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Abstract

Obijective: The obesity epidemic, driven by a complex interplay of environmental and
biological factors, remains a significant global health challenge. Herein, we investigate
the impact of food insecurity, characterized by unpredictable food access, on the reg-
ulation of body weight and body composition in mice.

Methods: Male and female C57BL/6J mice were subjected to a combination of inter-
mittent fasting and calorie restriction to simulate food insecurity.

Results: Our new model demonstrates that food insecurity increases fat mass and
decreases lean mass in both sexes on a standard chow diet. Additionally, high-fat
diet-fed male mice exposed to the food insecurity paradigm show decreased lean
mass despite being in positive energy balance. Transcriptomic analysis of white
adipose tissue from food-insecure male mice revealed upregulation of metabolic
pathways associated with fat mass expansion and downregulation of immune
response-related transcripts.

Conclusions: These findings underscore the role of food insecurity in driving meta-
bolic adaptations that favor fat storage. Understanding this paradoxical link between
food insecurity and adiposity is crucial for developing targeted interventions to
address the disproportionate incidence of obesity in socioeconomically disadvan-

taged populations.

assumptions [3,4]. Accordingly, obesity prevalence has increased

more in rural than in urban populations [5,6], despite less exposure

Obesity is estimated to affect more than 1 billion individuals glob-
ally and is a major driver of severe comorbidities such as type
2 diabetes, cardiovascular disease, and certain types of cancer [1].
The rising prevalence of obesity is often attributed to environ-
ments characterized by easily accessible, hyperpalatable, ultrapro-
cessed, energy-dense foods, coupled with a decline in physical
activity [2]. However, recent research has questioned these

See Commentary, pg. 1022.

of the rural than the urban populations to this presumed obeso-
genic environment. Moreover, lack of correlation between densi-
ties of fast-food restaurants and obesity prevalence has been
reported [7]. Moreover, doubly labeled water studies have demon-
strated that energy expenditure from physical activity has
remained relatively stable since the late 1980s [8]. Furthermore,
an upward trend in birth cohort body mass index throughout the
20th century has been observed, with a marked acceleration after
World War 1l [6,9,10]. This suggests that the obesity epidemic
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may have begun prior to the rise of the fast-food industry and the
increase in sedentary occupations, with other factors beyond the
modern environment likely being significant contributors to the
obesity epidemic [11].

Evidence has indicated that low socioeconomic status and ele-
vated levels of adversity are closely linked to obesity [12,13]. These
conditions often correlate with limited access to safe and nutritious
food, referred to in the literature as food insecurity [14]. Today, food
insecurity is estimated to affect 2.4 billion people worldwide [15] and
is traditionally associated with extreme events such as wars, fam-
ines, and epidemics that disrupt food supplies [16]. Historical exam-
ples such as the Dutch famine during World War Il have
demonstrated long-term impacts on metabolic health, linking early-
life food shortages to increased rates of obesity in subsequent gen-
erations [17]. This is consistent with research highlighting higher
obesity rates among low-income, food-insecure populations, partic-
ularly women [18,19].

These observations suggest that food insecurity may drive obe-
sity through mechanisms that have evolved to conserve energy
during periods of scarcity [14, 20], perhaps especially important in
female individuals to guarantee reproductive capacity [21]. In mod-
ern contexts, this biological response could increase the risk of obe-
sity among food-insecure individuals. Supporting this, controlled
studies have demonstrated that low socioeconomic status and food
insecurity can lead to increased food intake and greater adipos-
ity [22]. Also, in animals, unpredictable access to food can stimulate
biological responses, resulting in weight gain [23, 24]. Even mild
caloric restriction in mice has been associated with increased fat
storage [25]. However, the biological mechanisms driving adiposity
related to food insecurity remain poorly understood. In order to
investigate this phenomenon and elucidate the associated molecu-
lar underpinnings, a model that replicates the key aspects of food
insecurity, socioeconomic  context, is
warranted [26].

Herein, we present the development of a novel mouse model to

independent  of

study food insecurity and explore its effects on body weight, body
composition, and molecular processes in adipose tissue. Our findings
reveal a robust association between an unpredictable food environ-
ment and increased adiposity, linking food insecurity to fat accumula-
tion. Accompanying these changes, we observed alterations in the
adipose tissue transcriptome, which could underpin the observed
shifts in body composition. This study lays the groundwork for under-
standing the biological mechanisms by which food insecurity pro-

motes adiposity.

