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Abstract

Maternal stress during pregnancy is prevailing worldwide, which exposes fetuses to intrauterine 

hyper glucocorticoids (GC), programming offspring to obesity and metabolic diseases. Despite the 

importance of brown adipose tissue (BAT) in maintaining long-term metabolic health, impacts of 

prenatal hyper GC on postnatal BAT thermogenesis and underlying regulations remain poorly 

defined. Pregnant mice were administrated with synthetic GC dexamethasone (DEX) at levels 

comparable to fetal GC exposure of stressed mothers. Prenatal GC exposure dose-dependently 

reduced BAT thermogenic activity, contributing to lower body temperature and higher mortality of 

neonates; such difference was abolished under thermoneutrality, underscoring BAT deficiency was 

the major contributor to adverse changes in postnatal thermogenesis due to excessive GC. Prenatal 

GC exposure highly activated Redd1 expression and reduced Ppargc1a transcription from the 

alternative promoter (Ppargc1a-AP) in neonatal BAT. During brown adipocyte differentiation, 

ectopic Redd1 expression reduced Ppargc1a-AP expression and mitochondrial biogenesis; and the 

inhibitory effects of GC on mitochondrial biogenesis and Ppargc1a-AP expression were blocked 

by Redd1 ablation. Redd1 reduced protein kinase A phosphorylation and suppressed cyclic 

adenosine monophosphate (cAMP) -responsive element-binding protein (CREB) binding to the 

cAMP regulatory element (CRE) in Ppargc1a-AP promoter, leading to Ppargc1a-AP inactivation. 

In summary, excessive maternal GC exposure during pregnancy dysregulates Redd1-Ppargc1a-AP 

axis, which impairs fetal BAT development, hampering postnatal thermogenic adaptation and 

metabolic health of offspring.
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1. Introduction

Nearly three-quarters of women during pregnancy are reported to experience at least one 

stressful event, and more than half are with anxiety and depression symptoms [1–4]. The 

current COVID-19 pandemic evidently worsens maternal stress [5]. Maternal stress is also 

prevalent across other mammalian species responsive to day-to-day predation pressure, low 

food availability, and human disturbance in rearing environment [6, 7]. Hypothalamus-

pituitary-adrenal (HPA) axis regulates stress response through secretion of stress hormone 

glucocorticoids (GC). During pregnancy, maternal stress increases maternal GC level in 

circulation and placental permeability [8], inducing fetal exposure to hyper GC in the uterus 
[9, 10]. Such effects presumably lead to poor birth outcome, early-life adversity, and 

adulthood psychological and metabolic diseases [11].

After birth, neonatal mammals must maintain their core body temperature in a narrow range, 

and prolonged hypothermia causes adverse neonatal outcomes and mortality, including 

acidosis, hypoglycemia, cardiac and respiratory injuries [12, 13]. Because neonates have 

higher surface area to volume ratio (heat loss), less developed shivering skeletal muscle, and 

poor heat insulation of subcutaneous fat and fur, neonates are susceptible to hypothermia 
[12, 13]. In humans, despite high-income countries are currently adopting and applying World 

Health Organization standards for the thermal care of newborns, the application is limited in 

developing countries and neonatal hypothermia is a major contributor of neonatal morbidity 

and mortality [12–14]. The condition is further worsened by low birth weight (more heat 
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loss), which accounts for 60–80% of neonatal deaths [14–16]. Because maternal stress during 

pregnancy is robustly associated with low birth weight across mammalian species [17–21], we 

hypothesized that excessive GC exposure during pregnancy may impair postnatal 

thermogenic adaptions, increasing neonatal susceptibility to hypothermia.

Brown adipose tissue (BAT) generates heat, which is critical for maintaining neonatal body 

temperature [22–29]. The BAT is enriched with uncoupling protein 1 (UCP-1) in the inner 

mitochondrial membrane which converts chemical energy to heat [22–24]. Proliferator-

activated receptor gamma coactivator 1-alpha (Ppargc1a; protein PGC-1a) is a master 

regulator of mitochondrial biogenesis, which has canonical and alternative promoters [30–32]. 

Ppargc1a transcriptional activation promotes brown adipogenesis and UCP-1 thermogenic 

activity [33, 34]. In human and mouse neonates, impaired fetal BAT development and 

functions result in cold sensitivity and sudden death syndrome [25–29]. BAT thermogenic 

inactivation also contributes to obesity, type 2 diabetes, and other metabolic dysfunctions in 

children and adults [22, 24].

BAT development initiates in the middle gestation and surges in the last trimester [22, 24, 35], 

thus the intrauterine environment profoundly affects prenatal BAT development and shapes 

postnatal thermogenic activity [36]. Up to now, the intergenerational effects of maternal GC 

exposure on neonatal BAT thermogenesis and postnatal viability remains unknown. In this 

study, we administrated pregnant mice with synthetic GC dexamethasone (DEX) at levels 

comparable to fetal exposure of stressed mothers during the last trimester [20, 37, 38], which 

corresponds to the most active stage in fetal BAT development [22, 24, 35]. We found that 

excessive GC exposure during pregnancy inhibits Ppargc-1a expression from the alternative 

promoter, which impairs brown adipogenesis, resulting in increased risks of hypothermia 

and mortality in neonates. Mechanistically, GC stimulates the expression of regulated in 

development and DNA damage responses 1 (Redd1), a glucocorticoid receptor (GR) 

responsive gene [39–41], which mediates GC signaling in inhibiting Ppargc-1a transcription 

from the alternative promoter during brown adipocyte differentiation.

