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Abstract

Developmental programming studies using mouse models have housed the animals at human
thermoneutral temperatures (22°C) which imposes constant cold stress. As this impacts energy
homeostasis, we investigated the effects of two housing temperatures (22°C and 30°C) on
obesity development inmale and female offspring of Control and FR dams. Pregnant mice were
housed at 22°C (cold-exposed, CE) or 30°C (thermoneutrality, TN) room temperature. At ges-
tational age e10, mice were fed either an ad libitum diet (Control) or were 30% food-restricted
(FR) to produce low birth weight newborns. Following delivery, all dams were fed an ad libitum
diet and maternal mice continued to nurse their own pups. At 3 weeks of age, offspring were
weaned to an ad libitum diet and housed at similar temperatures as their mothers. Body weights
and food intake were monitored. At 6 months of age, body composition and glucose tolerance
test were determined, after which, brain and adipose tissue were collected for analysis. FR/CE
and FR/TN offspring exhibited hyperphagia and were significantly heavier with increased adi-
posity as compared to their respective Controls. There was sex-specific effects of temperature in
both groups. Male offspring at TN were heavier with increased body fat, though the food intake
was decreased as compared to CE males. This was reflected by hypertrophic adipocytes and
increased arcuate nucleus satiety/appetite ratio. In contrast, female offspring were not impacted
by housing temperature. Thus, unlike female offspring, there was a significant interaction of diet
and temperature evident in the male offspring with accentuated adverse effects evident in FR/
TN males.

Introduction

The significance of the "epidemic" of global obesity, the resultant pathologies that develop, and
their collective impact on health, well-being, and quality of life cannot be overestimated.
Obesity and its related diseases are the leading cause of death in Western society. Barker
and others have demonstrated the marked risk for adult metabolic syndrome (e.g., obesity,
hypertension, and type II diabetes) in relation to birth weight,1-3 and studies throughout
the world have provided evidence that low birth weight (LBW) infants who undergo rapid
postnatal catch-up growth are at the highest risk of metabolic syndrome (i.e., “thrifty pheno-
type hypothesis”).4

Animal studies from baboons,5,6 sheep,7,8 and rodents9,10 have generally replicated human
evidence of programmed obesity, with the finding that LBW infants are at markedly increased
risk of childhood and adult obesity.9,11 Our laboratory has demonstrated that maternal 50%
caloric or food restriction (FR) diet during pregnancy results in (LBW) pups which demonstrate
significantly increased food intake with rapid catch-up growth and adult obesity.9 The obese
phenotype is a result of dysfunction at several levels of the appetite/satiety pathway, as evidenced
by reduced satiety responses to both leptin and sibutramine,12 impaired arcuate nucleus signal-
ing responses, and increased cellular responses to ghrelin.13 Compounding increased food
intake, LBW offspring demonstrate enhanced adipogenic and lipogenic potential14,15 and
increased de novo synthesis in both subcutaneous fat and visceral fat.16

Mouse models of maternal FRmimics that of the rat.17,18 Due to the differences in basal met-
abolic rate (BMR) and the large surface area to mass ratio, the mouse has significantly greater
exchange of heat with the environment as compared to the rat or human.19,20 In the majority of
these studies, the housing of mice has commonly utilized a thermal environment well below the
mouse thermoneutral temperature. In part, this has resulted from earlier studies in rats, which
have a lower thermoneutral temperature, as well as the human comfort zone of temperature for
laboratories. Thus, these studies have resulted in animal experiments of cold, stressed mice.
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Evidence indicates that mice maintained at sub-thermoneutral
temperatures are hypermetabolic, hypertensive, sleep-deprived,
and obesity resistant as compared with mice housed at thermoneu-
trality.19 Numerous studies have demonstrated effects of elevated
or reduced environmental temperature on food/energy intake,
energy expenditure, and/or the development of obesity in both ani-
mal models and humans.21-24 Consequently, the importance of
studying mouse models at a thermoneutral temperature has been
emphasized.

Importantly, most studies of the impact or mechanisms of
developmental programming using mouse models have housed
pregnant dams, newborns, and offspring at human thermoneutral
temperatures (e.g., 22°C). In the present study, we sought to exam-
ine the effects of environmental temperature on the developmental
programming effects of maternal FR. The results of our study indi-
cate a significant impact of utilizing a species-specific thermoneu-
tral temperature for metabolic mouse experimental designs and
developmental programming studies.

