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SUMMARY:  Early-life stress and obesity represent critical public health challenges. This study investigated the effects of maternal
separation (MS), as a model of early-life adversity, and post-weaning high-fat diet (HFD) exposure on plasma lipid profile and visceral
adipose tissue organization in C57BL/6 male mice. Mice underwent MS during the early postnatal period or were left unmanipulated (UM).
Following weaning, animals were allocated to a control diet (CD) or an HFD, yielding four experimental groups (n = 5 per group): UM-CD,
MS-CD, UM-HFD, and MS-HFD. Plasma lipid profile, global adiposity index, and the mass of perigonadal (PGAT), retroperitoneal (RPAT),
and mesenteric (MSAT) visceral adipose tissue deposits, as well the histological architecture and sectional area (SA) of adipocytes, were
evaluated using morphological and quantitative analyses. HFD was the primary determinant of alterations in the plasma lipid profile,
particularly total cholesterol (CHOL-T) and low-density lipoprotein cholesterol (LDL-C), whereas MS selectively modulated the magnitude
of these changes. The global adipocity index was predominantly influenced by dietary intervention, with no significant effect of MS. In
contrast, visceral fat pad expansion was heterogeneous and depot-specific, with a significant diet × MS interaction detected in RPAT and, to
a lesser extent, in MSAT. Histological and quantitative analyses showed that HFD induced a significant increase in SA in all three visceral
fat pads, with MS contributing in a depot-dependent manner, revealing non-uniform patterns of adipose tissue expansion. In conclusion,
these findings indicate that MS does not act as a direct determinant of obesity, but rather as a programming factor that modulates the plasma
lipid profile and the structural response of visceral adipose tissue to an obesogenic nutritional environment in adulthood.
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INTRODUCTION

Obesity and metabolic syndrome currently constitute
major public health challenges worldwide. Their prevalence
has steadily increased over recent decades, affecting both
adult and pediatric populations. This trend is associated with
a substantial rise in chronic non-communicable diseases,
including type 2 diabetes mellitus, cardiovascular disease,
dyslipidemia, and premature mortality. Consequently,
obesity imposes a significant global health and economic
burden (Saklayen, 2018; Di Cesare et al., 2019). In this
context, obesity is no longer considered merely an excess
accumulation of body fat but rather is recognized as a
complex disease characterized by profound metabolic and
systemic dysfunction.

The paradigm shift in understanding adipose tissue
has been fundamental in explaining the metabolic
consequences of obesity. Adipose tissue is now recognized
as a highly active endocrine and immunometabolic organ
that secretes a broad spectrum of adipokines, cytokines, and
other bioactive factors, which regulate metabolic,
inflammatory, and hormonal processes at the systemic level
(Kwon et al., 2013; Kirichenko et al., 2022; Radzik-Zajac
et al., 2023). In obesity, the expansion of adipose tissue,
mainly through adipocyte hypertrophy, is associated with
low-grade chronic inflammation, infiltration of immune
cells, insulin resistance, and alterations in lipid metabolism.
All these factors contribute to the development of metabolic
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syndrome and related diseases (Guzik et al., 2017; Zatterale
et al., 2020).

In parallel, increasing evidence suggests that
susceptibility to obesity and metabolic dysfunction is
determined not only by genetic factors or adult lifestyle, but
may also originate during the early stages of development.
The Developmental Origins of Health and Disease (DOHaD)
paradigm posits that environmental exposures during critical
windows of prenatal and postnatal development can
permanently program the structure and function of organs
and systems, thereby influencing disease risk in adulthood
(Gluckman, 2005; Vickers, 2014). These early-life
adaptations, referred to as predictive adaptive responses, may
be advantageous in matching environments but confer
metabolic vulnerability when there is a mismatch between
early and later life conditions (López et al., 2023).

Within this framework, early postnatal life emerges
as a particularly sensitive and critical window for metabolic
programming. During this stage, metabolically active tissues
such as the liver, pancreas, skeletal muscle, and adipose tissue
display marked structural and functional plasticity, rendering
them highly susceptible to environmental influences
including stress and nutritional factors (Barouki et al., 2012;
Sheng et al., 2021). Specifically, regarding adipose tissue,
the postnatal period is characterized by robust proliferation
and differentiation of adipocyte precursors, particularly
within visceral fat pads, which substantially determines the
capacity for adipose expansion and metabolic function in
adulthood (Holtrup et al., 2017).

Early-life stress is a highly significant non-nutritional
factor in the developmental programming of physiological
systems. Among the most extensively characterized
experimental models for investigating its effects is maternal
separation (MS), a rigorously validated paradigm that mimics
early-life adversity during critical windows of postnatal
neurodevelopment (Zimmerberg et al., 2011; Daskalakis et
al., 2012). Prolonged exposure to MS disrupts the stress
hyporesponsive period (SHRP), inducing persistent
alterations in the regulation of the hypothalamic-pituitary-
adrenal (HPA) axis, including sustained elevations in
glucocorticoid secretion and heightened stress responsivity
in adulthood (Nishi et al., 2020).

These neuroendocrine alterations induced by early-
life stress have profound metabolic consequences. Numerous
studies have demonstrated that animals exposed to MS
display persistent disruptions in feeding behavior, heightened
preference for energy-dense palatable foods, increased
visceral adiposity, dyslipidemia, and impaired insulin
sensitivity, even in the absence of additional dietary stressors

(Silva et al., 2013; Vargas et al., 2016). Moreover, MS has
been linked to both structural and functional remodeling in
peripheral organs, such as the liver, further supporting the
role of early-life programming in shaping tissue architecture
and metabolic health (del Sol et al., 2025).