METHODS
Animals
Ten-week-old C57BL/6J mice (male and female), unless stated oth-

erwise, were obtained from commercial breeders (Janvier Labs) and

housed in ventilated cages at constant temperature (22° + 1°C) with

Study Importance
What is already known?

e Food insecurity is a condition in which individuals or
households lack consistent access to sufficient nutritious,
safe, and affordable food.

e Food insecurity is associated with obesity, particularly in
women in high-income countries.

e The link between food insecurity and obesity may reflect
mechanisms evolved to store fat as a safeguard against
future starvation in unpredictable food environments,

known as the insurance hypothesis.

What does this study add?

¢ We have developed a new mouse model to study food
insecurity and the physiological, behavioral, and molecu-
lar underpinnings.

e Food insecurity in mice increases fat mass and decreases
lean mass, indicating adaptive mechanisms for energy
storage during perceived scarcity.

e Transcriptomic analysis of white adipose tissue from
food-insecure mice revealed upregulation of metabolic
pathways associated with fat mass expansion and down-
regulation of immune response-related transcripts.

How might these results change the direction of
research or the focus of clinical practice?

o Our findings highlight the role of food insecurity in driv-
ing metabolic adaptations that promote fat storage. As
obesity rises among low-income populations with limited
access to nutritious food, it is important to better under-
stand the relationship between food insecurity and
increased fat mass. This insight could inform targeted
interventions to address the disproportionate incidence

of obesity in socioeconomically disadvantaged groups.

moderate humidity (50% + 5%). One week before experimental
intervention, mice were acclimatized to single housing, unless stated
differently. All experiments were done at 22°C with a 12-h light-
dark cycle from 6:00 a.m. to 6:00 p.m. Mice had ad libitum access to
water and chow (SAFE D30 diet; 3.389 kcal/g: 14.1% fat, 60% car-
bohydrate, and 26% protein) or, when indicated, a high-fat, high-
sucrose diet (HFD) (D12331; 5.56 kcal/g: 58% fat, 25.5% carbohy-
drate, and 16.4% protein; Research Diets, Inc.), with an exception for
the calorie restriction periods. All experiments were approved by the
Danish Animal Experimentation Inspectorate (2018-15-0201-01457
and 2023-15-0201-01442) and were performed following Animal
Research: (ARRIVE)

Reporting of In  Vivo Experiments

guidelines [27].
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Food insecurity studies

C57BL/6J mice were single- or double-housed, and body weight and
food intake were monitored for 1 week before mice were randomized
to experimental groups, assuring an identical baseline mean body
weight and food intake among groups, unless stated differently.
The control group was given ad libitum access to food throughout the
protocol. Experimental groups were given different access to food
(see online Supporting information for each specific study). When
food restriction was required, the food amount was adjusted daily by
cutting the food pellets to an appropriate size until reaching the
desired weight and provided immediately before the dark phase. Dur-
ing food intake measurements, small food pellets were removed from
the grid to avoid food spillage into the cage bedding. Twenty-
four-hour fasting periods were achieved by removing all food pellets

from the food grid.

Metabolic phenotyping and indirect calorimetry

Single-housed male C57BL/6J mice were acclimatized to metabolic
cages (16-channel Promethion, Sable Systems International) for
1 week before the start of the study. Oxygen consumption (VO,), car-
bon dioxide production (VCO,), respiratory exchange ratio (RER),
energy expenditure (kilocalories per hour), and locomotor activity
(beam breaks per hour) were recorded and collected in 15-min bins.
Water and chow food were available ad libitum throughout the exper-
iment. Raw data for each mouse were analyzed using the online tool
CalR (CalR, versionl1.3, https://calrapp.org/) and visualized using
GraphPad Prism version 10 (GraphPad Software).

Body composition measurements

Body composition (fat and lean mass) was measured by magnetic res-
onance imaging (MRI) using the minispec LF90 Body Composition
Analyzer Il (Bruker Corp.). Body weight was measured on a precision

scale before the procedure.

Quantitative polymerase chain reaction

Gene expression analysis in the hypothalamus and adrenal glands was
performed in control and food insecurity groups at the end of the
experiment (4 weeks; n = 10). Tissues were quickly dissected in the
morning without fasting the animals, flash-frozen on dry ice, and
stored at —80°C until analysis. Total RNA was isolated from tissues
with phenol/chloroform extraction using QIAzol reagent (QIAGEN)
and RNeasy Lipid Tissue Mini Kit (QIAGEN) following the instructions
provided by the manufacturer. After extraction, RNA concentration
and purity were measured using a NanoDrop 2000 (Thermo Fisher
Scientific). A total of 500 ng of RNA was converted into complemen-

tary DNA using Superscript Il (Thermo Fisher Scientific), following the
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instructions from the manufacturer. Quantitative polymerase chain
reaction (QPCR) was performed using PrecisionPLUS gPCR Master
Mix containing SYBR green (Primerdesign; primer expression in online
Supporting information). Quantification of mRNA expression was per-
formed according to the delta-delta Ct method and normalized to the
housekeeping gene Hprt and the control group.