2. Materials and methods

2.1. Animals and treatments

Wildtype female C57BL/6J mice (The Jackson Lab, Bar Harbor, ME, USA) at 4-month-old 

were mated with the same age of wildtype male mice. Mice were fed a regular diet 

(D12450H, Research Diets, New Brunswick, NJ, USA). Successful mating was assessed by 

the presence of a copulation plug in the vagina and marked as 0.5 embryonic days (E0.5). At 

E14.5, pregnant mice were randomly separated into five groups, and intraperitoneally 

administrated with phosphate-buffered saline (PBS) or dosed dexamethasone (DEX; D4902, 

Sigma, USA), including 50, 100, 300, and 500 μg/kg of body weight, until E20.5. After 

birth, offspring were caged with their mothers until weaning (P21) either at room 

temperature (22°C) or thermoneutrality (30°C). No significant difference in body mass and 

temperature were observed between male and female neonates. At embryonic days (E18.5) 

and postnatal day 1, male offspring were further euthanized by CO2, and BAT was collected 

for analyses. Because of the small size of neonatal BAT, male neonates from the same litter 

were pooled. Each dam (pregnancy) was treated as an experiment unit. All animal studies 
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were approved by the Washington State University (WSU) Institute of Animal Care and Use 

Committee (IACUC) and conducted in animal facility accredited by the Association for 

Assessment and Accreditation of Laboratory Animal Care (AAALAC).

2.2. Isolation of mouse embryonic fibroblasts and brown adipocyte induction

Mouse embryonic fibroblasts (MEFs) were isolated from wildtype C57BL/6J mice at E13.5. 

Briefly, internal organs, head, and limbs were removed following digestion in 0.025% 

trypsin/EDTA (Invitrogen, CA, USA) for 30 min in a shaking incubator at 37°C [24]. 

Digested tissues were filtered through 40-μm strainers. Solutions were centrifugated at 500 × 

g for 5 min. Precipitated cells were suspended in Dulbecco’s Modified Eagle Medium 

(DMEM) containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. After 

growth to 80% of confluence, MEFs were induced for brown adipocyte differentiation. 

DMEM was supplemented with a brown adipogenic cocktail, including 0.1 μg/mL insulin, 

0.5 mmol/L isobutylmethylxanthine, 1 μmol/L dexamethasone, 125 μmol/L indomethacin, 

and 1 μmol/L T3. Cells were refed every 48 h with a maintenance cocktail including 0.1 

μg/mL insulin and 1 nmol/L T3 for additional 3 d.

2.3. Body temperature measurement

The body temperature of neonatal mice was measured with E6 infrared thermal camera 

(FLIR system, OR, USA) [4, 42]. After neonates were separated from nests, the temperature 

was obtained immediately to avoid ambient temperature effects and heat loss. During 

capturing images, distance and neonatal behaviors were also controlled to prevent possible 

artificial influences. Images were processed and analyzed by FLIR-tools-software (FLIR 

system).

2.4. Glucose and corticosterone measurements

In serum, glucose concentration was measured by Contour glucose monitor (Bayer, IN, 

USA) and corticosterone was measured by a high sensitive-corticoid kit (ADI-900, Enzo, 

NY, USA) according to manufacturer’s instructions.

2.5. Cyclic adenosine monophosphate (cAMP) measurement

Intracellular cAMP concentration was measured by enzyme-linked immune sorbent assay 

(ADI-900–066; Enzo life science, NY, USA) according to the manufacturer’s instructions. 

The cAMP concentration was normalized to protein content measured by BCA assay 

(BioVision, CA, USA).

2.6. Immunohistochemistry and Oil-Red O staining

BAT was fixed in 4% paraformaldehyde (PFA) for 24 h and embedded in paraffin as 

previously described [24, 42]. Tissue sections (5-μm thickness) were incubated in cold 4% 

PFA for 10 min and permeabilized with 0.25% Triton X-100 for 10 min. After blocking in 

1% bovine serum albumin (BSA) for 30 min, tissues were further incubated with primary 

anti-rabbit UCP-1 antibody (1:200, Cell signaling, MA, USA) at 4°C overnight. After 

washing, tissues were incubated in secondary anti-rabbit antibody (1:1000, Alex-Fluor-555-

Red; Biolegend, CA, USA) or 1 mmol/L MitoSpy-green (#424805; Biolegend) for 1 h at 
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room temperature in dark. The background was determined by substituting the primary 

antibody with mouse IgG to eliminate non-specific backgrounds. Images were taken from an 

EVOS XL Core imaging system (Mil Creek, WA, USA). Lipids in brown adipocytes were 

stained by Oil-Red O [24]. Cells were fixed in 4% PFA and stained by Oil-Red O in 60% 

isopropanol. Images were obtained in an optical microscope. In quantification, Oil-Red O 

was dissolved into 100% isopropanol and absorbance value was measured in a Synergy H1 

microreader (Biotek, Winooski, Vermont, USA) at 510 nm.

2.7. Transmission electron microscopy

Electron microscopic imaging was conducted as previously described [24, 42]. Briefly, fresh 

BAT was trimmed into tiny pieces and fixed into solution with 4% PFA (EM grade) and 3% 

glutaraldehyde overnight at 4°C. Samples were also fixed in the solution in microwave at 

250 W for 2.5 min following incubation in 2% OsO4 at 4°C overnight. After dehydration, 

BAT was embedded in fresh resin overnight at 62°C. Concrete samples were processed for 

ultra-thin sectioning (60 nm) until observations of silver shadow. Sectioning samples were 

stained in uranyl acetate and lead citrate. Images were taken in a transmission electron 

microscopy (FEI Technai G2 20 Twin, 200 kV, OR, USA).

