rat pups exposed to LBN with a wire mesh platform on P2-10 
(Moussaoui et al., 2016). This adaptive reallocation of energetic re
sources may help sustain growth and development under chronic stress 
conditions. The observed changes in serum hormones and transcrip
tional profiles of LBN-exposed pups are consistent with this interpreta
tion and analogous work in adult animals demonstrates long-term 
alterations in hormonal regulation, glucose metabolism, and mito
chondrial dysfunction that contribute to heightened risk for metabolic 
syndrome following chronic stress exposure (Nirupama et al., 2012; van 
der Kooij, 2020).

After birth, the liver undergoes a functional transformation to 
become the central regulator of glucose homeostasis, coinciding with 
the dietary shift to energy derived from maternal milk (Girard, 1990). 
The onset of gluconeogenesis is critical to maintaining blood glucose 
levels in the switch to the new relatively low-carbohydrate diet by 
producing glucose from non-carbohydrate precursors during intervals 
between feedings (Li et al., 2023). LBN affected expression of genes 
related to essential processes associated with gluconeogenesis including 
amino acid biosynthesis, which provides critical non-essential amino 
acid substrates such as glutamine (Zhang et al., 2018). Expression of 
genes related to regulation of phosphate metabolism and macromole
cule glycosylation, processes which contribute to foundational liver 
functions critical for health and maintaining energy balance, were also 
disrupted in both sexes (Supplemental Fig. 5A; Blomme et al., 2009; 
Yasuda et al., 2023). These transcriptional changes could suggest early 
impairments in liver-mediated glucose homeostasis that are similar to 

chronic stress-induced dysregulation of gluconeogenesis that leads to 
hyperglycemia and insulin insensitivity in adult animals (Nirupama 
et al., 2012). Because uncontrolled gluconeogenesis is a major contrib
utor to type 2 diabetes, these transcriptional signatures may represent 
early markers of increased susceptibility to metabolic syndrome later in 
life (Petersen & Shulman, 2018). Additionally, alterations in processes 
such as the regulation of neutrophil migration suggest that LBN disrupts 
the concurrent postnatal maturation of the liver as an 
immune-regulatory organ.

LBN also altered the arcuate nucleus transcriptome, although to a 
lesser extent than in the liver. Generally, LBN impacted transcription of 
genes contributing to biological processes involved in developmental 
maturation (i.e. proximal/distal pattern formation, astrocyte differen
tiation, positive regulation of podosome assembly, negative regulation 
of microtubule polymerization) as well as those involved in gene regu
lation (i.e. protein sumoylation, chromatin looping; Supplemental 
Fig. 6B and 6C). These transcriptional changes may be mediated by 
LBN-induced alterations in circulating hormones, as arcuate nucleus 
development is highly sensitive to leptin and ghrelin signaling, which 
were respectively reduced and elevated following LBN exposure (Bouret 
et al., 2004; Sominsky et al., 2018; Steculorum et al., 2015). Candidate 
gene analysis further revealed effects of LBN on genes associated with 
neuropeptide signaling (Ntsr1, Sst, Calca, Nts, Pdyn, Glp1r, Ramp3) and 
axonal growth (Tenm3). In males, expression of the arcuate “brown” 
module eigengene, which was enriched for cilia-related genes, was 
predicted by P6 corticosterone levels. Primary cilia in the arcuate play 
key roles in nutrient sensing and hormonal responsiveness, and their 
developmental disruption has been linked to adult obesity (Lee et al., 
2020; Leon-Mercado et al., 2017; Yang et al., 2021). Although these 
effects were specific to LBN timing and pup sex, they nevertheless 
demonstrate that LBN-induced transcriptional changes for genes critical 
to energy homeostasis are detectable before arcuate nucleus projections 
and circuits supporting metabolic homeostasis have matured (Bouret 
and Simerly, 2007).