Plasma profiling

Blood was collected from the tail vein or during decapitation and cen-
trifuged at 4°C and 4000 rpm to obtain plasma. Mouse plasma sam-
ples were analyzed using enzyme-linked immunosorbent assay (ELISA)
to measure leptin (Mouse/Rat Leptin ELISA Kit, #MOBO0O0B, R&D Sys-
tems), total ghrelin (Rat/Mouse Ghrelin ELISA Kit, #£EZRGRT-91 K,
MilliporeSigma), insulin (Ultra-Sensitive Mouse Insulin ELISA Kit,
#90080, Crystal Chem Inc.), and corticosterone (DetectX Corticoste-
rone Multi-Format ELISA Kit, #K014-H, Arbor Assays) using manufac-
turer instructions. Plasma was diluted 1:20 for leptin measurements,
1:2 for total ghrelin measurements, and 1:100 for corticosterone mea-
surements. Plasma glucose was measured using a glucometer. Plasma
total cholesterol (LiquiColor Enzymatic Cholesterol Test, #1010-225,
Stanbio Laboratory), total glycerol (triglycerides; Triglyceride LiquiCo-
lor Test [Enzymatic], #2100-225, Stanbio Laboratory), and nonesteri-
fied fatty acids (NEFA-HR [2], #434-91795, #436-91995,
#27077000, Fujifilm Wako Chemicals Europe) concentrations were

measured using commercially available kits.

RNA sequencing and data analysis

Mice were quickly sacrificed by decapitation, and epididymal white
adipose tissue (€WAT) was collected in Eppendorf tubes and kept on
dry ice until stored at —80°C. Total RNA was prepared from frozen
eWAT of the two experimental groups (n = 10 control, n = 10 food
insecurity) using the RNeasy Micro Kit (QIAGEN) according to the
manufacturer’s instructions, after tissue disruption in QIAzol reagent.
RNA concentration was measured using NanoDrop One (Thermo
Fisher Scientific). Bulk RNA sequencing was performed by the Single-
Cell Omics platform at the Novo Nordisk Foundation Center for Basic
Metabolic Research (online Supporting information). Plots were gen-
erated using R Statistical Software (version 4.2.2, R Project for Statis-
tical Computing).

Statistical analysis

Figures were generated and statistical analyses were conducted using
GraphPad Prism version 10 (GraphPad Software). Statistical significance
was tested by two-way ANOVA corrected for multiple comparisons
with Bonferroni test, when appropriate, and a two-tailed p < 0.05 was
used to indicate statistical significance (*<0.05, **<0.01, ***<0.001, and

.

<0.0001 in the figures). Data are expressed as mean + SEM.
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Code availability

The source code used to generate the RNA sequencing plots is avail-
able at the following link: https://github.com/claudiagil108/in-
food.git

RESULTS

Food insecurity increases fat mass and decreases lean
mass in male mice

In order to evaluate feeding interventions mimicking food insecurity,
we subjected single-housed, 12-week-old, chow-fed male mice
(C57BL/6)J) to one of four experimental conditions over a period of
4 weeks: 1) chow diet given ad libitum (control group); 2) chow diet
with 5% calorie restriction (5% restriction group); 3) chow diet given
ad libitum but with 1 day of fasting per 6 days of protocol (intermit-
tent fasting group); and 4) chow diet given ad libitum but with a
weekly combination of 1 day of fasting followed by 1 day of ad libi-
tum refeeding and, subsequently, 3 consecutive days of 5% calorie
restriction (food insecurity group; Figure 1A). Food intake was
assessed daily in all four groups and reflects the changes in food avail-
ability, remaining relatively stable in groups with predictable access to
food (control and 5% restriction groups; Figure 1B). Body weight was
also monitored daily in all four groups and exhibited dynamic changes
in response to food availability, decreasing during periods of food
restriction (up to 13% weight loss in response to fasting days) and
recovering when food was reintroduced (up to 3% weight gain after
fasting days; Figure 1C). A compensatory increase in food intake was
observed in the days following the 24-h fasting, with mice eating up
to 40% more than usual (Figure 1B). These results underscore the
homeostatic mechanisms regulating feeding to preserve body weight
in response to fluctuating food availability.