The consequences of early-life programming factors
frequently become more pronounced upon subsequent
exposure to a secondary metabolic insult. Within this
framework, the double-hit hypothesis suggests that an initial
adverse event induces a latent susceptibility, which is
unmasked only following a second challenge, such as
consumption of an obesogenic diet (López-Taboada et al.,
2024). Post-weaning exposure to a high-fat diet (HFD)
constitutes a particularly salient metabolic stressor, as the
post-weaning period is a critical window for the
establishment of energy homeostasis and adipose tissue
expansion (Yang et al., 2022; Sakers et al., 2022).

Post-weaning exposure to HFDs induces adipocyte
hypertrophy, dysregulation of adipokine secretion, chronic
low-grade inflammation in adipose tissue, and systemic
metabolic derangements, outcomes that frequently persist
into adulthood (Choe et al., 2016; Rodríguez-González et
al., 2023). Notably, the combination of this nutritional
challenge with antecedent early-life stress synergistically
exacerbates alterations in adipose tissue biology and
metabolic function, resulting in more pronounced obesogenic
phenotypes than those elicited by either factor alone
(Tamashiro et al., 2009; Leachman et al., 2022).

Despite robust evidence regarding the independent
effects of early-life stress and obesogenic diets, critical gaps
persist in elucidating the mechanisms by which these
exposures interact to durably program adipose tissue
organization. Specifically, limited data exist on how early MS
influences cellular architecture, adipogenic potential, and the
regional distribution of visceral adipose fat pads in response
to subsequent nutritional insults. Addressing this interplay is
essential for delineating the early-life determinants of
differential susceptibility to obesity and metabolic disorders
in adulthood. Accordingly, the objective of this study was to
assess the impact of early-life MS on plasma lipid profiles
and the structural organization of visceral adipose tissue in
mice subjected to post-weaning HFD exposure.

MATERIAL AND METHOD

Animals

This study utilized adipose tissue samples derived
from an established experimental model conducted under
the auspices of the UFRO-DIUFRO project (code DI24-
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0029), designed to evaluate the impact of MS and post-
weaning HFD exposure on pancreatic morphology and
function in male C57BL/6 mice. Leveraging the same cohort
enabled comprehensive analysis of additional metabolically
relevant tissues, thereby minimizing animal usage in
accordance with the principles of reduction and refinement
articulated in the 3Rs (Russell & Burch, 1959).

All experimental procedures adhered to the Guide
for the Care and Use of Laboratory Animals (Institute for
Laboratory Animal Research, 2011). The overarching
protocol received approval from the Scientific Ethics
Committee of the University of La Frontera (File Number
067_24, May 28, 2024), explicitly authorizing the collection
and analysis of supplementary tissue and plasma samples.
Subsequent analyses focused on adipose tissue and plasma
were separately reviewed and approved by the same ethics
committee (File Number 116_24, September 3, 2024).

Female C57BL/6 mice were procured from the
Animal Facility of the Center of Excellence in Morphological
and Surgical Studies (CEMyQ), University of La Frontera,
Chile. Animals were housed under controlled environmental
conditions (temperature and humidity), maintained on a
12:12 h light-dark cycle, with ad libitum access to standard
chow and water. Sexually mature, nulliparous females were
co-housed with males overnight, and successful mating was
verified by the presence of vaginal plugs. Pregnant females
were subsequently housed individually. Throughout

gestation and lactation, dams were provided a purified
control diet (CD; AIN-93G), as recommended by the
American Institute of Nutrition for optimal support of
gestation, lactation, and postnatal growth (Reeves et al., 1993)
(Table I). Diets were formulated by PRAGSOLUÇÕES
Biociências (www.pragsolucoes.com.br) and stored at -20
°C for the duration of the study to ensure preservation of
nutritional integrity.

Beginning three days prior to the anticipated
parturition date, dams were monitored twice daily (at the
onset and conclusion of the light phase) for the presence of
pups. The day of birth was designated as postnatal day 0
(PND 0). Sex determination was conducted on postnatal day
2 (PND 2) by visual inspection for a darkly pigmented spot
in the anogenital region, a marker specific to male neonates
bearing dark pigmentation. This approach enabled accurate
and early sex differentiation, as female pups lack this
characteristic (Wolterink-Donselaar et al., 2009). To
standardize nutritional access during lactation, litter sizes
were randomly adjusted to seven pups per dam.

Maternal separation

Following litter standardization, pups were randomly
allocated to one of two experimental groups: the
unmanipulated (UM) cohort, in which offspring remained
with their dams until conventional weaning at postnatal day
21 (PND 21), and the MS cohort, subjected to extended daily
separation periods in conjunction with early weaning.

The MS protocol followed the guidelines described
by George et al. (2010): pups underwent 240 minutes of
daily separation from postnatal day 2 (PND 2) to PND 5,
followed by 480 minutes daily from PND 6 to PND 16, and
were weaned prematurely at PND 17. During separation
epochs, pups were maintained in their home cage on a
thermostatically controlled heating pad (32 - 34 °C) to ensure
adequate thermoregulation, while dams were housed in
separate cages within the same facility under identical
environmental conditions, with unrestricted access to food
and water. Daily monitoring was conducted to assess for
clinical signs of dehydration or distress, in accordance with
the “Animal Supervision” protocol outlined by Morton &
Griffiths (1985). In both groups, all husbandry procedures,
including routine cage maintenance, were conducted by a
single operator to minimize confounding stressors.