4.2. Effects on metabolic measures depend on timing of LBN exposure

Few previous studies have compared the effects of different LBN 
exposure periods, and none have specifically focused on LBN timing 
effects on pup metabolic outcomes. After controlling for pup body 
weight, we found that concentrations of four circulating metabolic and 
pituitary hormones measured on P13 were more strongly affected by 
Early LBN than by Late LBN exposure (Table 1). Another study with mice 
subject to P2-9 LBN with wire mesh found no effect of LBN on active 
(acetylated) ghrelin and LBN-induced increases in insulin on P10, which 
were reduced by Early LBN and unaffected by LBN respectively in our 
study (Yam et al., 2017b). This disagreement in findings may be 
attributed to methodology differences including species, use of wire 
mesh platform, and LBN timing. In adults, serum hormone levels are 
sensitive to nutrient intake, and the observed changes in milk cortico
sterone and triglyceride levels in LBN dams on P6 (but not P12) may 
contribute to the greater hormonal effects of Early LBN (Lu et al., 2021; 
Vella and Camilleri, 2017). Notably, Atp9a, a gene involved in protein 
trafficking and differentially expressed in the liver following Early LBN 
in both sexes, has been implicated in Neurodevelopmental Disorder with 
Poor Growth and Behavioral Abnormalities, in which affected in
dividuals display failure to thrive and poor overall growth (Vogt et al., 
2022). Consistent with this, Pardo et al. (2025) reported that LBN 
exposure on P2-4, but not P5-6 or P7-9, reduced litter body weight in 
Sprague-Dawley rats using a wire mesh floor variation of the LBN 
paradigm. Effects of LBN on maternal behavior also appear to be weaker 
during later postnatal days compared to the early postpartum period 
(Lapp et al., 2024; Pardo et al., 2025). Similarly, the thermal effects of 
LBN are more pronounced in younger pups, as many physiological 
thermoregulatory mechanisms do not fully emerge until after P6 (Lapp 
et al., 2024; Shelton and Alberts, 2018). Together with our findings, this 
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suggests that early postnatal LBN exposure exerts stronger effects on 
peripheral metabolic systems undergoing rapid developmental transi
tions. These systems lack fully developed mechanisms to cope with 
adverse experiences at a time when maternal behavior and maternal 
milk are also more susceptible to environmental influence.

Linear mixed model analysis of WGCNA modules in the liver and 
arcuate nucleus revealed that Late, but not Early, LBN exposure pre
dicted eigengene expression of select modules (liver pink and purple; 
arcuate greenyellow and grey60). The influence of Late LBN on the 
arcuate transcriptome may reflect the maturation of arcuate hypotha
lamic projections during this developmental window, consistent with 
the regulatory and developmental GO terms enriched in the affected 
modules (Matsumoto and Arai, 1976; Sominsky et al., 2018). Notably, 
these effects were observed in only females, suggesting that females may 
be more susceptible than males to the effects of environmental adversity 
on neural circuitry underlying metabolic homeostasis during this period. 
At the level of individual genes, some arcuate candidates were selec
tively affected by either Early or Late LBN in a sex-specific manner, 
suggesting that the timing of LBN exposure exerts distinct, 
non-overlapping effects on transcriptional regulation. A prior investi
gation of P2-9 LBN effect on P9 hypothalamic expression of 14 genes 
related to fatty acid metabolism, hormone receptors, and neuropeptides 
in mice found higher expression of Lepr with LBN in both sexes (Ruigrok 
et al., 2021). In contrast, Lepr expression in the arcuate nucleus was 
unaffected by Early or Late LBN in our study (Supplemental Table 7). 
Our hormonal and transcriptomic measures were collected shortly after 
Late LBN exposure and it remains unclear whether Early LBN would 
have produced stronger effects on these outcomes had parallel measures 
been obtained at P6.

4.3. Individual variability in LBN effects on maternal behavior and dam 
milk composition

LBN litters had lower scores on both Early and Late caregiving 
attenuation, indicating that they received more pup-directed behaviors 
from dams with shorter intervals between bouts. This is consistent with 
previously reported LBN-induced increases in nursing, nest attendance, 
and licking and grooming, and suggests that the stress of limited bedding 
increased overall quantity of pup-directed care (Eck et al., 2020; Fuentes 
et al., 2014; Lapp et al., 2020b; Lapp et al., 2024; Shupe and Clinton, 
2021). This increase in caregiving quantity may reflect compensatory 
maternal responses to changes in pup signals and underscores the 
importance of examining individual variability and specific dimensions 
of maternal behavior rather than relying solely on group-level 
comparisons.

The PCA approach builds on a tradition of using PCA to reduce 
correlated behavioral measures into interpretable components that 
predict biologically meaningful outcomes across animal species 
(Budaev, 2010; Tamin et al., 2023; Vannoni et al., 2014). While LBN 
clearly altered maternal behavior, maternal behavior phenotypes 
showed considerable overlap between LBN and Control dams. Reducing 
the dimensionality of correlated maternal behavior measures into 
orthogonal components allowed us to capture the full spectrum of in
dividual variation in maternal behavior and to identify which aspects of 
that variation (early versus late caregiving quantity and bout length) 
were most predictive of pup outcomes. The sensitivity of this approach 
to account for individual variability is further illustrated by the rela
tionship between maternal behavior and milk corticosterone: although 
Bout brevity did not differ at the group level, shorter mean bout length 
was significantly associated with higher milk corticosterone on P12, 
consistent with expected effect of LBN-induced maternal stress on dam 
hormones and behavior and demonstrating that individual variability 
can obscure group-level effects. Notably, we only investigated three 
maternal behavior PCs that collectively accounted for ~54% of the total 
variance in maternal behavior, leaving more than half unaccounted for 
in our analyses. The remaining PCs may capture ethologically 

meaningful dimensions of maternal care organization, including tem
poral contrasts in care across lactation, that were beyond the scope of 
the present study but represent important directions for future work 
examining how the fine-grained temporal structure of maternal 
behavior shapes offspring development.