The 5% restriction group exhibited a reduced food intake com-
pared to the control group (Figure 1D). This subtle, but chronic, calorie
restriction resulted in a 3% weight loss during the first week of the
intervention (Figure 1E). For the 5% restriction group, body weight
remained lower than baseline until the end of the intervention
(Figure 1E). The intermittent fasting group experienced substantial
fluctuations in food intake due to the 24-h fasting periods (Figure 1F),
leading to a body weight loss of up to 13% compared to baseline
(Figure 1G). Following fasting, body weight recovered rapidly
(Figure 1G) due to an increase in food intake that peaked the first day
after fasting by being up to 38% higher compared to baseline
(Figure 1F). These changes in body weight and the compensatory
hyperphagic response to 24-h fasting are similar to what has been
previously observed in mice [28]. The food insecurity group displayed
similar patterns of food intake fluctuations as the intermittent fasting
group, together with slightly lower food intake than the control group
during the 5% calorie restriction periods (Figure 1H). These dynamic
changes in food intake led to a weight loss of up to 11% during fasting

periods (Figure 11). At the end of the 4-week intervention, total food

intake was significantly reduced in the food insecurity group (7.5%
less than controls) and also numerically lower than the 5% restriction
and the intermittent fasting groups (6.4% and 4.2% lower than con-
trols, respectively; Figure 1J). Despite this, final body weights were
similar across all four groups (Figure 1K).

In contrast to the stable total body mass, remarkable changes in
body composition were observed. All three intervention groups exhib-
ited significant increases in fat mass compared to the control group,
which maintained the same level of adiposity throughout the protocol
(Figure 1L,M and Figure S1A,B). The food insecurity group displayed
the most striking effect with a 49% increase in absolute fat mass
(Figure 1L,M and Figure S1A) and a shift in body fat percentage from
14% at baseline to 21% at week 4 (Figure S1B). Food insecurity also
resulted in a marked reduction in absolute lean mass (5% less than
baseline; Figure 1N,O and Figure S1C), and both changes in absolute
fat and lean mass differed significantly from the control group after
2 and 4 weeks (Figure S1A,C). Whereas both the 5% restriction and
intermittent fasting groups increased their absolute fat mass after
4 weeks by 20% and 45%, respectively (Figure 1L,M), only the latter
showed a significant difference in absolute fat mass from the control
group at week 4 (Figure S1A). The 5% restriction group exhibited a
mild reduction in absolute lean mass (3.4% less at week 4 than at
baseline; Figure 1N,O) that was not significantly different from the
control group at week 4 (Figure S1C). The intermittent fasting group
displayed a numerical but nonstatistical reduction in absolute lean
mass (Figure 1N,0) and a significant reduction in lean mass percent-
age (Figure S1D). In summary, the food insecurity intervention
induced a dramatic change in body composition, characterized by
increased fat mass and decreased lean mass. Interestingly, the
increased adiposity in food-insecure mice occurred despite a lower
total energy intake. In order to investigate whether the food insecu-
rity paradigm impacts whole-body energy expenditure and substrate
metabolism, we subjected mice to either food insecurity or control
conditions while monitoring them in metabolic cages (Figure S2). As
expected, a decrease in energy expenditure was observed during
the fasting phase of the protocol. However, during the subsequent
5% calorie restriction period, we observed a counterintuitive
increase in energy expenditure (Figure S2G,H). Total energy expen-
diture over the 4 weeks was not changed by food insecurity
(Figure S21,J). The RER decreased during fasting compared to the
control group. During refeeding, RER was elevated and remained
elevated throughout the 5% calorie restriction period until the next
fasting phase (Figure S2K,L). Although the animals appeared to
exhibit increased locomotion during the very first fasting bout, there
was no change in total locomotor activity or its pattern over the
4-week experiment (Figure S2M-P). In order to evaluate whether
food insecurity impacts markers of metabolic health or hormones
involved in glucose and energy homeostasis, we measured circulat-
ing levels of leptin, ghrelin, glucose, insulin, cholesterol, triglycerides,
nonesterified fatty acids, and corticosterone after 4 weeks
(Figure S3A-H). Except for slight decreases in plasma glucose and
triglycerides, food insecurity had no significant effect on any of

these markers. Food insecurity led to increased expression of Crh,
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Crhr1, and Igf1 in the hypothalamus, suggesting alterations in stress
response and potentially growth signaling pathways. In order to fur-
ther explore the hypothalamus-pituitary-adrenal (HPA) axis, we
measured genes associated with stress and energy homeostasis and