Methods

Ethical approval

Studies were approved by the Animal Care and Use Committee of
The Lundquist Institute at Harbor–University of California, Los
Angeles, and were in accordance with the American Association
for Accreditation of Laboratory Care and National Institutes of
Health guidelines. Animals were housed in a facility at two differ-
ent room temperatures (conventional cold exposed; CE 22°C and
thermoneutrality; TN 30°C) with regulated humidity and a con-
trolled 12:12-h light/dark cycle.

Maternal diet

A mice maternal undernutrition model was used to produce LBW
newborns. First-time pregnant C57BL/6J mice at gestational age e7
d were obtained from Jackson Laboratory. Upon arrival at the ani-
mal facility, N = 12 mice were housed at 22°C (CE) and N = 12
were housed at 30°C (TN) room temperature. At e10, one-half
of each group (N= 6) were 30% FR and one-half (N= 6) were
fed ad libitum (Control) in each room. The respective diet was
fed till the end of delivery after which all maternal mice were
fed ad libitum diet. Following birth at day 1 (p1) of age, litter size
was culled to three males and three females (average litter size of
C57BL/6J mice is 625), and maternal mice continued to nurse their
own pups. The adjustment of litter size was to ensure standardized
nursing in each case and to control for differences in maternal
care.26,27 Rodent studies using litter size manipulation have shown
the long-term impact on offspring adiposity and metabolism,
largely as a result of milk availability during the nursing period.
Pups raised in small (3–4) and large (10–12) litter size represent
a model of overnutrition and undernutrition, respectively, as com-
pared to normal (6–8) litter size.28,29

Offspring

The newborns were nursed by the same mother till 3 weeks of
age after which males and females from each litter were sepa-
rated and housed individually30 and weaned to normal
ad libitum (Control) diet till 6 months of age. The offspring con-
tinued to be housed at similar temperatures as their mothers.

Study groups

Males and females from a total of four groups (Control and FR
housed at CE or TN) were studied.

Body weights and food intake

Daily maternal body weight and food intake were recorded
throughout pregnancy and lactation. The offspring body weight
after birth at 1 d (p1) was recorded according to sex, and sub-
sequent weights were taken at 7, 14, and 21 d of age. Thereafter,
the body weight and food intake were monitored weekly on indi-
vidual basis. Food intake was measured daily by providing a
weighed amount every morning and after 24 h, weighing the
amount of food remaining, including any on the bottom of the
cages. Intake was calculated as the weight (in grams) of food pro-
vided less that recovered and average obtained for the week.

Body composition

At 6 months of age, randomly selected six males and six females
from six litters in each group underwent a noninvasive dual-energy
X-ray absorptiometry (DEXA) scanning using the DXA system
with software program for small animal (QDR 4500A, Hologic,
Bedford, MA, USA). Offspring were anesthetized using ketamine
and xylazine (90 mg/kg and 10 mg/kg ip, respectively) and placed
in a microisolator cage with warm water bottles to avoid hypother-
mia. An in vivo scan of whole body composition was obtained,
including fat and lean tissue mass, including quantification of body
fat and lean percentage.

Glucose tolerance test

Following 48-h recovery, the same animals (i.e., six males and six
females from six litters and dietary regimen) were fasted overnight
and underwent a glucose tolerance test (GTT) as follows. After an
overnight fast, d-glucose (1 mg/g body weight) was injected intra-
peritoneally in consciousmice. Blood was taken from tail vein prior
to (time 0) and 15, 30, 60, 120, and 180 min after glucose injection.
Blood glucose was determined using a B-Glucose Analyzer
(HemoCue, Mission Viejo, CA).

Tissue retrieval

Following 48-h recovery, offspring were euthanized by inhalation
of isoflurane (5% in chamber and 2% via mask) followed by exsan-
guination via cardiac puncture and decapitation. Subcutaneous
(non-visceral) and retroperitoneal (visceral) adipose tissue and
brain were collected.

Adipose tissue analysis

Subcutaneous and retroperitoneal tissues were fixed in 4% buffered
paraformaldehyde, stored at 4°C for 24 h and then transferred to
25% sucrose solution. Fixed tissues were placed in histology cas-
settes (CA95029-822, CA18000-174; VWR International,
Radnor, PA) in Paraplast Tissue Embedding Medium (1006,
Sigma-Aldrich, St. Louis, MO) and processed (Leica ASP 300
Paraffin Tissue Processor, Leica Microbiosystem, Wetzlar,
Germany).