Post-weaning diet

At weaning (PND 21 for the UM group and PND 17
for the MS group), a single male pup from each litter was
randomly selected to establish four experimental cohorts (n

Ingredients CD HFD
Casein (> 85 % protein) 200.0 230.0
L-cystine (g/kg) 3.0 3.0
Cornstarch (g/kg) 529.486 299.472
Sucrosa (g/kg) 100.0 100.0
Soybean oil (g/kg) 70.0 70.0
Lard (g/kg) - 200.0
Fiber (g/kg) 50.0 50.0
Vitamin mixture (g/kg)1 10.0 10.0
Mineral mixture (g/kg) 35.0 35.0
Choline bitartrate (g/kg) 2.5 2.5
Antioxidant (g/kg) 0.014 0.028
Total (g) 1000.0 1000.0
Energy (kcal/g) 3.95 4.95
Carbohydrate (% Energy) 64.0 32.0
Protein (% Energy) 19.0 19.0
Lipid (% Energy) 17.0 49.0
1 whitout vitamin D.

Table I. Composition of experimental diets administered
in the study. Animals were provided either a control diet
(CD) or a high-fat diet (HFD). Vitamin and mineral mixes
were formulated according to AIN-93G guidelines for
laboratory rodents. The HFD delivered 49% of total caloric
intake from lipids.
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= 5 per group; total n = 20), based on dietary intervention:
control diet (CD) or high-fat diet (HFD). The resulting groups
were as follows: UM-CD (unmanipulated, control diet), MS-
CD (maternal separation, control diet), UM-HFD
(unmanipulated, high-fat diet) and MS-HFD (maternal
separation, high-fat diet) (Fig. 1). Only male offspring were
included to minimize variability associated with estrous cycle
effects on anxiety-related behaviors and energy intake (Rees
et al., 2008). Mice were maintained on their respective diets
for 16 weeks, as specified in Table I (Aguila et al., 2021).

In accordance with established morphological
methodologies and the 3R principles of reduction and
refinement (Russell & Burch, 1959), five animals were
included per experimental group. This sample size was
methodologically adequate to detect meaningful
morphological trends. As described by Cruz-Orive & Weibel
(1990), achieving consistent findings from a cohort of this
size corresponds to a probability of random error of P = (1/
2)5 = 0.03125, thereby supporting the validity of results
within the context of an exploratory investigation.

Euthanasia

Upon completion of the 16-week post-weaning
intervention, and following a six-hour fasting period, body
mass was measured for each animal. Euthanasia was
subsequently conducted via overdose of ketamine/xylazine
(240/30 mg/kg), in accordance with the ethical standards
established by the Canadian Council on Animal Care (1993).
After confirmation of deep anesthesia, whole blood was
collected by direct left ventricular cardiac puncture. Blood
samples were transferred to EDTA-coated tubes and
centrifuged immediately at 3000 rpm for 15 min at 4°C to
isolate plasma. Plasma aliquots were stored at -80°C pending
biochemical analyses.

Following blood collection, perigonadal (PGAT),
retroperitoneal (RPAT), and mesenteric (MSAT) adipose
tissue deposits were meticulously excised. Both total body
mass and individual fat pad mass were determined using an
analytical balance (A&D Orion® HR 120, A&D Technology,
Saitama, Japan). The global adiposity index was
subsequently calculated as the percentage of total fat pad
mass relative to body mass.

Plasma lipid profile

Plasma concentrations of total cholesterol (CHOL-
T), triglycerides (TG), low-density lipoprotein cholesterol
(LDL-C), and high-density lipoprotein cholesterol (HDL-
C) were quantified using a kinetic colorimetric assay with
commercially available kits (Wiener Lab., Rosario,
Argentina).

Histological processing and staining

Adipose tissue fat pads were immersed in fixative
(1.27 mol/L formaldehyde in 0.1 M phosphate buffer, pH
7.2) for 48 h at room temperature. Samples were
subsequently dehydrated in graded ethanol, cleared in xylene,
and embedded in Paraplast Plus (Sigma-Aldrich Co., St.
Louis, MO, USA). Owing to their small size, the entire fat
pads were embedded intact. Serial sections of 4 µm thickness
were obtained using a microtome (Leica® RM2255, Leica
Biosystems, Deer Park, IL, USA).

For histological and quantitative analyses of adipose
tissue, ten sections per sample, separated by 150 µm, were
stained with hematoxylin and eosin (H&E). Histological
images were acquired using a Leica® DM750 microscope
(Leica Microsystems, Heerbrugg, Switzerland) equipped
with a Leica® ICC50 HD digital camera (Leica

Fig. 1. Experimental design of maternal separation and post-weaning dietary intervention. Schematic representation of the experimental
timeline and group allocation. PND: postnatal day; UM: unmanipulated; MS: maternal separation; CD: control diet; HFD: high-fat diet;
UM-CD: unmanipulated, control diet; MS-CD: maternal separation, control diet; UM-HFD: unmanipulated, high-fat diet; MS-HFD:
maternal separation, high-fat diet.
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Microsystems, Heerbrugg, Switzerland) and visualized on a ViewSonic® LCD monitor
(ViewSonic Corporation, Brea, CA, USA).

Sectional area of adipocytes

For morphometric analysis of adipocytes, the mean sectional area (SA) was
estimated using the formula SA = V

V
 / 2 × (N/A

T
), where V

V
 represents volume density,

N is the number of adipocyte profiles counted, and A
T
 denotes the test area. This

stereological approach minimizes bias associated with direct diameter measurements
by employing probabilistic and statistical principles (Mandarim-de-Lacerda & del
Sol, 2017).