LBN also altered triglyceride and corticosterone levels in dam milk 
on P6, implicating maternally derived hormones and macronutrients as 
additional potential mediators of LBN effects on pups alongside changes 
in maternal care. Maternal corticosterone can elevate corticosterone 
levels in serum and the brains (which contain GR) of pups at a devel
opmental stage when endogenous corticosterone is typically low 
(Brummelte et al., 2010; Rosenfeld et al., 1988). Tight regulation of 
endogenous GC concentration during the SHRP is thought to protect the 
developing brain from GC effects on neurogenesis and neural growth; 
thus, increased exposure via milk may disrupt brain development in 
regions containing GR, including the hypothalamus (Schmidt, 2019). 
Fatty acids, in addition to serving as the most energy-dense macronu
trient, play essential roles in neural growth, synaptic signaling, and cell 
differentiation (Uauy and Dangour, 2006). Accordingly, the elevated 
triglyceride levels in LBN dams may have broad developmental conse
quences for pups. Future studies should examine whether environmental 
adversity alters the composition of specific fatty acids, micronutrients, 
the milk microbiome, and bioactive factors such as milk-derived extra
cellular vesicles, which could be additional pathways of maternal 
transmission (Wijenayake et al., 2023).

4.4. Key elements of early experience contributing to metabolic outcomes

By examining maternal behavior and milk measures, we were able to 
disentangle specific effects of key components of early influential ex
periences on acute metabolic outcomes. Although LBN-induced changes 
in maternal behavior are often considered the primary driver of LBN 
effects on pups, maternal behavior in this study was associated with a 
minority of outcomes, and these relationships were largely dependent 
on developmental timing and sex. This more limited influence may 
reflect our focus on metabolic outcomes, which are likely to be shaped 
more strongly by other aspects of early experience, such as nutrient 
intake. Accordingly, milk composition exerted broader effects than 
maternal behavior on many of our endpoints. The distinct relationships 
between P6 and P12 milk components and transcriptional profiles in the 
liver versus arcuate nucleus align with the developmental timing of 
these tissues: the liver undergoes substantial maturation immediately 
after birth, making it highly sensitive to nutrient input across the entire 
developmental period examined here (Patel and Srinivasan, 2006), 
whereas the arcuate nucleus projections develop starting about a week 
later, rendering it more likely to be influenced by later milk content or 
influenced by early milk indirectly through secondary pathways 
(Cottrell et al., 2009). Milk corticosterone was a significant predictor of 
eigengene expression of a few arcuate modules, potentially affecting 
processes including translational regulation, protein synthesis, and 
ciliary assembly and function in a sex-specific manner. These predictive 
relationships suggest a potential role for elevated corticosterone expo
sure, as opposed to variation in maternal care, during the SHRP in 
shaping some LBN-related outcomes, though mechanistic studies would 
be required to establish causality. Because corticosterone increases 
gluconeogenesis and lipogenesis, excess exposure during a period when 
endogenous levels are typically low could prime metabolic systems for 
long-term dysfunction (Seal and Turner, 2021). Body weight had espe
cially large effects on arcuate and liver eigengene expression. Effects of 
body weight likely reflect not only differences in overall size but also in 
body composition, particularly reduced white adipose tissue following 
LBN, which plays a central role in glucose and lipid metabolism as well 
as metabolic hormone secretion (Speakman, 2005; Yam et al., 2017a). 
These findings underscore the potential for early adversity to shape 
metabolism via hormonal and nutrition exposure through maternal milk 
and open opportunities for intervention through maternal diet. Indeed, 
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prior studies have successfully mitigated some effects of early adversity 
by manipulating maternal intake of polyunsaturated fatty acids, 
methionine, and B vitamins (Bernardi et al., 2013; Naninck et al., 2017; 
Yam et al., 2019).