5-μm thickness adipose tissue sections were obtained (micro-
tome; Accu-Edge, Sakura Finetek, Torrance, CA) and stained with
hematoxylin and eosin (6765010, Thermo Scientific, MA; 8668-16,
Avantor Performance Materials, PA) and mounted using
Permount (8310-16, Thermo Scientific, MA). Images were
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captured (20x; Leica DM RBE microscope with digital camera
(Hitachi HVC2OM) and analyzed using Image J software. In case
of total cells were counted in a fixed area and for each sample, five
separate sections were counted and the average count obtained.

Hypothalamic arcuate nucleus (ARC) analysis

Microdissection ARC was undertaken as previously described.
Briefly, the area adjacent to the bottom of the third ventricle
was dissected parallel to the border of the ventricle using the fornix
and third ventricle as landmarks.

Protein was extracted and expression determined by western
blot as previously reported by our group.31 Antibodies used were
AgRP (1:500, 14kd, sc-50299, Santa Cruz, CA) and POMC (1:500,
30kd, sc-20148). All values were normalized to GAPDH (37kd,
1:10,000, MAB374, Millipore, Billerica, MA) and presented as fold
change.

Statistics

NCSS statistical software was used for data analysis. Differences
between FR and the Controls were compared using repeated
ANOVA (body weights and food intake) and multi-ANOVA.
The effects of interaction (maternal diet and housing temperature)
were assessed using two-way ANOVA. Effects of the significant
interaction were further analyzed using Tukey’s HSD post hoc
tests. The dam represented the experimental number studied as
one offspring of each sex from each litter was used in the analyses.

Results

Consistent with FR, the FR dams gained significantly less weight
than the Control dams whether housed at TN or CE temperature.
Notably, the housing temperature did not impact the weight gain
of FR and Control dams despite a significant reduction in food
intake when housed at TN as compared to CE temperature
(Table 1). The length of gestation (20 ± 1), litter size, and sex dis-
tribution were similar between TN and CE groups.

As expected, newborn FR offspring were significantly smaller
than those of Control dams (Fig. 1a). Further, body weight of
TN-exposed newborns was comparable to that of CE newborns
for both Control and FR dams. No sex difference was seen in birth
weight between FR and Controls newborns for TN and CE groups.
Despite weighing less at birth, FR male and female offspring were
significantly heavier than Control males at 24 weeks of age for both
CE and TN groups. Among both FR and Controls, TN males were
significantly larger than CE males, though there were no
differences among TN and CE females (Fig. 1b). Inspection of
the body weight increase reveals similar weight gain during nursing
among the four groups among males (Fig. 2a inset). With weaning,
FR/TN males demonstrated a body weight surge that persisted
through 24 weeks, while Control/CE males had the slowest rate
of growth. Female offspring similarly demonstrated an increased
growth rate among FR offspring beginning at 4 weeks and contin-
uing through adulthood, though there was no significant difference
between female TN and CE growth rates (Fig. 2b).

Food intake appeared to contribute significantly to themale and
female growth increase among FR offspring. The food intake
among FR males (TN and CE) was significantly (25-50%) greater
than Control (TN and CE) (Fig. 3a, b) Although TN demonstrated
a greater body weight vs CE, there was markedly less food intake
among TN (Control and FR) as compared to CE (Control and FR)
indicating that the food intake increase was insufficient to account

Table 1. Maternal weight gain and food intake during pregnancy

Weight gain (g) Total food intake (g)

CE (22°C) TN (30°C) CE (22°C) TN (30°C)

Control 13.1 ± 0.6 12.5 ± 0.5 65.1 ± 3.5 37.2 ± 2.5#

FR 8.7 ± 0.4* 9.4 ± 0.6* 40.1 ± 2.8* 25.6 ± 2.0*#

Weight gain and food intake of Control and FR (food-restricted) dams from gestational age
e10 to e20 (term) housed at conventional (CE 22°C) and thermoneutrality (TN 30°C)
temperature. Values are mean ±SE; * p< 0.001 FR vs Control; #TN vs CE.