2.8. Plasmid transfection and luciferase assay

Plasmid Ppargc1a ORF (#45502), Ppargc1a wildtype promoter luciferase (#8887), delta 

mutation cAMP response element (CRE) luciferase (#8888), delta mutation MAD box 

transcriptional enhancer factor (MTEF) luciferase (#8889), and empty vector (no.13031) 

were purchased from Addgene (Cambridge, MA, USA) as reported previously [43–45]. 

Plasmid Redd1 ORF (#OMu06508) was purchased from GeneScript (Piscataway, NJ, USA). 

CRISPR-Cas9 plasmid was purchased from GeneScript (gRNA information: Redd1 
sequence, TTCGTCCTCGTCTCGAACTC). Plasmid transfection was performed using 

lipofectamine 3000 transfection reagent (Invitrogen) according to the manufacture’s 

instruction. Luciferase activities were measured after 48 h transfection using the Dual-

luciferase Reporter Assay System (#E1910, Promega) according to the manufacture’s 

instruction.

2.9. Quantitative polymerase chain reaction (qPCR) analysis

TRIzol reagent (Invitrogen, NY, USA) was used to extract mRNA following instructions 
[24, 42, 46]. Total mRNA was reversed to cDNA by iScript™ kit (Bio-Rad, CA, USA). SYBR 

Supermix (Bio-Rad) was used for quantitative PCR analyses (IQ5, Bio-Rad). Gene 

expression was normalized to 18S rRNA. Primer sequences were listed in Table S1 online.

2.10. Western blot

Proteins in tissue or cells were isolated by lysis buffer as previously described [24, 42, 46]. 

BCA assay kit (BioVision, CA, USA) was used to quantify protein content in lysates. 

Protein lysates were separated by 10% sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis and transferred to nitrocellulose membrane. Membrane were probed using 

primary antibody, including anti-UCP-1 (#14670, Cell Signaling), PR domain containing 16 

(PRDM16; PA5–20872, Thermo Fisher Scientific, MA, USA), PGC-1a (#66369-I, 
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Proteintech, IL, USA), iodothyronine deiodinase 2 (DIO2; ab77481, Abcam, Cambridge, 

UK), voltage-dependent anion channels (VDAC; #4866, Cell Signaling), protein kinase A 

(PKA; #5842, Cell signaling), PAK at Thr197 (#4781; Cell signaling), CREB (#9197, Cell 

signaling), CREB at S133 (#87G3, Cell signaling), β-actin (MA5–15739, Thermo Fisher 

Scientific) or β-tubulin (#179513, Abcam). Secondary antibody anti-mouse or anti-rabbit 

IRDye was purchased from LI-COR Bioscience (Lincoln, NE, USA). Signals were detected 

using infrared imaging (Odyssey, LI-COR Biosciences).

2.11. Statistical analysis

All statistical analyses were performed using SAS version 9.4 (SAS Institute, NC, USA) as 

previously described [24, 42, 46]. Results were presented in mean ± standard error of the mean 

(SEM). Unpaired two-tail student’s t-test was applied for two-group comparisons. One-way 

analysis of variance (ANOVA) was used in comparisons for multiple groups. For animal 

studies, each dam (pregnancy) was used as individual replicates. A P < 0.05 was considered 

statistically significant.

3. Results

3.1. Maternal excessive GC exposure impairs BAT development and thermogenesis, 
attributing to neonatal hypothermia and mortality

Maternal food intake, body mass, and blood glucose were not altered due to DEX 

administration during the third trimester (Fig. S1a–c online). Excessive GC exposure not 

only dose-dependently reduced neonatal body mass (Fig. 1a), but also limited survival in the 

first week postnatal (Fig. 1b). Neonatal survivals after the initial week were not affected by 

maternal DEX (Fig. S1d online). Thermal imaging showed that DEX neonates (postnatal 

day 1) had progressively lower body temperature as DEX dose increased (Fig. 1c and d), 

which were aligned with increased expression of cold stress genes in the dorsal surface skin 

(Fig. 1e), suggesting an increased hypothermic response. Consistently, DEX neonates had 

lower BAT mass (Fig. S1e‒g online), which maintained after normalized to the body weight 

(Fig. 1f), showing impaired fetal BAT development. GR expression was activated in BAT of 

DEX neonates, which was consistent with higher levels of corticosterone in neonatal serum 

(Fig. 1h), and correlated with reduced brown adipogenic and thermogenic protein 

expression, including UCP-1, DIO2, and PRDM16 (Fig. 1g, Fig. S1h online). The 

expression of brown adipogenic and thermogenic markers was also suppressed in DEX 

neonates (Fig. 1i). On the other hand, for neonates born under thermoneutrality (30°C), BAT 

thermogenesis was inactivated as indicated by similar expression of UCP-1 and DIO2 

between control and DEX neonates (Fig. S2a online). The body temperature difference 

between Con and DEX neonates was abolished (Fig. S2b online), and so for the neonatal 

loss of DEX group in the first postnatal week (Fig. 1j), showing BAT thermogenic 

dysfunction due to DEX was mainly responsible for increased death of DEX neonates.