found increased expression of Cypllal, Cyp11b2, and Cyp21al in

Obesity [e

ournal

the adrenal glands, indicating enhanced steroidogenesis, particularly
in glucocorticoid and mineralocorticoid production. Together, these
findings suggest that food insecurity activates both hypothalamic
and adrenal pathways involved in stress and metabolic regulation
(Figure S31,J).
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Importantly, the food insecurity protocol was replicated four
times, consistently resulting in increased fat mass and, in three out
of the six experiments, a statistically significant decrease in lean
mass (Figure S3K). Owing to the unpredictable nature of food
availability in the food insecurity group, and the impact on body
composition that aligns with prior work in other species [29,30],
we decided to continue with this protocol for our subsequent
mouse studies.

Food insecurity induces fat accumulation in
female mice

In order to evaluate the impact of the food insecurity paradigm on
female body weight and body composition, we subjected female mice
to a similar feeding protocol as male mice, comparing a food insecurity
group against a control group (Figure 2A). Similar to male mice, female
mice experienced large fluctuations in body weight and food intake in
response to fasting and refeeding cycles (Figure 2B,C), with a body
weight loss up to 9% on fasting days (Figure 2D). Food insecurity in
female mice also gave rise to pronounced hyperphagia on the refeed-
ing days, with mice eating up to 64% more than baseline (Figure 2C).
However, unlike male mice, the body weight of food-insecure female
mice “overshot” during the refeeding period after the fasting days,
surpassing the stable body weight level of control mice by up to 3.3%
(Figure 2D). Despite these fluctuations in food intake and body
weight, total food intake and final body weight were similar between
the food insecurity and the control groups (Figure 2E,F).

The food insecurity group displayed a 26% increase in absolute
fat mass (Figure 2G,H and Figure S4A) and a change in body fat
percentage from 16% at baseline to 20% at week 4 (Figure S4B).
Moreover, a 6% decrease in absolute lean mass was observed in the
food-insecure female mice (Figure 2I,J and Figure S4C). The control
group also showed subtle changes in body composition, including a
transient increase in fat mass after 2 weeks (Figure 2G,H and
Figure S4B) and a decrease in lean mass by the end of the protocol
(Figure 21,J and Figure S4C,D), but these effects were less pronounced
compared to the food insecurity group. Of note, the changes in body
composition of the double-housed female mice from this experiment

were replicated in single-housed female mice (Figure S3K).

Food insecurity does not exacerbate fat accumulation
but reduces lean mass in male mice fed an HFD

In order to explore the interaction between food insecurity and HFD-
induced obesity, we subjected HFD-fed male mice to our 4-week
food insecurity protocol, comparing an HFD-food insecurity group to
an HFD-control group (Figure 3A). Similar to chow-fed mice, HFD-fed
mice exhibited pronounced changes in food intake and body weight in
response to fasting and refeeding cycles (Figure 3B). HFD-fed animals
also exhibited compensatory hyperphagia following fasting, with a
food intake up to 55% higher than baseline (Figure 3C) that enabled
body weight regain (Figure 3D). Despite a slight reduction in total
food consumption in the HFD-food insecurity group (5% lower than
the HFD-control group; Figure 3E), there was no significant difference
in body weight between the groups after the 4-week intervention
(Figure 3F). Both the control group and the group exposed to food
insecurity gained fat mass during the intervention, but with no differ-
ence between the groups (Figure 3G,H and Figure S5A,B). Interest-
ingly, despite the pronounced positive energy balance, the food
insecurity group exhibited a significant reduction in absolute lean
mass in response to the intervention, which was not observed in the
control group (Figure 3I,J and Figure S5C,D). No differences in plasma
corticosterone levels were detected (Figure S5E).

In order to determine whether exposure to food insecurity
potentiates a subsequent susceptibility to diet-induced obesity, male
chow-fed mice were subjected to the 4-week food insecurity or con-
trol protocol, followed by a 3-week recovery period with ad libitum
chow diet and, subsequently, 3 weeks of exposure to ad libitum HFD
(Figure S6A). No significant differences in food intake or body weight
were observed between groups during the HFD feeding period
(Figure S6B-F). After the HFD feeding period, both groups exhibited
a similar increase in fat mass (Figure S6G-I), whereas the food insecu-
rity group displayed a more pronounced increase in absolute lean
mass (Figure S6J-L). In order to further investigate the potential inter-
action between food insecurity and diet-induced obesity, female mice
were subjected to a similar experimental paradigm of food insecurity
followed by HFD feeding, albeit with only a 3-day recovery period
between the food insecurity paradigm and the exposure to HFD
(Figure S7A). No differences in HFD intake, body weight gain, or body