Fig. 1. Body weights of offspring: Mean body weight of male and female newborns
(A) and adult male and female offspring at 24 weeks of age (B) from Control ( ) and FR
( ) groups housed at CE:22°C and TN:30°C. Number of offspring studied per group at
birth 18 males and 18 females from 6 litters (3 per litter) and 12 males and 12 females
from 6 litters (2 per litter) at 24 weeks of age. *P< 0.01: FR vs Control; #P< 0.05: TN:30°C
vs CE:22°C temperature.

Fig. 2. Growth of offspring: Mean body weights of male (A) and female (B) offspring
from birth to 24 weeks of age in Control group housed at temperatures CE:22°C (●) and
TN:30°C (▼); FR group housed at CE:22°C (○) and TN:30°C (Δ). Number of offspring
studied per group 12 males and 12 females from 6 litters (2 per litter). Insets: body
weights of male and female offspring from 0 to 4 weeks of age. FR vs Control group:
P< 0.001 for males and females at both temperatures from 4 to 24 weeks of age.
TN:30°C vs CE:22°C temperature: P< 0.001 for males from 4 to 24 weeks of age.
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for the increased weight gain associated with CE. Among females,
there was increased food intake associated with FR groups, though
no effect of temperature.

FR adult male offspring had increased body fat weight and per-
cent body fat and reduced percent lean body mass as compared to
Controls (Fig. 4a). TNmales had a further increase in percent body
fat and body fat weight and reduction in lean body mass percent as
compared to CE males. Among females, FR offspring also had
increased percent body fat and body fat weight and reduced per-
cent lean body mass as compared to Controls (Fig. 4b). Although
there was a trend toward slightly increased percent body fat and
reduced lean body mass percent in TN females, these did not reach
significance. Among FR and Control adults, FR males demon-
strated an increased GTT area under the curve at both tempera-
tures with FR females exhibiting the same when housed at CE.

TN Control and FR offspring demonstrated reduced GTT area
under the curve (Fig. 5a, b).

There was a statistically significant interaction between the
effects of FR and temperature on body weight, food intake, and
body fat in males though not in female offspring. Hence, further
measurements on adipose tissue and ARC was undertaken only
in male FR and Control offspring.

Consistent with increased adiposity, FRmale subcutaneous and
retroperitoneal fat demonstrated larger adipocyte size as compared
to Controls, with TN significantly greater than CE groups (Fig. 6).
Within the arcuate nucleus, FR offspring demonstrated reduced
satiety POMC and increased appetite AgRP neuropeptide expres-
sion as compared to Controls. There was a reduced POMC expres-
sion and increased AgRP at CE as compared to TN temperatures.
Thus, the appetite to satiety (AgRP/POMC) neuropeptide ratio
was greater in FR vs Control offspring and greater in CE vs TN
offspring, in parallel with measures of food intake (Fig. 7).

Discussion

The results of this study demonstrate marked effects of environ-
mental temperature neutrality on the developmental program-
ming of offspring body habitus and food intake. Whereas
laboratory environments and humans are thermoneutral and typ-
ically comfortable at 22°C, this temperature evokes thermogenic
responses in offspring mice.32 These responses may be further
exacerbated in LBW offspring impacting on the conclusions of lab-
oratory studies, and of relevance to humans birthing and living in
cold environments.

Maternal diet

Physiological adaptations in food intake, energy expenditure, insulin
sensitivity, lipid metabolism, and fat accrual occur during normal
pregnancy, and these are impacted by housing temperature which

Fig. 3. Food intake of offspring: Post-weaning mean food of male (A) and female
(B) offspring from 3 to 24 weeks of age in Control housed at CE:22°C (●) and TN:30°C
(▼); FR housed at CE:22°C (○) and TN:30°C (Δ). Number of offspring studied per group
12 males and 12 females from 6 litters (2 per litter). FR vs Control group: P < 0.001 for
males and females at CE:22°C from 4 to 24 weeks of age; at TN:30°C for males from 8 to
24 weeks and for females from 4 to 24 weeks. TN:30°C vs CE:22°C temperature:
#P< 0.001 for males from 4 to 24 weeks of age.