3.2. Maternal excessive GC exposure impairs Ppargc1a alternative transcription and 
mitochondrial biogenesis

Mitochondrial biogenesis is central for BAT development [33, 34]. Maternal GC exposure 

reduced mtDNA content, mitochondrial number, and cristae density in neonatal BAT (Fig. 
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2a–d), showing impaired mitochondrial biogenesis. Reduced mitochondrial density aligned 

with UCP-1 inactivation in DEX neonates (Fig. 2e) [30–32]. Being a master regulator in 

mitochondrial biogenesis, PGC-1a protein content was dose-dependently reduced in BAT of 

DEX neonates (Fig. 2f and g). Ppargc1a, encoding PGC-1a protein, is transcribed from two 

distinct promoters, canonical and alternative promoters (Fig. 2h). Maternal GC exposure 

marginally reduced Ppargc1a transcription from the canonical promoter, but transcription 

from the alternative promoter was reduced by 13 folds in neonatal BAT (Fig. 2i), showing a 

preferential suppression of alternative promoter activity due to DEX. Consistently, maternal 

GC exposure (100 μg/kg) activated GR expression (Fig. S3a online), contributing to 

significant decreases of PGC-1a protein content and mitochondrial biomass markers VDAC 

and mito-tracker in fetal BAT at E18.5 (Fig. S3a and b online). Meanwhile, Ppargc1a was 

predominantly transcribed from the alternative promoter (Fig. S3c online), which was also 

highly suppressed in fetal BAT due to GC exposure (Fig. S3d online).

3.3. Ppargc1a alternative promoter inactivation accounts GC suppressive effects on 
brown adipogenesis

To define mechanisms leading to Ppargc1a suppression, we isolated mouse embryonic 

fibroblasts (MEFs) and induced brown adipogenesis. GC supplementation activated GR 

expression and hampered brown adipocyte differentiation in a dose-dependent manner, 

including reduced density of mature brown adipocytes and the expression of adipogenic and 

thermogenic proteins and genes (Fig. 3a–c). GR was expressed in early brown adipogenic 

differentiation towards full maturation, which was ectopically increased by GC addition 

(Fig. S4a online). In accordance with reduced PGC-1a protein (Fig. 3b), mtDNA and 

mitochondrial biomass markers, VDAC and cytochrome C, were also decreased (Fig. 3b and 

d), showing impaired mitochondrial biogenesis. During brown adipogenesis, Ppargc1a 
transcription from the alternative promoter was highly activated relative to the canonical 

promoter (Fig. 3e), which was profoundly suppressed by GC (Fig. 3f). Similar effects were 

also observed during brown adipogenic differentiation of C3H10T1/2 cells (Fig. S3b and c 

online). To test the effects of Ppargc1a-alternative promoter suppression due to GC in 

blocking brown adipocyte differentiation, we overexpressed Ppargc1a transcripts from the 

alternative promoter in MEFs following brown adipogenic induction (Fig. 3g and h). 

Ppargc1a overexpression from the alternative promoter promoted brown adipocyte 

differentiation and mitochondrial biogenesis, which significantly reversed GC inhibitory 

effects (Fig. 3i and j). These data showed that the alternative promoter inactivation mainly 

accounts for GC suppressive effects on fetal brown adipogenesis and thermogenic activation.

3.4 REDD1 mediates GC inhibitory effects on Ppargc1a transcription from alternative 
promoter

Redd1, a major GR responsive gene, has been reported to play a major role in mediating GC 

induced muscle atrophy [47, 48]. Reed1 was highly activated in BAT of DEX neonates and 

fetuses (Fig. 4a and b, Fig. S3a online), and similar activation was also observed in 

differentiated brown adipocytes treated with GC (Fig. 4a and b). To analyze the mediatory 

roles of REDD1 in linking DEX to impaired fetal brown adipogenesis, we overexpressed 

Redd1 in MEFs following brown adipogenic induction (Fig. 4c). Redd1 overexpression 

substantially reduced brown adipogenic differentiation (Fig. 4d and e). Exotic Redd1 
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expression inactivated Ppargc1a transcription from the alternative promoter (Fig. 4f). 

Consistently, expression of downstream mitochondrial biogenic genes, mtDNA content, and 

mitochondrial density were decreased in differentiated brown adipocytes treated with DEX 

(Fig. 4g–i).

In addition, CRISPR-Cas9 gRNA was performed to knockdown Redd1 expression in MEFs 

(Fig. 5a). Redd1 knockdown promoted brown adipocyte differentiation, including increased 

differentiation of brown adipocytes, contents of adipogenic and thermogenic proteins, and 

the mitochondrial density (Fig. 5b–f). Meanwhile, Redd1 ablation blocked the inhibitory 

effects of GC on brown adipogenic differentiation and mitochondrial biogenesis (Fig. 5b–f). 

Of importance, Redd1 knockdown also rescued Ppargc1a expression from both alternative 

and canonical promoters, which were inhibited by GC (Fig. 5g). In combination, these data 

showed that Redd1 mediates GC inhibitory effects on Ppargc1a activity.