Path analysis was used to test whether the effects of LBN exposure on 
module eigengene expression were direct or mediated through maternal 
behavior variables. For the liver pink module, path analysis revealed 
that Late LBN had a strong direct effect on eigengene expression that was 
independent of its effect on Late caregiving attenuation, suggesting that 
the programming of hepatic amino acid metabolism genes occurs 
through a pathway other than altered caregiving quality. In contrast, for 
the liver purple module, the effect of Late LBN on eigengene expression 
was fully mediated by Late caregiving attenuation, indicating that the 
influence of Late LBN on genes related to mRNA splicing and gene 
regulation is contingent on changes in maternal behavior rather than a 
direct effect of the LBN condition itself. Together, these results demon
strate that LBN exposure programs liver gene expression through at least 
two distinct mechanisms: one that operates independently of maternal 
behavior and one that is transmitted through the caregiving 
environment.

4.5. Sex differences in metabolic outcomes

There are prevalent sex differences in energy balance, energy intake, 
and metabolic disease susceptibility, so it is not surprising that we 
observed sex differences in several of our outcomes (Tramunt et al., 
2020). Seven metabolic and pituitary hormones in serum were lower 
in males than females, consistent with previous reports (e.g. Matsuda 
et al., 1997). Males, however, had higher levels of growth hormone, 
which is regulated by testosterone and acts on the liver to regulate 
transcription and contribute to sex differences in primary liver functions 
(Ramirez et al., 2012). Although there was high agreement among 
differentially expressed genes by LBN groups between sexes, there were 
also several DEGs that were sex-specific and differences in predictors of 
module eigengene expression, which is consistent with studies showing 
sex differences in liver response to nutritional stress (Maggi, 2022). Late 
caregiving attenuation predicted eigengene expression of multiple liver 
modules exclusively in females, while Early caregiving attenuation 
predicted expression of the same modules exclusively in males, sug
gesting there may be sex-specific temporal dissociation in the relation
ship between maternal behavior quantity and hepatic gene expression 
such that female offspring liver transcriptome is more sensitive to late 
lactation caregiving whereas male offspring liver transcriptome is more 
sensitive to early lactation caregiving. Similarly, the effects of LBN on 
the arcuate nucleus transcriptome were largely sex-specific, with little 
overlap in the top candidate genes except for Tenm3, a gene that is 
important for establishing synaptic connections. Predictors of arcuate 
module eigengene expression were entirely sex-dependent, with more 
associations in females. The arcuate nucleus has testosterone-dependent 
ER-alpha expression in the postnatal period and synapse formation has 
been shown to be modified by neonatal estrogen, which contribute to 
sex differences in arcuate function and may be related to sex differences 
in developmental programming of obesity (Arai and Matsumoto, 1978; 
Cortes et al., 2021; MacKay et al., 2022). Our previous work has shown 
that LBN exposure increases circulating testosterone in females, which 
could contribute to the shift in the female LBN eigengene expression of 
the greenyellow module, which was associated with key neural devel
opmental processes, towards more male-like expression levels (Lapp 
et al., 2024).

4.6. Strengths and limitations

By assessing a wide range of metabolic, hormonal, and tran
scriptomic endpoints, we built a multidimensional picture of how early 
adversity shapes both peripheral and central processes underlying en
ergy balance. Importantly, we examined two key components of early 

experience, maternal behavior and milk composition, using approaches 
that accounted for individual variability between dams. Multiple, 
complementary measures of metabolic state allowed us to assess re
lationships between outcomes, and the use of path analyses helped 
clarify direct and indirect effects on pup physiology. A further strength 
was the ability to examine the timing of adversity, distinguishing be
tween early and late exposure periods, which aligned with distinct 
developmental windows.

These strengths are balanced by several methodological limitations. 
While the maternal behavior principal components included loadings 
for nursing duration, the time a dam spends in a nursing posture does not 
necessarily reflect milk transfer, especially given evidence that stress can 
inhibit milk production (Negoro et al., 1987). Future studies will need to 
disentangle the relative influence of nursing behavior, milk intake, and 
total pup-directed care on developmental outcomes. Furthermore, 
because P13 sampling was more temporally distant from Early LBN than 
from Late LBN, the observed effects may have differed had Early LBN 
data also been collected on P6. Milk collection and behavioral testing on 
P6 and P12 required separation of the dam and pups, so it should be 
noted that pups were exposed to a form of maternal separation in 
addition to LBN that may affect the outcomes measured, although this 
separation applied to all groups. Additionally, although we treated the 
relationship between pup weight and energy expenditure as unidirec
tional (weight predicting expenditure) for interpretability, this rela
tionship is likely bidirectional, as energy expenditure also influences 
weight trajectories over time (Franczak et al., 2024). Our method for 
estimating daily energy expenditure has inherent constraints: it does not 
account for the thermic effect of feeding, was based on indirect estimates 
of oxygen consumption, and did not include pup activity during mea
surement (Speakman et al., 2013). Finally, while the high-dimensional 
methods we used are well-suited for generating hypotheses and identi
fying candidate pathways, the relatively small sample size may limit 
statistical power, model stability, and generalizability. Specifically, PCA 
loadings and WGCNA module composition may be unstable at this 
sample size and should be interpreted as exploratory rather than 
confirmatory. Independent replication in a larger cohort will be neces
sary to validate the specific modules, pathways, and mediating re
lationships identified here. Additionally, because analyses were not 
corrected for multiple comparisons given the exploratory nature of the 
study, the probability of false positives is elevated, and all findings 
should be interpreted with appropriate caution pending replication. 
These considerations highlight the need for future studies to further 
parse the complex mechanisms linking early adversity to metabolic 
development.