Fig. 4. Body composition of offspring: Body fat, percentage body fat, lean bodymass, and percentage lean bodymass of 24 weeks oldmales (A) and female (B) from Control ( )
and FR ( ) offspring housed at CE:22°C and TN:30°C. Number of offspring studied per group six males from six litters (one per litter) *P< 0.01 FR vs Control; #P< 0.001 TN:30°C vs
CE:22°C temperature.
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could subsequently impact on growth and development of the off-
spring.33,34 As expected, the FR dams during pregnancy gained sig-
nificantly less weight than the Control dams. However, the weight
gain of both dams was not influenced by temperature despite a sig-
nificant reduction in food intake when housed at TN as compared to
CE temperature. These findings are consistent with previous study
onmalemice raised at 22°C (CE) and 30°C (TN) on a chowdiet. The
paradox is likely due to decreased expression of thermogenic pro-
gram in both brown and white fat depots in mice at TN.22

Studies show reduction in UCP1 and inactive or dormant state of
brown adipose tissue due to decreased demand for thermogenesis
at thermoneutrality.35-37 Notably, when pair fed with chow diet or
fed a high-fat diet, TE housed mice showed an increase in body
weight and adiposity.22,36 However, it is likely that Controls at
TN are relatively malnourished which may explain the differences
in phenotype between the offspring of the two Control groups as
discussed below.

FR vs controls

Among both CE and TNmales and females, FR offspring were sig-
nificantly heavier than Controls as adults, despite being born of
lower body weight. The increased growth was most marked
immediately following weaning (3 weeks) in both females and
males and continued through 8 weeks of age in females and 12
weeks of age in males. A parallel pattern of increased FR food
intake was evident with the absolute amount of food intake
remaining greater in FR vs controls throughout the 6-month study.
Our prior studies demonstrated increased food intake among FR as
compared to Controls in association with enhanced orexigenic
peptides in the hypothalamic arcuate nucleus.12 The demonstra-
tion of increased AgRP peptide and decreased POMC peptide in
FR adults suggests that the enhanced food intake, and perhaps
weight gain, is a result of programmed hyperphagia. Notably, food
intake decreased markedly at ~16 weeks of age in all groups,
though all except for Control females continued to gain body
weight. These findings suggest a dramatic decrease in BMR at
16 weeks. Future studies will examine energy utilization and con-
sumption at this transition period.

As previously demonstrated, the increased weight of FR off-
spring was primarily attributable to an increase in absolute and
% body fat as absolute lean body mass remained unchanged in
males and females. As confirmed in males, the increase in both
subcutaneous and retroperitoneal fat mass was due in part to
increased cell size, a result of enhanced adipogenesis.15

Consistent with the increased fat mass38,39 in FRmales and females,
the GTT area under the curve increased in FR offspring, except for
FR/TN females which had comparable GTT area under the curve
as Control/TN females.

TN vs CE

Maternal dams CE and TN environment and postnatal temper-
ature conditions increased offspring adult body weight in both FR
and Control animals. TN of FR offspring resulted in a markedly

Fig. 5. Glucose tolerance test of offspring: Mean glu-
cose levels and GTT area under the curve of 24 weeks old
male and female offspring. Control housed at CE:22°C (●)
and TN:30°C (▼); FR housed at CE:22°C (○) and TN:30°C
(Δ). Number of offspring studied per group sixmales from
six litters (one per litter). *P< 0.01 FR vs Control;
#P< 0.01 TN:30°C vs CE:22°C temperature.

Fig. 6. Morphology of male adipocytes: Fat size in subcutaneous and retroperito-
neal adipose tissue from 24-week-old male Control ( ) and FR ( ) offspring housed at
CE:22°C and TN:30°C. Number of offspring studied per group six males from six litters
(one per litter). *P< 0.001 FR vs Control; #P< 0.001 TN:30°C vs CE:22°C temperature.

Journal of Developmental Origins of Health and Disease 227

https://doi.org/10.1017/S2040174422000502 Published online by Cambridge University Press

https://doi.org/10.1017/S2040174422000502


accelerated rate of early-life growth. As nesting behavior and
activity levels have been shown to be dependent on the housing
temperature,40,41 it is plausible that these factors may have led to
CE and TN pups being maintained at similar temperature. The
reduced growth rate of CE males from weaning to 12 weeks
may be a consequence of the increased caloric requirements of
the CE environment in early-life mice with relatively increased
surface area to body weight. Increased food intake was evidenced
in both CE males and females, though the effect size was signifi-
cantly greater in males. Thus, despite the relative increase in food
intake among CE males, the weight disparity as adults suggests
that male energy consumption in the CE environment was mark-
edly enhanced compared to females. The female adult weight dif-
ference between Control and FR was reduced at CE as compared
to TN. Thus, experimental studies performed under CE condi-
tions may underrepresent the magnitude of developmental pro-
gramming effects.