3.5 REDD1 inhibits PKA phosphorylation to suppress Ppargc1a alternative promoter 
activity

To identify potential pathways linking REDD1 to Ppargc1a transcription, we searched for 

conserved cis-element in the first 2 kb of Ppargc1a alternative and canonical promoters 

responsive to stress signaling. A CRE and a MAD box transcriptional enhancer factor 

(MTEF) binding element are conserved in alternative and canonical promoters. To test their 

regulatory roles, luciferase reporters were constructed for the Ppargc1a wild-type promoter, 

and promoters with CRE and MTEF binding elements mutated, the reporters were further 

transfected into MEFs. During brown adipogenesis, Redd1 knockdown increased the wild-

type promoter activity; this activation was not affected in MEFs transfected with the 

promoter carrying MTEF mutation but was blocked when carrying CRE mutation (Fig. 6a), 

suggesting that CRE cis-element was responsible for Redd1 suppression. Furthermore, GC 

supplementation inhibited phosphorylation of PKA at Thr197 (Fig. 6b), which was aligned 

with reduced cAMP production (Fig. 6c), leading to cAMP responsive element-binding 

protein (CREB) activity suppression in differentiated brown adipocytes (Fig. 6b); these 

changes were abolished by Redd1 knockdown (Fig. 6b and c). Consistently, reduced cAMP 

production and PKA phosphorylation were observed in BAT of DEX neonates, suppressing 

CREB activation (Fig. 6d–g). Comparing human and mouse sequences, the conserved CRE 

cis-element in the Ppargc1a alternative promoter has one nucleotide variance, while the 

classical CREB cis-element is identical (Fig. 6h). MEFs were also treated with cAMP 

agonists isobutylmethylxanthine and isoproterenol during brown adipocyte differentiation 
[49, 50]. Both agonists profoundly activated Ppargc1a transcriptions from both canonical and 

alternative promoters, but the alternative promoter had higher transcriptional activation (Fig. 

6i and j). Supplementation of cAMP agonists also rescued Ppargc1a expression inhibited by 

Redd1 overexpression (Fig. 6i and j), suggesting the mediatory roles of CREB cis-element 

in suppressing Ppargc1a transcription by REDD1. Taken together, our data show that 

intrauterine excessive GC exposure impairs BAT development and thermogenesis, 

hampering neonatal thermogenesis and cold adaption. Redd1 plays a critical role in 

mediating GC inhibition on Ppargc1a transcription, particularly from the alternative 

promoter, impairing mitochondrial biogenesis and brown adipocyte differentiation (Fig. 6k).
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4. Discussion

Adverse environmental exposure during pregnancy causes poor fetal development, 

programming poor neonatal outcome and predisposing to later onset diseases [11]. Nearly 8–

16% of women at reproductive age are suffering depression in the US [51, 52], and the 

number is even worse in developing countries [1, 3]. To be a key mediator of maternal stress, 

GC level is substantially increased in the uterus [6, 53, 54], perturbing fetal tissue and organ 

development. Low birth weight and prematurity are highly associated with intrauterine 

excessive GC exposure in both humans and other mammals [17, 21, 55, 56], constituting major 

causes of neonatal mortality and morbidity [15, 16]. Our data revealed that intrauterine 

excessive GC exposure impaired BAT development and thermogenesis, leading to neonatal 

hypothermia and mortality. We further found that GC suppressed Ppargc1a transcription, 

particularly from the alternative promoter. Meanwhile, Redd1 was found to bridge GC 

signaling to inactivate Ppargc1a alternative promoter, resulting in impaired mitochondrial 

biogenesis and brown adipogenesis.

Homeothermic mammals must maintain body temperatures, particularly at “altricial” age, 

and hypothermia can cause severe infections, sepsis, and asphyxia, leading to mortality and 

morbidity [12, 13]. Due to the evaporation of amniotic fluid, higher surface area to volume 

ratio and lack of shivering heat generation and surface insulation [12, 13], physiological 

adaption from intrauterine thermoneutrality (30–32°C in mice) to extrauterine cold is a 

major challenge for postnatal survival [23]. Despite cloth covering and warm temperature 

prevent hypothermia of human neonates, appropriate protocols for baby birth care is often 

limited for homebirth and undeveloped areas, contributing to common hypothermia-induced 

neonatal mortality [12–14]. To be an essential organ for heat generation, neonates are packed 

with abundant BAT to prevent hypothermia. In this study, we administrated maternal mice 

with synthetic GC in the late gestation, mimicking maternal stress-induced intrauterine 

hyper GC conditions [20, 37, 38]. The highest DEX usage (500 μg/kg) was at least two-fold 

lower than the doses used for anti-inflammatory therapy and adrenal tumor studies including 

Cushing’s syndrome [57]. Such low doses and short-term administration may explain the 

lack of significant difference in food intake and body weight in maternal mice. After 

maternal mice were exposed to excessive GC, neonatal BAT mass and thermogenic activity 

were significantly reduced, contributing to increased cold sensitivity and mortality at room 

temperature. In order to test mediatory roles of BAT thermogenesis in neonatal viability, 

neonates were also born under thermoneutrality to inactivate BAT thermogenesis and 

prevent hypothermia. Aligned with body temperature improvement, neonatal viability was 

recovered, showing BAT thermogenic dysfunction attributing to neonatal mortality. In this 

study, DEX neonates also displayed higher levels of corticosteroids in circulation, 

suggesting a programmed hypothalamus stress-axis and vulnerability to postnatal stress 
[58–60]. Mouse neonates are born naked, blind with no moving capability, but they gain 

protective coat of fur and stronger skeletal muscle (shivering and nest wandering) after 7 to 

10 d of age, which compensates for heat loss, partially explaining the lack of difference in 

mortality after the first postnatal week.