composition were observed between the food insecurity group and

FIGURE 1 A model of food insecurity in mice. (A) Schematic representation of the 4-week food insecurity protocol in single-housed chow-
fed male mice (n = 10 per group). (B) Daily food intake and (C) body weight change of all the groups. The horizontal gray line in panel B
represents the baseline food intake from the pre-experiment week. (D) Daily food intake and (E) body weight change of control and 5% restriction
groups. The horizontal gray line in panel D represents the baseline food intake from the pre-experiment week. (F) Daily food intake (kilocalories)
and (G) body weight change of control and intermittent fasting groups. In panel F, y values = 0 are p < 0.0001, and the horizontal gray line
represents the baseline food intake from the pre-experiment week. (H) Daily food intake and (I) body weight change of control and food
insecurity groups. In panel H, y values = 0 are p < 0.0001, and the horizontal gray line represents the baseline food intake from the pre-
experiment week. (J) Total food intake and (K) final body weight of all the groups. (L) Absolute fat mass, (M) fat mass change, (N) absolute lean
mass, and (O) lean mass change of all the groups at baseline and after 2 and 4 weeks of the protocol. In panels M and O, the gray lines represent
paired values for individual animals. One mouse was removed from the intermittent fasting group body composition data (panels L, M, N and O)
due to a malfunctioning MRI reading in week 2. In panels B through I, the dashed vertical lines represent body composition measurements.
Differences among groups (D-K) and within groups (L-O) are indicated with asterisks after two-way ANOVA (group x time): p values, *<0.05,
**20,01, ***<0.001, and ~"< 0.0001. Data are shown as mean * SEM. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Female mice exposed to food insecurity. (A) Schematic representation of the 4-week food insecurity protocol in double-housed
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and (F) final body weight of control and food insecurity groups. (G) Absolute fat mass, (H) fat mass change, (l) absolute lean mass, and (J) lean mass
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paired values for individual animals. In panels B through D, the dashed vertical lines represent body composition measurements. Differences
among groups (C-F) and within groups (G-J) are indicated with asterisks after two-way ANOVA (group x time): p values, *<0.05, **<0.01,
***20.001, and ~<0.0001. Data are shown as mean + SEM. [Color figure can be viewed at wileyonlinelibrary.com]

the control group (Figure S7B-L). These findings suggest that 4 weeks
of food insecurity do not affect subsequent susceptibility to short-

term HFD-induced weight gain in male or female mice.

Effects of food insecurity on WAT transcriptome

In order to gain a deeper understanding of the molecular mecha-
nisms driving the increased fat mass associated with food insecu-
rity, we performed RNA sequencing on eWAT from control and
(Figure 1A). Comparative analysis
revealed a substantial transcriptional remodeling with 2101 differ-
entially expressed genes rate < 0.05 and
[logFC| > 0.5), of which 1062 were downregulated and 1039 were
upregulated in the food insecurity group (Figure 4A and Figure S8).

food-insecure male mice

(false discovery

Pathway enrichment analyses identified multiple pathways linked

to immune and inflammatory responses (Figure S8B,C) such as
defense response, adaptive immune response, and inflammatory

response, among the most downregulated biological pathways
(Figure 4B and Figure S8A). Conversely, metabolic pathways
such as oxidative phosphorylation, fatty acid metabolic processes,
and adipogenesis were significantly upregulated (Figure 4C
and Figure S8A). Notably, genes involved in lipogenesis (Elovlé and
Cidea) and the circadian clock (Ciart) were among the top upregu-
lated genes (Figure 4D), whereas immune and inflammatory
response genes (Camp, Cd7, Ccl17, C7, and Rgs1) were enriched in
the most downregulated genes (Figure 4E). These transcriptional
adaptations suggest that WAT undergoes metabolic and immune
reprogramming in response to food insecurity, potentially contrib-
uting to increased fat accumulation.

DISCUSSION

The paradoxical link between food insecurity and obesity may reflect
mechanisms evolved to store fat as a safeguard against future starvation
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in unpredictable food environments, a concept known as the insurance
hypothesis [14]. In environments where food access is sporadic, adaptive
strategies prioritizing fat accumulation to enhance survival chances might
be advantageous even if it results in increased adiposity when food
becomes more abundant. However, in modern obesogenic environ-
ments, this adaptive phenotype may contribute to the progression of
obesity and its many comorbidities. Our understanding of this phenome-
non and its underlying biological processes remains limited [31].