Studies show that mice at thermoneutrality have greater meta-
bolic efficiency42 and exhibit ~50% reduction in energy expendi-
ture19,23 as compared to mice exposed to cold conditions leading
to increased adiposity and obesity at thermoneutrality. Effects
on adiposity programming was further evidence of the importance
of TN. Body fat was markedly increased and lean mass reduced in
both FR and Control males at TN. Consistent with this, Ghosh et al
showed that housing temperature of pregnant mice can modulate
transcriptome of fetal brown adipose tissue toward promoting fetal
brown adipogenesis and suppressing the myogenic lineage.37 Sex
effects were notable as there was no significant impact of TN vs
CE on female offspring body composition. Adipocyte size was dra-
matically impacted by TN, and the magnitude of the FR effect
increased in subcutaneous fat. Although we did not measure the
adipose tissue cell size in female offspring, we speculate that these
changes did not occur, as there was no change in body fat mass
with TN vs CE. The CE environment resulted in increased
POMC and reduced AgRP peptide expression in both Control
and FR pups suggesting a reduced food intake drive for TN caloric
requirements. Lastly, the TN environment reduced the impact of
FR on GTT area of males and negated the effect in females. These
findings are consistent with reported studies that show, lower fast-
ing glucose,21 reduced GTT area43 and absence of insulin resis-
tance44 in mice housed at TN despite increased adiposity. The
sex-specific effects of temperature are consistent with reported
higher prevalence, mass and activity of thermogenic adipose tissue
infemales,45 and rodent studies demonstrating sex-specific adipose
metabolism which may ultimately contribute to differences in

systemic and substrate metabolism.46 Also sex hormones such as
estrogen, which play a role in thermoregulation and fat metabo-
lism, may contribute to the sex-specific effects.47 Additionally,
thermoneutral zone can be dynamically modulated by age, body
composition, locomotor activity, pregnancy, and lactation.32

Although, the housing temperature did not impact the length of
gestation, litter size, and sex distribution in the current study,
future studies that specifically address their effects on postnatal
growth andmilk production inmice housed at TN and CE temper-
atures are needed to clarify their influence on hypothalamic
development.

These results confirm the developmental programming effects
of maternal FR though with important sex-dependent effects illus-
trating a greater impact among males. The thermogenic environ-
ment resulted in marked changes in outcome measures, blunting
some differences between FR and Control among some factors and
enhancing differences among others. As illustrated in the present
study, adult male offspring had modest differences in body weights
at CE vs TN, though there were marked adverse effects on body fat
and lean body mass though beneficial effects on the GTT area in
the TN environment. Ameasure of body weight alonemay not cor-
relate with body fat mass nor predict GTT results. These findings
are of scientific importance. Both nutritional deficiencies and
obesity consequences are apparent in habitants of extreme climate
regions including cold environments48,49 as well as warmer regions
such as the Pacific islands.50 Nonetheless, humans modify their
behavior to maintain thermoneutrality, reinforcing the need for
caution in extrapolating metabolic outcomes in mice model to
humans, especially whenmice are housed outside of thermoneutral
zone conditions.
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10. Ramírez-López MT, Vázquez M, Bindila L, et al. Maternal caloric restric-
tion implemented during the preconceptional and pregnancy period alters
hypothalamic and hippocampal endocannabinoid levels at birth and indu-
ces overweight and increased adiposity at adulthood in male rat offspring.
Front Behav Neurosci. 2016; 10, 208.

11. Bieswal F, Ahn MT, Reusens B, et al. The importance of catch-up growth
after early malnutrition for the programming of obesity in male rat.Obesity
(Silver Spring). 2006; 14(8), 1330–1343.

12. Desai M, Gayle D, Han G, Ross MG. Programmed hyperphagia due to
reduced anorexigenic mechanisms in intrauterine growth-restricted off-
spring. Reprod Sci. 2007; 14(4), 329–337.

13. Yousheng J, Nguyen T, Desai M, Ross MG. Programmed alterations in
hypothalamic neuronal orexigenic responses to ghrelin following gesta-
tional nutrient restriction. Reprod Sci. 2008; 15(7), 702–709.

14. Yee JK, LeeWN, RossMG, et al. Peroxisome proliferator-activated receptor
gamma modulation and lipogenic response in adipocytes of small-for-ges-
tational age offspring. Nutr Metab (Lond). 2012; 9(1), 62.