Randomly selected microscopic fields were analyzed until a minimum of 200
adipocytes per mouse (approximately five fields per animal) were assessed, a sample
size deemed sufficient for statistical accuracy in stereological studies (Gundersen et
al., 1999; Slomianka & West, 2005). Slides were examined using a Leica® DM2000
LED stereological microscope (Leica Microsystems, Heerbrugg, Switzerland) and
imaged with a Leica® MC170 HD digital camera (Leica Microsystems, Heerbrugg,
Switzerland). The 36-point grid system implemented with STEPanizer® software
(version 2.28, https://www.stepanizer.com) was utilized to determine volume density
(V

V
) by quantifying points intersecting adipocytes (P

P
) relative to the total grid points

(P
T
), calculated as V

V
 = P

P
/P

T
 (%). Adipocyte mass was then calculated by multiplying

V
V
 by the mass of the respective fat pad.

Statistical Analysis

Data distribution was evaluated using the Shapiro-Wilk test for normality and
Levene's test for homogeneity of variances. For lipid profile variables that did not
meet normality assumptions, group differences were assessed with the Kruskal-Wallis
test, followed by post hoc pairwise comparisons using Dunn's test with Bonferroni
correction. Robust ANOVA was additionally employed to validate the consistency of
results and to identify potential violations of parametric assumptions. For adipose
tissue-related variables (global adiposity index, fat pad mass, mean adipocyte sectional
area [SA]), a two-way ANOVA was used, with MS and diet as factors and their
interaction (diet × MS) as factors. Linear regression and correlation analyses were
performed to examine associations among continuous variables. Statistical significance
was set at p < 0.05. Data analyses were performed using GraphPad Prism v10.6.1
(GraphPad Software, Boston, MA, USA), and robust ANOVA was conducted in jamovi
v2.6.44 (The jamovi project).

RESULTS

Plasma lipid profile

Analysis of the plasma lipid profile revealed that the various parameters
responded differently to the post-weaning diet and to MS, displaying specific patterns
depending on the lipid fraction assessed (Table II).

CHOL-T exhibited significant differences among the experimental groups.
Increases were observed in association with both HFD and MS, with particularly elevated
values when both factors were combined. Nonparametric analysis confirmed overall
differences between groups, while a robust factorial analysis demonstrated significant
main effects of both diet and MS, with no interaction between the two factors.
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LDL-C displayed a marked response pattern, with
significant differences among the experimental groups.
HFD was associated with a pronounced increase in
plasma LDL-C levels, an effect significantly modulated
by MS. Robust factorial analysis identified significant
main effects of both diet and MS, as well as a significant
interaction between these factors, indicating that the
combination of HFD and MS amplified the increase in
this lipid fraction.

For HDL-C, no significant overall differences
were detected among groups in the nonparametric
analysis. However, robust factorial analysis revealed
significant effects of both diet and MS, as well as their
interaction, suggesting a context-dependent response and
more complex regulation of this lipid fraction compared
to CHOL-T and LDL-C.

Global adiposity index

The global adiposity index exhibited a response
pattern clearly determined by diet type (Fig. 2). Animals
fed CD displayed low and homogeneous values, with no
differences attributable to MS. In contrast, HFD induced a
pronounced increase in the global adiposity index in both
unmanipulated animals and those subjected to MS,
although no significant differences were observed between
these groups within the same diet.

Two-way ANOVA analysis confirmed that diet was
the main determinant of the overall global adiposity index,
explaining 77.9 % of the total observed variation (F =
76.19; p < 0.0001). MS contributed marginally (2.99 %; F
= 2.93; p = 0.11), and no significant interaction between
the two factors was detected.

Mass of fat pads

Analysis of adipose pad mass revealed site-
specific responses, with diet as the predominant
determinant and MS variably modulating these effects
(Fig. 3, Table III).

In PGAT, exposure to a HFD resulted in a
significant increase in fat pad mass, particularly in the
UM-HFD group. Two-way ANOVA demonstrated a
highly significant main effect of diet (p < 0.0001),
accounting for 67.8 % of the total variance, with no
significant effects of MS or diet × MS interaction (Fig. 3,
Table III).

Fig. 2. Global adiposity index according to dietary intervention
and maternal separation. UM: unmanipulated; MS: maternal
separation; CD: control diet; HFD: high-fat diet. Bar graphs depict
mean ± SD; dots indicate individual animals.

Fig. 3. Absolute mass of perigonadal (PGAT), retroperitoneal (RPAT), and mesenteric (MSAT) adipose tissue deposits in male C57BL/
6 mice subjected to maternal separation and post-weaning high-fat diet exposure. UM: unmanipulated group; MS: maternal separation
group; CD: control diet; HFD: high-fat diet. Bar graphs depict mean ± SD; dots indicate individual animals. Statistically significant
differences between groups are indicated in each panel (p < 0.05).
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In RPAT, the response was more pronounced and
dependent on the interaction of experimental factors. HFD
exposure induced a significant increase in fat pad mass, but
this effect was strongly modulated by MS. Statistical
analysis revealed a highly significant diet × MS interaction
(p < 0.0001), accounting for 73.6 % of the total variance, in
addition to significant main effects of both factors. These
findings indicate that the RPAT response to dietary challenge
is heterogeneous and contingent on early-life history.