In order to investigate this, we developed a new mouse model of
food insecurity and demonstrated that mice exposed to a food-insecure
environment for 4 weeks exhibit increased fat mass and decreased lean
mass compared to control animals with ad libitum access to food. This
effect of food insecurity on body composition aligns with previous ani-
mal and human studies, which have demonstrated increased adiposity
without changes in food intake or body weight [20].

A key finding of this study is the observed increase in adiposity in

response to the food insecurity paradigm. Notably, we also found that

<0.0001. Data are shown as mean + SEM. HFD, high-fat diet. [Color figure can be viewed at

intermittent fasting alone promoted an increase in adiposity. Although
intermittent fasting is typically regarded as beneficial for metabolic
health [32], an increase in adiposity has previously been observed in
female mice subjected to a 2-week intermittent fasting intervention
[28]. Accordingly, in our model, the recurring 24-h fasting bouts might
partly drive the food insecurity-related adiposity. Interestingly, we
also observed a similar, although less pronounced, increase in fat and
decrease in lean mass when mice were subjected to a subtle, but
chronic, 5% energy restriction. This effect aligns with previous
research by Li et al., who reported a 69% increase in fat mass in
female mice after 3 weeks of a continued 5% calorie-restricted diet
and a 44% increase when exposed for 4 weeks, whereas lean mass
decreased by 12% and 16%, respectively [25]. Even a 20% calorie
restriction has been reported to increase adiposity in female mice
chronically exposed to food restriction for more than 6 months [33].
In another study, male mice subjected to a 20% calorie restriction
increased their fat mass by 59% over a 7-week intervention, which
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was similar to a 62% increase observed in ad libitum-fed controls [34].
However, unlike the control group, the calorie-restricted mice did
not experience an increase in lean mass [34]. Smith Jr. et al. observed
a decrease in lean mass and, consequently, an increased fat mass
percentage when HFD-fed mice were exposed to chronic or
intermittent mild calorie restriction for 12 months [35]. Collectively,
these results suggest that mild energy restriction in mice triggers
physiological adaptations that prioritize fat storage over lean mass
preservation, thereby elevating the overall energy reserves of the
organism to increase the chance of survival in periods of insufficient
food supply.

The mechanisms behind the observed changes in body composi-
tion are unclear, but a shift in fuel partitioning might play a role [36].

The role of fuel partitioning in fat mass accumulation is evident from

earlier studies, which have shown that calorie restriction in some
rodent models of obesity is linked to increased metabolic efficiency.
In these studies, despite a negative energy balance, a larger fraction of
ingested calories is stored as fat. Studies in classical genetic models of
obesity such as ob/ob mice [37], db/db mice [38], Mc4r-knockout
mice [39], and fa/fa rats [40], but also in ventromedial hypothalamus-
lesioned rats [41], have reported an increase in fat mass in the context
of calorie restriction. This might relate to a decrease in whole-body
energy expenditure [42] but could also involve an increased macronu-
trient absorption from the gut [43] and/or decreased loss of glucose,
amino acids, and other energy-providing metabolites via kidneys or
other excretory routes [44]. Another explanation for the increase in
fat mass might be a “collateral fattening” [45], driven as a response to

the loss of lean mass.


http://wileyonlinelibrary.com

FOOD INSECURITY PROMOTES ADIPOSITY IN MICE

1096 |WI LEY. ObeSIty Oé%%‘gryv

The observed phenotypes resulting from the food insecurity
intervention might be reflective of reduced energy expenditure, which
may stem from loss of muscle mass, lowered body temperature,
and/or decreased physical activity, factors previously associated with
intermittent fasting in mice [28]. The contribution of decreased
energy expenditure to increased adiposity was previously suggested
by Myers et al., when food-insecure rats sustained more fat mass than
food-secure rats during a 24-h fasting period that followed the inter-
vention [24]. In a study by Wiersma and Verhulst, zebra finches exhib-
ited a decrease in daily energy expenditure consequential to a
reduction in food availability [46]. The decrease in energy expenditure
could be linked to reduced energy allocation to secondary processes

such as reproduction, somatic growth, and immunity [47]. Somatic
growth impairments were previously seen together with an increase
in fat mass in food-scarcity studies in birds [29] and in calorie-
restricted db/db mice and ventromedial hypothalamus-lesioned rats
[38,41], suggesting an increased partitioning of energy toward storage
in adipose tissue. Immune system perturbations in food-insecure ani-
mals are supported by our transcriptomic assessments, showing sup-
pressed expression of numerous immune system-related genes in
adipose tissue in response to food insecurity. Immunity impairments
were also observed in birds after 1 month of unpredictable food
access, coinciding with an increased body and fat mass [30]. Although
reduced immune system activity might help lower energy expenditure,
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one might also speculate whether some of the downregulated immu-
nological processes are required to accommodate the increase in adi-
posity seen in food-insecure mice.