Ppargc1a is a master regulator in mitochondrial biogenesis, driving brown adipogenic and 

thermogenic functions [33, 34]. Recent studies reveal that Ppargc1a is transcribed from both 
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canonical and alternative promoters in skeletal muscle and BAT [30–32]. Notably, the 

Ppargc-1a transcription from canonical and alternative promoters vary due to physiological 

stimuli, including exercise and cold [32, 61, 62]. Ppargc-1a transcription from alternative and 

canonical promoters was similar in resting skeletal muscle [45], but the transcription from 

alternative promoter is more activated relative to the canonical promoter under exercise [32]. 

Similarly, Ppargc-1a transcription from the alternative promoter is predominantly activated 

in BAT under cold exposure [62]. In this study, Ppargc-1a transcription from canonical and 

alternative promoters was similar in adult BAT, but the alternative promoter was dominantly 

increased in fetuses and neonates. The preferable activation from the alternative promoter 

was also observed during brown adipogenic differentiation, indicating the alterative 

promoter had a higher sensitivity to adipogenic stimuli [62]. Phosphorylated CREB binds to 

CRE of Ppargc1a promoters and increases Ppargc1a transcription [63]. Despite both 

alternative and canonical promoters containing CRE, the CRE site TGATGTCA in the 

Ppargc1a alternative promoter has a single nucleotide variance (C-T) relative to typical CRE 

site TGACGTCA [64], potentially contributing to an increased Ppargc1a transcriptional 

activation due to cold exposure and exercise [32, 62]. In this study, the alternative promoter 

was shown to be highly activated by cAMP agonists relative to the canonical promoter, 

suggesting the CRE variance (C-T) in alternative promoter may attribute to the high 

sensitivity to the CREB activation. Because of accumulation of cAMP and PKA activation 

in skeletal muscle under exercise [65], CREB activation may also attribute to the marked 

increase of Ppargc1a transcription from the alternative promoter due to exercise [66, 67].

Redd1 is a key GR responsive gene and highly activated by a variety of stressors, including 

hypoxia, DNA damage, unfolding protein response and DEX administration [41]. REDD1 

inhibits mTORC1 signaling in skeletal muscle, halting protein synthesis and autophagy 
[41, 48]. REDD1 in mediating GC signaling to suppressed fetal BAT development and brown 

adipogenesis remain unexamined. We discovered that REDD1 inhibits Ppargc-1a 
transcription via blocking CRE promoter binding, suggesting the mediatory roles of REDD1 

in linking extracellular GC signaling to reduced mitochondrial biogenesis. In skeletal 

muscle, REDD1 activation is reported to cause muscle atrophy [48], which may be associated 

with Ppargc-1a transcriptional inactivation [47, 48]. Meanwhile, fetal BAT development 

shapes adult BAT thermogenesis and energy expenditure [36]. We previously identified that 

the inactivation of fetal brown adipogenesis due to maternal GC exposure persistently 

impairs postnatal BAT thermogenesis and mitochondrial biogenesis, substantially increasing 

the risks of offspring obesity and insulin resistance [46]. Thus, Redd1 may serve as a drug 

target to prevent the negative outcomes of maternal GC exposure on offspring BAT 

thermogenesis.

Taken together, maternal stress impairs postnatal thermogenic adaptation and viability. In 

addition to maintaining body temperature, BAT activation also protects humans from obesity 

and metabolic dysfunctions [22]. The uncovered GC-REDD1-Ppargc1a axis in regulating 

brown adipocyte differentiation may provide a therapeutic opportunity to treat maternal 

stress-induced intergenerational obesity and type 2 diabetic mellitus.
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Fig. 1. 
Excessive glucocorticoid exposure during pregnancy impairs brown fat development and 

thermogenesis, hurdling cold adaption and survivals of neonatal offspring. (a–i) Data were 

collected from in neonates on postnatal day 1 (P1) born from mice administrated with dosed 

synthetic glucocorticoids dexamethasone (DEX) in last trimester of pregnancy at room 

temperature (22°C) (n = 8 in each group). (a and b) Neonatal birth weight and survival 

percentage in the first postnatal week (n = 8 in each group). (c and d) Thermal imaging of 

neonates on P1 at room temperature. After neonates were removed from nests, thermal 

images were recorded immediately to reduce heat loss and noise effects. Scanning distance 

and neonatal behaviors were also controlled to avoid artificial effects (n = 8 in each group). 

(e) mRNA expression of cold stress genes in dorsal skins of neonates on P1. Gene 

expression was normalized to 18S rRNA (n = 8 in each group). (f) BAT mass (% body mass) 

of neonates on P1 (n = 8 in each group). (g) Immunoblotting measurements of GR, 

PRDM16, UCP-1, and DIO2 protein contents in neonatal BAT. β-actin was used as a loading 

control (n = 8 in each group). (h) Concentration of corticosteroids in neonatal serum on P1 

(n = 5 in each group). (i) Heatmap of gene expressions in brown adipogenesis and 

thermogenesis. mRNA expression was normalized to 18S rRNA (n = 6 in each group). (j) 

Neonatal survivals in the postnatal week under thermoneutrality at 30°C (n = 8 in each 

group). Data are mean ± SEM and each dot represents one replicate (each pregnancy); *P < 
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0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; unpaired one-way ANOVA multiple 

test was used in analyses.
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Fig. 2. 
Excessive glucocorticoid exposures during pregnancy inhibit mitochondrial biogenesis and 

Ppargc1a transcription from the alternative promoter in BAT of neonatal offspring. (a–j) 