In MSAT, diet was also the principal factor
associated with increased fat pad mass, although the
response pattern was more heterogeneous. Significant

increases were observed in the HFD groups, particularly
among animals exposed to MS. Two-way ANOVA
confirmed a significant main effect of diet (p < 0.0001)
and a significant diet × MS interaction (p = 0.0184), whereas
MS alone did not exert a significant effect. These differences
in adipose pad mass were also evident macroscopically,
with clear variations in tissue size and appearance across
diets and MS (Fig. 4).

The mass of the different adipose pads increased
proportionally with body mass, with significant positive
associations observed for PGAT, RPAT, and MSAT (Fig.
5). Linear regression analysis demonstrated comparable
slopes among the pads, indicating a similar rate of adipose
tissue expansion relative to body mass. However, significant
differences in intercepts (p < 0.001) indicated differences
in baseline mass among the adipose pads.

Since the increase in the mass of the different adipose
pads was closely associated with the increase in body mass
(Fig. 5), we evaluated whether this growth occurred in a
coordinated manner across the different adipose
compartments. As the pads were obtained from the same
animals, the associations between their masses were
analyzed using correlation analysis to identify patterns of
joint expansion among PGAT, RPAT, and MSAT (Table IV).

Variation and significance test
Diet effect MS effect Diet x MS

Data

% p % p % p
PGAT 67.8 < 0.0001 4.2 ns 4.2 ns
RPAT 10.1 0.0001 10.1 0.0001 73.6 < 0.0001
MSAT 72.7 < 0.0001 0.1 ns 8.2 0.0184

Table III. Two-way ANOVA assessing the relative contribution of
post-weaning diet, maternal separation (MS), and their interaction
(diet × MS) to the variance in fat pad mass in male C57BL/6 mice.

Perigonadal (PGAT), retroperitoneal (RPAT) and mesenteric (MSAT)
adipose tissue deposits. Data represent the percentage of variance explained
(%) and the associated p values for each main factor and their interaction.
ns: not significant; p < 0.05 considered statistically significant.

Fig. 4. Macroscopic morphology of the perigonadal (PGAT), retroperitoneal (RPAT), and mesenteric (MSAT) adipose tissue deposits
from male C57BL/6 mice subjected to maternal separation and post-weaning high-fat diet exposure. UM-CD: unmanipulated, control
diet; MS-CD: maternal separation, control diet; UM-HFD: unmanipulated, high-fat diet; MS-HFD: maternal separation, high-fat diet.
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Histological analysis of adipose tissue

Representative histological sections of PGAT, RPAT, and
MSAT displayed the characteristic architecture of white adipose
tissue, composed of large unilocular adipocytes. The adipocytes
exhibited predominantly rounded or polygonal contours, with
flattened nuclei displaced toward the cell periphery when
intersected by the section plane; this general morphology was
preserved across all experimental groups (Fig. 6).

Fig. 5. Linear regression analysis of body mass versus total fat pad mass in male C57BL/6 mice subjected to maternal separation and
post-weaning high-fat diet exposure. Perigonadal (PGAT), retroperitoneal (RPAT) and mesenteric (MSAT) adipose tissue deposits.
Scatter plots depict individual animals, and solid lines indicate fitted linear regression models with 95 % confidence intervals. Analyses
were conducted using log-transformed data. Coefficients of determination (R2) and p-values are indicated in each panel.

Variable 1 Variable 2 ρρρρ (Spearman) p value n
PGAT RPAT 0.8415 < 0.0001 20
PGAT MSAT 0.7154 0.0004 20
RPAT MSAT 0.5618 0.0099 20
Data are presented as Spearman’s correlation coefficient (ρ),
corresponding p values, and sample size (n). p < 0.05 considered
statistically significant.

Table IV. Spearman’s correlation analysis of perigonadal
(PGAT), retroperitoneal (RPAT), and mesenteric (MSAT)
adipose tissue deposits mass in male C57BL/6 mice subjected
to maternal separation and post-weaning high-fat diet exposure.

Fig. 6. Representative histological sections of visceral fat pads from male C57BL/6 mice subjected to maternal separation and post-weaning
high-fat diet exposure. PGAT: perigonadal fat pad; RPAT: retroperitoneal fat pad; MSAT: mesenteric fat pad. UM-CD: unmanipulated,
control diet; MS-CD: maternal separation, control diet; UM-HFD: unmanipulated, high-fat diet; MS-HFD: maternal separation, high-fat
diet. Sections were stained with H&E.
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Comparison of photomicrographs across the
experimental groups revealed progressive changes in
adipocyte size, associated with the dietary regimen and
modulated by MS. In the groups fed CD (UM-CD and MS-
CD), the microscopic fields were dominated by adipocytes
of smaller apparent diameter, characterized by greater
heterogeneity in cell size within the same field.

In contrast, animals fed HFD (UM-HFD and MS-
HFD) exhibited clear alterations in adipose tissue
morphology. In the UM-HFD group, the analyzed fields
displayed a marked predominance of adipocytes with large
apparent diameters, broad cell profiles, well-defined
contours, and relatively homogeneous morphology. In these
fields, cell size variability was reduced, and adipocytes
occupied most of the tissue, producing a pattern dominated
by large cells. Similarly, in the MS-HFD group, adipocytes
of large apparent size were also observed; however, the
distribution of cell diameters was visually more
heterogeneous than in the UM-HFD group. In these fields,
large adipocytes coexisted with others of intermediate size,
resulting in greater morphological variability within the
same fat pad. This heterogeneity was particularly evident
when comparing equivalent fields between the two HFD
groups.