The most upregulated transcripts in eWAT of food-insecure mice
also highlight potential molecular mechanisms linked to food
insecurity-driven adiposity. Adipose tissue growth occurs by expan-
sion of individual adipocytes (hypertrophy) and/or by increasing the
number of fat cells (hyperplasia) [48]. The latter involves differentia-
tion from precursors, which comprises the commitment of mesenchy-
mal stem cells to the adipogenic lineage and terminal differentiation
of committed cells (preadipocytes) into mature fat cells (Figure 5) [49].
Several of the top upregulated hits (Bmp3, Plekhgé, Arhgdig, and
Slc2a5) might trigger hyperplastic adiposity by promoting mesenchy-
mal stem cells and preadipocytes proliferation directly or by enhanc-
ing cytokinesis (Figure 5) [50-54]. In addition to increasing the pool of
precursor cells, food insecurity might also more directly stimulate adi-
pocyte differentiation, as suggested by the increased expression of
classical genes driving adipogenesis (Elovlé, Cidea, and Fgf13) [55-58]
or the Sic2a5 gene, which encodes the main fructose transporter and
has been linked to obesity development (Figure 5) [59,60]. Food inse-
curity-related adipose growth might also be supported by alterations
in angiogenesis, glycogen synthesis, and/or iron metabolism, as sug-
gested by increased expression of Sycp3, Ppp1r3b, and Hephl1 in our
food-insecure mice (Figure 5) [58,61,62].

Unpredictable access to food has previously been associated
with stress [63] and an amplified propensity for fat storage in birds
[29,30] and rodents [24,64]. Stress, however, is a complex and multi-
faceted physiological phenomenon that can have divergent effects
on feeding behavior and metabolism. This complexity is further
underscored by the difficulty of modulating stress in rodents to
accurately replicate human stress conditions [65,66]. Nevertheless,
some rodent studies have pointed to direct links between stress and
adiposity [67-69]. An increase in adiposity was observed in HFD-fed
rodents exposed to several stressors, including single housing [67],
another (i.e., unfamiliar or aggressive) mouse [67], and cold exposure
[68]. In chow-fed mice, social crowding (eight vs. four mice per cage)
also led to increased adiposity, characterized by larger fat depots
and increased adipocyte size, despite no changes in overall body
weight [70]. Moreover, stress has been linked to food insecurity in
humans [71-73], potentially reflecting the unpredictability of food
access and a lack of control over daily circumstances. Further trans-
lational research is needed to clarify the causal relationships among
stress, food insecurity, and obesity. In context, it is worth noting that
distinguishing preclinical models of food insecurity from models of
binge eating can be challenging due to overlapping characteristics.
Similarly, intermittent fasting protocols share many similarities with
these interventions, such as intermittent food access, stress-related
phenotypes, and rapid overconsumption following restriction. How-
ever, binge eating models typically involve limited access to highly
palatable foods, which leads to a loss of control when food is freely
available, and do not generally include caloric restriction. Instead,
they often feature excessive consumption of palatable foods that

surpasses homeostatic energy needs [74]. Future studies should also
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explore the potential disruption of circadian rhythms in our food
insecurity paradigm, as well as the subtle cold stress from conducting
experiments below the thermoneutral zone, both of which may influ-
ence the findings.

In conclusion, we have developed a mouse model simulating food
insecurity, characterized by intermittent food restriction and unpre-
dictable access, that reveals key parallels with human food insecurity,
notably increased adiposity. Our findings indicate that food insecurity
is associated with alterations in adipose tissue gene expression related
to adipogenesis and immune function. Although these adaptive mech-
anisms may have conferred evolutionary benefits by promoting
energy storage in adipose tissue during periods of food scarcity, they
may inadvertently contribute to the current rise in obesity rates. As
obesity continues to escalate among low-income populations with
limited access to nutritious foods, it is crucial to unravel the intricate
relationship between food insecurity and increased fat mass. This
understanding might provide new clues for developing targeted inter-
ventions to address the disproportionate incidence of obesity in

socioeconomically disadvantaged populations.O
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