15. Desai M, Guang H, Ferelli M, Kallichanda N, Lane RH. Programmed upre-
gulation of adipogenic transcription factors in intrauterine growth-
restricted offspring. Reprod Sci. 2008; 15(8), 785–796.

16. Yee JK, Han G, Vega J, Lee WP, Ross MG, Desai M. Fatty acid de novo
synthesis in adult intrauterine growth-restricted offspring, and adult male
response to a high fat diet. Lipids. 2016; 51(12), 1339–1351.

17. Sutton GM, Centanni AV, Butler AA. Protein malnutrition during preg-
nancy in C57BL/6J mice results in offspring with altered circadian physi-
ology before obesity. Endocrinology. 2010; 151(4), 1570–1580.

18. Yura S, Itoh H, Sagawa N, et al. Role of premature leptin surge in
obesity resulting from intrauterine undernutrition. Cell Metab. 2005;
1(6), 371–378.

19. Ganeshan K, Chawla A.Warming themouse tomodel human diseases.Nat
Rev Endocrinol. 2017; 13(8), 458–465.

20. Škop V, Guo J, Liu N, et al.Mouse thermoregulation: introducing the con-
cept of the thermoneutral point. Cell Rep. 2020; 31(2), 107501.

21. Clayton ZS,McCurdyCE. Short-term thermoneutral housing alters glucose
metabolism and markers of adipose tissue browning in response to a high-
fat diet in lean mice. Am J Physiol Regul Integr Comp Physiol. 2018; 315(4),
R627–r37.

22. Cui X, Nguyen NL, Zarebidaki E, et al. Thermoneutrality decreases ther-
mogenic program and promotes adiposity in high-fat diet-fed mice.
Physiol Rep. 2016; 4(10), 4.

23. Ravussin Y, LeDuc CA, Watanabe K, Leibel RL. Effects of ambient temper-
ature on adaptive thermogenesis during maintenance of reduced body
weight in mice. Am J Physiol Regul Integr Comp Physiol. 2012; 303(4),
R438–48.

24. van der Stelt I, Hoevenaars F, Široká J, et al.Metabolic response of visceral
white adipose tissue of obese mice exposed for 5 days to human room tem-
perature compared to mouse thermoneutrality. Front Physiol. 2017; 8, 179.

25. Hicks KL, Roche E, Wilkerson JD, Lindstrom KE. Effects of maternal fen-
bendazole on litter size, survival rate, and weaning weight in C57BL/6J
mice. J Am Assoc Lab Anim Sci. 2021; 60(6), 630–636.

26. August PM, Rodrigues KDS, Klein CP, Dos Santos BG, Matté C. Influence
of gestational exercise practice and litter size reduction on maternal care.
Neurosci Lett. 2021; 741(Suppl 1), 135454.

27. Enes-Marques S, Giusti-Paiva A. Litter size reduction accentuates maternal
care and alters behavioral and physiological phenotypes in rat adult off-
spring. J Physiol Sci. 2018; 68(6), 789–798.

28. Marangon PB,Mecawi AS, Antunes-Rodrigues J, Elias LLK. Perinatal over-
and underfeeding affect hypothalamic leptin and ghrelin neuroendocrine
responses in adult rats. Physiol Behav. 2020; 215, 112793.

29. Parra-Vargas M, Ramon-Krauel M, Lerin C, Jimenez-Chillaron JC. Size
does matter: litter size strongly determines adult metabolism in rodents.
Cell Metab. 2020; 32(3), 334–340.

30. Nagy TR, Krzywanski D, Li J, Meleth S, Desmond R. Effect of group vs.
single housing on phenotypic variance in C57BL/6J mice. Obes Res.
2002; 10(5), 412–415.

31. Desai M, Li T, RossMG. Hypothalamic neurosphere progenitor cells in low
birth-weight rat newborns: neurotrophic effects of leptin and insulin. Brain
Res. 2011; 1378, 29–42.

32. Bastías-Pérez M, Zagmutt S, Soler-Vázquez MC, Serra D, Mera P, Herrero
L. Impact of adaptive thermogenesis in mice on the treatment of obesity.
Cells. 2020, 9.

33. Herrera E. Metabolic adaptations in pregnancy and their implications for
the availability of substrates to the fetus. Eur J Clin Nutr. 2000; 54 Suppl
1(S1), S47–51.