The consistent presence of these morphological
differences in the photomicrographs necessitated a
quantitative approach to objectively characterize adipocyte
size variations between the experimental groups.

Sectional area of adipocytes

SA analysis of adipocytes showed that the dietary
regimen was the principal determinant of adipocyte size in
all three pads evaluated, while the effect of MS depended
on the adipose tissue type (Fig. 7, Table V). This indicates

Fig. 7. Sectional area (SA) of adipocytes in male C57BL/6 mice subjected to maternal separation and post-weaning high-fat diet exposure.
Perigonadal (PGAT), retroperitoneal (RPAT) and mesenteric (MSAT) adipose tissue deposits; UM: unmanipulated group; MS: maternal
separation group; CD: control diet; HFD: high-fat diet. Bar graphs depict mean ± SD; dots indicate individual animals. p-values represent
statistically significant differences between groups, determined by two-way ANOVA.

Table V. Two-way ANOVA assessing the relative contribution of
post-weaning diet, maternal separation (MS), and their interaction
(diet × MS) to the variance in mean adipocyte sectional area (SA)
within distinct fat pads of male C57BL/6 mice.

Perigonadal (PGAT), retroperitoneal (RPAT) and mesenteric (MSAT)
adipose tissue deposits. Data represent the percentage of variance explained
(%) and the associated p values for each main factor and their interaction.
ns: not significant; p < 0.05 considered statistically significant.

Variation and significance test
Diet effect MS effect Diet x MS

Data

% p % p % p
PGAT 84.9 <0.0001 1.7 ns 2.6 ns
RPAT 70.1 <0.0001 7.5 0.0018 13.9 0.0001
MSAT 78.3 <0.0001 0.03 ns 4 ns

that diet-induced adipocyte expansion is not uniform but
varies among the different fat pads analyzed.

In PGAT, HFD was associated with a significant
increase in SA, independent of MS, suggesting that this fat
pad is highly sensitive to dietary challenge. In contrast, MS
did not alter adipocyte size under control diet conditions,
nor did it significantly potentiate the response to an HFD.

RPAT exhibited the largest absolute adipocyte size
among the pads analyzed and a particularly marked response
to HFD. In this tissue, beyond the predominant effect of
diet, MS contributed significantly, with a diet-MS interaction
observed. This suggests that this fat pad is especially
susceptible to the convergence of early life programming
and postnatal nutritional overload.

MSAT, in contrast, exhibited the lowest SA values
and the smallest relative increase with HFD, indicating a
more limited capacity for adipocyte expansion compared to
the other fat pads. In this tissue, MS was not associated with
significant changes in cell size, reinforcing the concept of
functional heterogeneity among adipose compartments.
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Taken together, the three fat pads demonstrated a
hierarchical organization of adipocyte size (RPAT > PGAT
> MSAT), and HFD-induced expansion that, while
consistent, was not homogeneous across tissues. These
findings underscore the importance of the anatomical context
of adipose tissue in determining the morphological response
to diet and early life programming factors.

To explore whether the expansion of adipose pads
was related to changes in adipocyte size, the association
between tissue mass and adipocyte size was evaluated (Fig.
8). A positive relationship was observed in all three pads,
indicating that an increase in adipose mass is accompanied,
to varying extents, by an increase in cell size.

In PGAT, the strong association between fat pad mass
and SA suggests that variations in tissue mass are largely
explained by changes in adipocyte size. In RPAT, although
adipocytes exhibited the highest absolute SA values among
the pads, the relationship between fat pad mass and adipocyte
size was weaker. This indicates that variations in RPAT mass
do not depend exclusively on increased cell size but rather
reflect a less proportional relationship between these two
parameters.

In MSAT, the more moderate association indicates a
relatively minor contribution of adipocyte size to the increase
in fat pad mass.

DISCUSSION

A high-fat diet is the principal determinant of
dyslipidemia, while maternal separation selectively
modulates metabolic susceptibility.

Analysis of the plasma lipid profile shows that HFD
and MS do not induce a uniform, global dyslipidemia but
instead selectively modulate specific lipid fractions, with
a predominant impact on cholesterol metabolism and
dissociated TG responses. This pattern is consistent with
the double-hit model and the literature on early metabolic
programming, which indicate that adverse exposures
during early stages condition metabolic vulnerability to
subsequent challenges (Maniam et al., 2014; Eberle et al.,
2021; Ibayashi & Tsukamoto, 2024).

CHOL-T levels increased in response to both HFD
and MS, reaching maximal values when both factors were
present. However, the absence of a statistically significant
interaction suggests that both stimuli contribute additively,
rather than synergistically, to the increased systemic
cholesterol burden. This observation is consistent with
studies describing persistent alterations in cholesterol

metabolism induced by early stress, even under CD, as well
as with the established impact of HFD on hepatic cholesterol
homeostasis, synthesis, and biliary excretion (Eberle et al.,
2021; Heeren & Scheja, 2021). In this context, MS may
establish a baseline state of metabolic susceptibility upon
which HFD acts as a second destabilizing stimulus, in line
with previous findings in the same experimental model at
the hepatic level (del Sol et al., 2025).

In contrast, TG levels showed no significant changes
associated with either HFD or MS. This relative stability
suggests that, in this model, TG metabolism is regulated
by compensatory mechanisms that buffer the impact of
excess energy intake and early stress. Given that plasma
TG levels reflect a dynamic equilibrium between hepatic
VLDL-C secretion, intravascular hydrolysis mediated by
lipoprotein lipase, and peripheral fatty acid uptake, it is
plausible that adipose tissue expansion acts as an efficient
metabolic sink, preventing the development of overt
hypertriglyceridemia despite the obesogenic environment
(Sylvers-Davie & Davies, 2021; Spitler et al., 2021;
Gugliucci, 2024).