4.7. Conclusions and future directions

This study provides evidence that early adversity exerts acute and 
timing-specific effects on metabolic function, gene expression, and 
hormones critical for metabolic signaling. Our findings highlight the 
complex interplay between the environment and foundational elements 
of mother-offspring interactions. These data suggest that the liver 
transcriptome is shaped by early stress experiences across both the first 
and second postnatal weeks, while the arcuate nucleus of the hypo
thalamus is primarily affected by later experiences (particularly in fe
males), mapping on to the respective periods of maturation for these 
tissues. These findings underscore the need to consider temporal dy
namics and sex-specific nature of developmental sensitivity to envi
ronmental stressors. Moreover, we were able to uncover otherwise 
hidden outcomes by considering individual variability of the litter's 
early experience rather than solely relying on LBN group differences. 
Future work should aim to disentangle contributions of specific com
ponents of maternal care, milk, and other facets of LBN and understand 
synergistic effects on offspring outcomes including long-term effects on 
metabolism, stress response, and emotionality. Understanding these 
causal mechanisms will inform strategies to mitigate long-term 
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consequences of early life adversity.

CRediT authorship contribution statement

Hannah E. Lapp: Writing – original draft, Visualization, Supervi
sion, Methodology, Investigation, Formal analysis, Data curation, 
Conceptualization. Melissa G. Salazar: Investigation. Evelyn Dever
aux: Writing – review & editing, Investigation, Data curation. Pawel K. 
Misztal: Writing – review & editing, Supervision, Resources, Funding 
acquisition, Data curation. Frances A. Champagne: Writing – review & 
editing, Supervision, Resources, Funding acquisition, 
Conceptualization.

Funding sources

This work was funded by institutional funds from the University of 
Texas at Austin and the National Science Foundation grant no. 2146347.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ynstr.2026.100835.

Data availability

Data will be made available on request.

References

Andrews, S., 2010. FastQC: a quality control tool for high throughput sequence data 
[Computer software]. http://www.bioinformatics.babraham.ac.uk/projects/fastqc.

Arai, Y., Matsumoto, A., 1978. Synapse formation of the hypothalamic arcuate nucleus 
during post-natal development in the female rat and its modification by neonatal 
estrogen treatment. Psychoneuroendocrinology 3 (1), 31–45. https://doi.org/ 
10.1016/0306-4530(78)90039-2.

Bedont, J.L., Newman, E.A., Blackshaw, S., 2015. Patterning, specification, and 
differentiation in the developing hypothalamus. WIREs Dev. Biol. 4 (5), 445–468. 
https://doi.org/10.1002/wdev.187.

Bernardi, J.R., Ferreira, C.F., Senter, G., Krolow, R., Aguiar, B. W. de, Portella, A.K., 
Kauer-Sant’Anna, M., Kapczinski, F., Dalmaz, C., Goldani, M.Z., Silveira, P.P., 2013. 
Early life stress interacts with the diet deficiency of Omega-3 fatty acids during the 
life course increasing the metabolic vulnerability in adult rats. PLoS One 8 (4), 
e62031. https://doi.org/10.1371/journal.pone.0062031.

Blomme, B., Van Steenkiste, C., Callewaert, N., Van Vlierberghe, H., 2009. Alteration of 
protein glycosylation in liver diseases. J. Hepatol. 50 (3), 592–603. https://doi.org/ 
10.1016/j.jhep.2008.12.010.

Boersma, G.J., Bale, T.L., Casanello, P., Lara, H.E., Lucion, A.B., Suchecki, D., 
Tamashiro, K.L., 2014. Long-term impact of early life events on physiology and 
behaviour. J. Neuroendocrinol. 26 (9), 587–602. https://doi.org/10.1111/ 
jne.12153.
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