BAT was collected and analyzed in neonates on postnatal day 1 (P1) born from maternal 

mice exposed synthetic glucocorticoids, dexamethasone (DEX), in the last trimester of 

pregnancy. (a) Mitochondrial DNA (mtDNA) copy number in neonatal BAT (n = 8 in each 

group). (b–d) Transmission electron microscopy analyzing mitochondrial number and cristae 

density in neonatal BAT (n = 4 in each group). “L” represents lipid droplet, and “M” 

represents mitochondria. Scale bar = 500 nm. (e) Immunostaining measurements of UCP-1 

(red) and mitochondria (mito-tracker, green) in neonatal BAT. Intensity of UCP-1 and mito-

tracker were quantified by Image-J (n = 4 in each group). Scale bar: 50 μm. (f) 

Immunoblotting measurement of PGC-1a protein content in neonatal BAT. β-tubulin was 

used as a loading control (n = 8 in each group). (g) mRNA expression of Ppargc1a in 

neonatal BAT. Expression was normalized to 18S rRNA (n = 8 in each group). (h) Diagram 

shows the canonical promoter (CP) and alternative promoter (AP) of Ppargc1a are highly 

conserved between human and mice. Except for transcriptional difference in the first exon, 

transcription and encoded amino acids from other exons are the same between Ppargc1a CP 

and AP. (i) Ppargc1a mRNA expression transcribed from CP and AP in BAT of neonates 

born to DEX mothers. mRNA expression was normalized to 18S rRNA (n = 8 in each 
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group). Data are mean ± SEM and each dot represents one replicate (each pregnancy); *P < 

0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; unpaired one-way ANOVA multiple 

test was used in analyses.
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Fig. 3. 
Dexamethasone (DEX) inhibits transcription of Ppargc1a alternative promoter during brown 

adipocyte differentiation. (a–f) Mouse embryonic fibroblasts (MEFs) were isolated from 

wildtype C57BL/6J mice and induced for brown adipocyte differentiation. In brown 

adipogenic induction, MEFs were treated with DEX (n = 4). (a) Oil-Red O staining in 

differentiated mature brown adipocytes at 5 days (n = 4). Scale bar: 50 μm. (b) 

Immunoblotting measurement of adipogenic and thermogenic proteins in differentiated 

brown adipocytes, including GR, PGC-1a, UCP-1, PRDM16, VDAC, and cytochrome c 

(Cyto-C). β-tubulin was used as a loading control (n = 4). (c) Heatmap displaying brown 

adipogenic and thermogenic gene expression in differentiated brown adipocytes (vehicle vs. 

10 μmol/L DEX). The mRNA expression was normalized to 18S rRNA (n = 3). PAN: gene 

expressions which are shared in brown and white adipocytes, WAT: white adipose tissue. (d) 

Mitochondrial DNA (mtDNA) copy number in differentiated brown adipocytes (vehicle vs. 

10 μmol/L DEX). Mitochondrial gene expression was normalized to 18S rRNA and GAPDH 
(n = 4). (e) Ppargc1a mRNA expression transcribed from the canonical promoter (CP) and 

alternative promoter (AP) during brown adipocyte differentiation (n = 4). (f) Ppargc1a 
transcriptions from AP and CP in differentiated brown adipocytes treated with vehicle or 10 

μmol/L DEX. Expression was normalized to 18S rRNA (n = 4). (g–j) MEFs were transfected 

with plasmids with scrambled or open reading frame of Ppargc1a transcribed from the AP 
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for over-expression (OE) (AP-PGC1a OE) followed with brown adipogenic induction. (g) 

Ppargc1a transcription from AP and CP in MEFs transfected with scrambled or AP-PGC1a 

plasmids. Expression was normalized to 18S rRNA (n = 4). (h) Immunoblotting 

measurement of PGC-1a total protein content in MEFs transfected with scrambled or AP-

PGC1a plasmids. β-actin was used as a loading control. (i and j) MEFs transfected with 

scrambled and AP-PGC1a OE plasmids were also treated with vehicle or 10 μmol/L DEX in 

brown adipocyte differentiation (n = 4). On day 5, differentiated brown adipocytes were 

stained by Oil-Red O (scale bar: 50 μm) (i), and contents of brown thermogenic and 

mitochondrial biomass proteins were measured using immunoblotting. β-actin was used as a 

loading control (n = 4). Data are representative of three separate experiments. Data are mean 

± SEM and each dot represents one replicate; *P < 0.05, **P < 0.01, and ***P < 0.001; 

unpaired Student’s t-test with two-tailed distribution was used in panel (c–g) data analyses.
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Fig. 4. 
REDD1 activation inhibits brown adipogenesis and Ppargc1a transcription from the 

alternative promoter. (a and b) Immunoblotting measurement of REDD1 protein content in 

BAT of neonates born to dexamethasone (DEX) treated mothers during the last trimester of 

pregnancy (n = 8). REDD1 protein shown in the bottom of Western blot figure was 

measured from brown adipocytes differentiated from mouse embryonic fibroblasts (MEFs) 

treated with dosed DEX (n = 4). β-actin was used as a loading control. (c–i) MEFs were 

transfected with scrambled or open reading frame of Redd1 plasmids for over-expression 

(Redd1-OE) following brown adipocyte differentiation (n = 4). (c) Immunoblotting 

measurement of REDD1 in MEFs transfected with Redd1-OE. β-actin was used as a loading 

control. (d) After brown adipocyte differentiation, lipid droplets were stained by Oil-Red O 

and quantified at 490 nm (n = 4). Scale bar: 50 μm. (e) Immunoblotting measurements of 

thermogenic and mitochondrial biomass proteins in differentiated brown adipocytes. β-actin 

was used as a loading control (n = 4). (f) Ppargc1a transcription from the canonical promoter 
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(CP) and alternative promoter (AP) in differentiated brown adipocytes transfected scrambled 

or Redd1-OE plasmid. Gene expression was normalized to 18S rRNA (n = 4). (g) 