Fig. 8. Correlation between total fat pad mass and mean adipocyte sectional area (SA) in male C57BL/6 mice. Perigonadal (PGAT),
retroperitoneal (RPAT) and mesenteric (MSAT) adipose tissue deposits. Scatter plots depict individual animals, with solid lines representing
regression fits for visualization. Associations were evaluated using Spearman's rank correlation. Spearman's correlation coefficients (ρ)
and p-values are indicated within each panel. n = 20 animals.
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The behavior of LDL-C provided key information
regarding the interaction between early programming and
diet. Unlike CHOL-T, LDL-C exhibited a significant
interaction between HFD and MS, with a particularly
pronounced increase in the MS-HFD group. This
observation is consistent with evidence that early stress can
induce lasting alterations in hepatic LDL regulation,
including reduced plasma clearance mediated by the LDL
receptor and qualitative changes in lipoprotein particles
(Chechi et al., 2009; Maniam et al., 2014). Furthermore,
the convergence of unfavorable early programming and
HFD may promote a pro-inflammatory and oxidative
environment that favors a more atherogenic lipoprotein
profile, including a greater predominance of small, dense
LDL particles (Superko & Garrett, 2022; Bekbossynova et
al., 2025).

HDL-C exhibited a clearly context-dependent
behavior. Under CD, MS was associated with higher HDL-
C levels; however, this effect was attenuated under HFD,
resulting incomparable levels between the obesogenic diet
groups. This pattern reinforces the concept that high-fat
diets disrupt HDL homeostasis and reverse cholesterol
transport, particularly in the presence of chronic
inflammation and metabolic dysfunction (Zhang et al.,
2019; Stadler et al., 2021). In this context, circulating HDL-
C levels do not necessarily reflect functional capacity, as
HDL's cholesterol efflux ability and anti-inflammatory
properties may be compromised even in the absence of
apparent quantitative changes (Navab et al., 2001; Rohatgi
et al., 2014; Robert et al., 2016).

Taken together, these results indicate that HFD is
the principal determinant of the observed dyslipidemia,
while MS selectively modulates the magnitude and pattern
of the response, especially in the fractions associated with
cholesterol metabolism. The dissociation between
cholesterol and TG suggests that the metabolic adaptations
induced by early programming and nutritional challenge
are not manifested as global plasma alterations but rather
are directed toward tissue-level lipid partitioning and
handling mechanisms.

The global adiposity index predominantly reflects the
impact of dietary challenge, with modulation dependent
on a history of early-life stress.

The global adiposity index was clearly dominated
by dietary regimen, accounting for most of the observed
variation, whereas MS did not exert a significant main
effect. This finding is consistent with theoretical models of
body fat regulation, in which the post-weaning diet serves
as the primary modulator of energy balance, while early

feeding patterns exert a more subtle influence on adipose
tissue distribution and quality (Gesta et al., 2007; Speakman
et al., 2011).

Several studies have shown that MS and other forms
of early-life stress preferentially modulate specific fat pads
and expansion strategies (hypertrophy versus hyperplasia)
rather than total body fat (Lecoutre & Breton, 2015). In
this context, the absence of differences in the global index
does not preclude a significant metabolic impact of MS;
rather, it suggests that its effects manifest at regional and
structural levels.

The expansion of visceral fat pads is fat pad-specific
and reveals a hierarchical organization in the response
to diet and early-life stress.

Analysis of visceral fat pad mass revealed
pronounced regional heterogeneity in response to HFD and
MS. Although overall body mass gain was positively
associated with increased PGAT, RPAT, and MSAT mass,
differences in regression intercepts indicate distinct baseline
masses among fat pads, consistent with fat pad-specific set
points and allometric adipose growth (Ibrahim, 2010;
DeClercq et al., 2016).

In PGAT, expansion was predominantly driven by
HFD, with no significant effects attributable to MS or to
the interaction between the two factors. This finding
supports the notion that PGAT is highly sensitive to post-
weaning caloric excess and is relatively less influenced by
early adverse experiences when total fat pad mass is
assessed (Tchoukalova et al., 2010; Jeffery et al., 2015).

In contrast, RPAT exhibited a response that was
clearly dependent on the interaction between HFD and MS,
indicating that this fat pad is particularly sensitive to the
convergence of early-life programming and nutritional
overload. The high proportion of variance explained by this
interaction suggests that early-life history decisively
determines the capacity of RPAT to expand in response to
energy excess.

MSAT displayed an intermediate pattern, with a
dominant effect of diet and a significant interaction with
MS. Owing to its anatomical location and portal drainage,
this fat pad has particular metabolic relevance, as it directly
exposes the liver to free fatty acids and pro-inflammatory
mediators, reinforcing its role in adipose-hepatic
communication (Rytka et al., 2011).

Histological remodeling of adipose tissue reveals
heterogeneous expansion mechanisms, with variable

NAVARRETE, J. & VÁSQUEZ, B. Effects of maternal separation on lipid homeostasis and visceral adipose tissue organization in mice fed a high-fat diet post-weaning. Int. J. Morphol., 44(1):9-22, 2026.



20

contributions from adipocyte hypertrophy depending
on the fat pad location.