34. Olivier K, Reinders LA, Clarke MW, et al. Maternal, placental, and fetal
responses to intermittent heat exposure during late gestation in mice.
Reprod Sci. 2021; 28(2), 416–425.

35. Abelenda M, Puerta ML. Inhibition of diet-induced thermogenesis during
pregnancy in the rat. Pflugers Arch. 1987; 409(3), 314–317.

36. Albustanji L, Perez GS, AlHarethi E, et al.Housing temperature modulates
the impact of diet-induced rise in fat mass on adipose tissue before and dur-
ing pregnancy in rats. Front Physiol. 2019; 10, 209.

37. Ghosh S, Park CH, Lee J, et al. Maternal cold exposure induces distinct
transcriptome changes in the placenta and fetal brown adipose tissue in
mice. BMC Genomics. 2021; 22(1), 500.

38. Bowe JE, Franklin ZJ, Hauge-Evans AC, King AJ, Persaud SJ, Jones PM.
Metabolic phenotyping guidelines: assessing glucose homeostasis in rodent
models. J Endocrinol. 2014; 222(3), G13–25.

39. Desai M, Gayle D, Babu J, Ross MG. The timing of nutrient restriction dur-
ing rat pregnancy/lactation alters metabolic syndrome phenotype. Am J
Obstet Gynecol. 2007; 196(6), 555.e1–7.

40. Gaskill BN, Gordon CJ, Pajor EA, Lucas JR, Davis JK, Garner JP. Heat or
insulation: behavioral titration of mouse preference for warmth or access to
a nest. PLoS One. 2012; 7(3), e32799.

41. Shelton DS, Alberts JR. Development of behavioral responses to thermal
challenges. Dev Psychobiol. 2018; 60(1), 5–14.

42. Feldmann HM, Golozoubova V, Cannon B, Nedergaard J. UCP1 ablation
induces obesity and abolishes diet-induced thermogenesis in mice exempt
from thermal stress by living at thermoneutrality. Cell Metab. 2009; 9(2),
203–209.

43. Raun SH, Henriquez-Olguín C, Karavaeva I, et al. Housing temperature
influences exercise training adaptations in mice. Nat Commun. 2020;
11(1), 1560.

44. Tian XY, Ganeshan K, Hong C, et al. Thermoneutral housing accelerates
metabolic inflammation to potentiate atherosclerosis but not insulin resis-
tance. Cell Metab. 2016; 23(1), 165–178.

45. Cypess AM, Lehman S, Williams G, et al. Identification and importance of
brown adipose tissue in adult humans. N Engl J Med. 2009; 360(15), 1509–
1517.

46. Keuper M, Jastroch M. The good and the BAT of metabolic sex differences
in thermogenic human adipose tissue. Mol Cell Endocrinol. 2021; 533(18),
111337.

Journal of Developmental Origins of Health and Disease 229

https://doi.org/10.1017/S2040174422000502 Published online by Cambridge University Press

https://doi.org/10.1017/S2040174422000502


47. Rodríguez-Cuenca S, Monjo M, Gianotti M, Proenza AM, Roca P.
Expression of mitochondrial biogenesis-signaling factors in brown
adipocytes is influenced specifically by 17beta-estradiol, testoster-
one, and progesterone. Am J Physiol Endocrinol Metab. 2007;
292(1), E340–6.

48. Broderstad AR, Hansen S, Melhus M. The second clinical survey of the
population-based study on health and living conditions in regions with
Sami and Norwegian populations - the SAMINOR 2 Clinical Survey:

performing indigenous health research in a multiethnic landscape.
Scand J Public Health. 2020; 48(6), 583–593.

49. Kozlov AI, Vershubskaya GG, Lyudinina AY. [Nutritional status of children
in rural areas of the Komi Republic and Khanty-Mansi AutonomousOkrug -
Yugra by anthropometric data]. Vopr Pitan. 2020; 89, 33–39.

50. Vogliano C, Raneri JE, Maelaua J, Coad J,WhamC, Burlingame B. Assessing
diet quality of indigenous food systems in three geographically distinct solo-
mon islands sites (Melanesia, Pacific Islands). Nutrients. 2020; 13(1), 13.

230 M. Desai et al.

https://doi.org/10.1017/S2040174422000502 Published online by Cambridge University Press

https://doi.org/10.1017/S2040174422000502