Mitochondrial DNA (mtDNA) content in differentiated brown adipocytes. Mitochondrial 

gene expression was normalized to 18S rRNA and GAPDH (n = 4). (h) mRNA expression of 

mitochondrial biogenic genes. Gene expression was normalized to 18S rRNA (n = 4). (i) 

Immunostaining of UCP-1 (red color), mitochondria (MITOSPY, green color) and nucleus 

(DAPI, blue color) in differentiated brown adipocytes (n = 4). Scale bar: 50 μm. Data are 

representative of three separate experiments. Data are mean ± SEM and each dot represents 

one replicate; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; unpaired Student’s 

t-test with two-tailed distribution was used in two treatment data analyses.
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Fig. 5. 
REDD1 mediates inhibition of brown adipocyte differentiation and Ppargc-1a transcriptions 

from the alternative promoter due to dexamethasone (DEX) treatment. (a–d) Mouse 

embryonic fibroblasts (MEFs) were transfected with negative control (Redd1-NC) or 

CRSPIR-Cas9 gRNA targeting Redd1 (Redd1-Cas9). After transfection, MEFs were treated 

with vehicle or 10 μmol/L DEX in brown adipocyte differentiation (n = 4). (a) 

Immunoblotting measurement of REDD1 content in MEFs transfected with Redd1 Cas9 

gRNA. β-actin was used as a loading control (n = 4). (b and c) Lipids were stained by Oil-

Red O and further quantified at 490 nm (n = 4). Scale bar: 50 μm. (d) Immunoblotting 

measurements of thermogenic and mitochondrial biomass protein contents in differentiated 

brown adipocytes treated with vehicle or DEX. β-actin was used as a loading control (n = 4). 

(e) Mitochondrial DNA (mtDNA) content in differentiated brown adipocytes. Mitochondrial 

genes were normalized to 18S rRNA and GAPDH (n = 4). (f) Immunostaining of UCP-1 

(red color), mitochondria (mito-tracker, green), and nucleus (DAPI, blue) in differentiated 

brown adipocytes (n = 4). Scale bar: 200 μm. (g) Ppargc-1a transcription from the alternative 

(AP) and canonical promoters (CP) in differentiated brown adipocytes treated with vehicle 

or DEX. Gene expression was normalized to 18S rRNA (n = 4). Data are representative of 

three separate experiments. Data are mean ± SEM and each dot represents one replicate; *P 
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< 0.05; **P < 0.01, ***P < 0.001, and ****P < 0.0001; Unpaired one-way ANOVA multiple 

test was used for data analyses.
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Fig. 6. 
REDD1 inhibits cAMP production to inactivate Ppargc1a transcription from the alternative 

promoter during brown adipocyte differentiation. (a) Luciferase reporter activities of 

wildtype Ppargc1a (WT) promoter, or promoters with mutated MAD box transcriptional 

enhancer factor (MTEF) or mutated cAMP response binding (CRE) was measured in mouse 

embryonic fibroblasts (MEFs) transfected with Redd1 Cas9 gRNA (Redd1-Cas9) or 

negative control (Redd1-NC), n = 4. (b) Immunoblotting measurements of PKA, 

phosphorylated PKA at Thr197, CREB, and phosphorylated CREB at S133 in differentiated 

brown adipocytes treated with dexamethasone (DEX); β-tubulin was used as a loading 

control. (c) cAMP concentration in differentiated brown adipocytes transfected with Redd1 
Cas9 gRNA (Redd1-Cas9) or scrambled gRNA (n = 4). (d–f) Immunoblotting measurements 

of PKA, CREB, and phosphorylation in neonatal BAT born from maternal mice treated with 

DEX administration in the last trimester of pregnancy; β-tubulin was used as a loading 

control. The ratio of phosphorylated protein to total protein was quantified in neonatal BAT 

(n = 5). (g) cAMP concentration in fresh BAT of neonates born from maternal mice treated 

with PBS and DEX (100 μmol/L) in the last trimester of gestation. cAMP concentration was 

normalized to protein content. (h) Diagram shows cAMP response binding element (CRE) in 

the canonical (CP) and alternative promoters (AP) of Ppargc1a. CRE in the Ppargc1a 
alternative promoter has a thymine nucleotide variance (T, highlighted in red color) relative 

to cytosine (C) in classical CRE of the canonical promoter. (i and j) Ppargc1a transcription 
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from canonical promoter (CP) and alternative promoter (AP) in differentiated brown 

adipocytes treated with cAMP agonists isoproterenol (100 μmmol/L) (i) or 

isobutylmethylxanthine (IBMX, 5 mmol/L) (j). Gene expression was normalized to 18S 

rRNA (n = 4). (k) Diagram models that intrauterine excessive glucocorticoid exposure from 

maternal stress during pregnancy impairs brown fat development and thermogenesis, 

impairing neonatal cold adaption and viability. REDD1 mediates glucocorticoid inhibition of 

Ppargc1a transcription from the alternative promoter during brown adipocyte differentiation. 

Data are representative of three separate experiments. Data are mean ± SEM and each dot 

represents one replicate; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; 

Unpaired Student’s t-test with two-tailed distribution was used in two treatment data 

analyses; unpaired one-way ANOVA multiple test was used for four treatment data analyses.
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