Histological analysis showed that HFD induced
morphological changes consistent with adipocyte
hypertrophy in all three fat pads, with varying magnitudes
depending on location. Quantitative analysis of adipocyte
SA confirmed that diet was the main determinant of cell
size, whereas the contribution of MS depended on the fat
pad.

In the PGAT group, HFD significantly increased
adipocyte SA independently of MS, suggesting a high
sensitivity of this fat pad to caloric excess. In the RPAT group,
in addition to the dominant effect of diet, MS contributed
significantly, with a diet-MS interaction observed, indicating
that this fat pad is particularly susceptible to the convergence
of early-life programming and nutritional challenge.
Meanwhile, the MSAT group showed the lowest SA values
and the smallest relative increase with HFD, suggesting a
more limited adipocyte expansion capacity.

Considered together, the fat pads showed a consistent
hierarchy in adipocyte size (RPAT > PGAT > MSAT) and
HFD-induced expansion that, although widespread, was not
homogeneous. The positive correlation between fat pad mass
and adipocyte SA indicates that hypertrophy contributes
significantly to tissue expansion, although with a less
proportional relationship in RPAT and MSAT, suggesting
the additional involvement of other mechanisms, such as
hyperplasia and tissue remodeling (Spalding et al., 2008; Jo
et al., 2009; Sun et al., 2011; Wu et al., 2017).

Limitations and projections

Among the principal limitations of this study is the
exclusive use of male mice, which restricts the extrapolation
of findings to females, where early-life programming and
stress responses may differ substantially. Additionally, the
absence of molecular and functional analyses precludes a
deeper understanding of the mechanisms underlying the
observed differences between fat pads. These limitations are
inherent to morphological studies and underscore the need
for future integrative approaches that incorporate both sexes,
molecular analyses, and functional assessments of adipose
tissue and systemic metabolism (Mandarim-de-Lacerda et
al., 2021; Börgeson et al., 2022).

CONCLUSIONS

This study demonstrates that, in a murine model of
early-life stress induced by MS and post-weaning HFD
exposure, the observed metabolic and morphological

alterations arise from a dynamic interaction between early-
life history and the subsequent nutritional environment.

HFD was identified as the principal determinant of
disruption to the plasma lipid profile, while MS acted as a
modulator, selectively enhancing certain alterations induced
by the nutritional challenge. This pattern supports the notion
that early-life programming does not define the metabolic
phenotype in isolation but rather conditions the response to
subsequent stimuli.

Accordingly, the expansion of visceral adipose tissue
was fat pad-dependent, without a uniform overall increase
in adiposity. MS differentially modulated the response of
specific fat pads to diet, demonstrating a hierarchical
functional organization of adipose tissue. Histologically, this
expansion was associated with fat pad-dependent structural
remodeling, with variable contributions from adipocyte
hypertrophy, suggesting heterogeneous cellular mechanisms
of tissue growth.

Taken together, these findings indicate that MS is not
a direct determinant of obesity, but rather a reprogramming
factor that modulates the response of visceral adipose tissue
and lipid metabolism to an adverse nutritional environment
in adulthood, highlighting the role of early-life context in
the functional organization of the adipose-metabolic axis.

NAVARRETE, J. & VÁSQUEZ, B.  Efectos de la separación
materna sobre la homeostasis lipídica y la organización del tejido
adiposo visceral en ratones alimentados con dieta alta en grasas
post-destete. Int. J. Morphol., 44(1):9-22, 2026.

RESUMEN:  El estrés temprano y la obesidad
representan desafíos críticos para la salud pública. Este estudio
evaluó el impacto de la separación materna (MS), como modelo
de adversidad temprana, y el consumo de una dieta alta en grasas
(HFD) post-destete sobre el perfil lipídico y la organización del
tejido adiposo visceral en ratones C57BL/6. Ratones machos
fueron sometidos a MS durante la vida postnatal temprana o se
mantuvieron sin manipular (UM). Después del destete, los
animales fueron asignados a una dieta de control (CD) o una
HFD, formando cuatro grupos (n = 5 por grupo): UM-CD, SM-
CD, UM-HFD y SM-HFD. Se evaluó el perfil lipídico
plasmático, el índice global de adiposidad, la masa de los
depósitos adiposos viscerales perigonadal (PGAT),
retroperitoneal (RPAT) y mesentérico (MSAT), así como la
arquitectura histológica y el área seccional (SA) de los adipocitos
mediante análisis morfológicos y cuantitativos. La HFD se
identificó como el principal determinante de las alteraciones del
perfil lipídico plasmático, particularmente del CHOL-T y LDL-
C, mientras que la MS moduló selectivamente la magnitud de
estas alteraciones. El índice global de adiposidad estuvo
dominado por el efecto dietario, sin diferencias atribuibles a la
MS. En contraste, la expansión de los depósitos adiposos
viscerales fue heterogénea y dependiente del compartimento,
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observándose una interacción significativa dieta-SM en el RPAT
y, en menor medida, en el MSAT. A nivel histológico y
cuantitativo, la HFD indujo un aumento significativo del SA
adipocitario en los tres depósitos viscerales, con una contribución
moduladora de la MS dependiente del tejido, evidenciando
patrones de expansión adiposa no uniformes. En conclusión,
estos hallazgos indican que la MS no actúa como un determinante
directo de obesidad, sino como un factor de programación que
modula el perfil lipídico plasmático y la respuesta estructural
del tejido adiposo visceral frente a un entorno nutricional
obesogénico en la adultez.

PALABRAS CLAVE: Separación materna; Dieta alta
en grasas; Perfíl lipídico; Tejido adiposo visceral; Ratón.
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