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Abstract
Purpose  Excessive exposure of glucocorticoids activates adipose lipolysis, increases circulating free fatty acids, and con-
tributes to ectopic lipid deposition in liver and skeletal muscle. Our previous study demonstrated that maternal betaine sup-
plementation attenuates glucocorticoid-induced hepatic lipid accumulation in rat offspring. However, it is unclear whether 
maternal betaine supplementation is effective in preventing glucocorticoid-induced lipolysis in the adipose tissue of offspring.
Methods  In this study, 20 pregnant rats were fed with basal or betaine-supplemented (10 g/kg) diets throughout gestation 
and lactation, and the offspring rats were raised on the basal diet from weaning till 3 months of age followed by daily intra-
peritoneal injection of saline or 0.1 mg/kg dexamethasone (DEX) for 3 weeks.
Results  Chronic DEX treatment significantly (P < 0.05) decreased serum corticosterone level and increased proinflamma-
tory cytokines, such as TNFα, IL-1β, and IL-6. Meanwhile, GR protein content in adipose tissue was increased in response 
to DEX treatment, which was associated with a significant (P < 0.05) up-regulation of ATGL and HSL expression at both 
mRNA and protein levels. All these DEX-induced changes were significantly (P < 0.05) attenuated in progeny rats derived 
from betaine-supplemented dams. Furthermore, DEX-induced hypomethylation of ATGL and HSL gene promoters was 
reversed by maternal betaine supplementation.
Conclusions  Taken together, these results suggest that maternal betaine supplementation is effective in alleviating glucocor-
ticoid-induced lipolysis in adipose tissue with modification of DNA methylation on the promoter of lipolytic genes.
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Abbreviations
ACC​	� Acetyl-CoA carboxylase
AKT	� Serine/threonine-specific protein kinase
AMPK	� AMP-activated protein kinase
ATGL	� Adipose triglyceride lipase
FAS	� Fatty acid synthase
GR	� Glucocorticoid receptor
HSL	� Hormone sensitive lipase
IL-1β	� Interleukin 1β
IL-6	� Interleukin 6

NAFLD	� Non-alcoholic fatty liver disease
TNFα	� Tumor necrosis factor α

Introduction

Glucocorticoids (GCs) are steroid hormones released from 
the adrenal glands upon activation of hypothalamic–pitui-
tary–adrenal (HPA) axis in response to stress signals. In 
humans, glucocorticoids are the most effective anti-inflam-
matory drugs for immunosuppressive therapy [1]. How-
ever, excessive GCs exposure is reported to induce insulin 
resistance, obesity, and Cushing syndrome characterized 
by high levels of circulating cortisol [2, 3]. Adipose tissue 
plays a pivotal role in regulating whole-body glucose and 
lipid homeostasis. GCs have been reported to increase the 
transcription of genes encoding lipolytic enzymes, including 
adipose triglyceride lipase (ATGL) and hormone sensitive 
lipase (HSL) that catalyze the hydrolysis of triglyceride to 
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free fatty acids (FFAs) [2, 4]. Activation of adipose lipolysis 
elevates circulating FFAs, leading to ectopic lipid deposition 
in liver and skeletal muscle [5]. Therefore, adipose lipolysis 
is considered as a potential target for alleviating GC-induced 
ectopic lipid deposition.

As an important methyl donor, betaine plays an important 
role in preventing non-alcoholic fatty liver disease (NAFLD) 
[6]. Recently, increasing evidences show that betaine sup-
plementation prevents liver lipid deposition induced by high-
fat diet, fructose, or vitamin B6 deficiency [7–10]. It has 
been well-documented that betaine rectifies the impaired 
methylation status in adipose tissue and thereby contributes 
to hepatoprotection in alcoholic or non-alcoholic fatty liver 
disease [11, 12]. Accumulating evidences indicate that nutri-
tional changes in maternal diet, such as fat [13] or protein 
[14, 15] content, during pregnancy and lactation contribute 
to the metabolic programming of the offspring, through epi-
genetic regulation, especially DNA methylation [16]. Our 
previous reports demonstrated that maternal betaine supple-
mentation during gestation and lactation improves hepatic 
cholesterol and lipid metabolism in neonatal piglets via epi-
genetic modifications [17, 18]. Besides, maternal betaine 
exposure attenuates glucocorticoid-induced hepatic lipid 
accumulation in offspring rats [19]. However, the previous 
studies focus predominantly on liver rather than adipose tis-
sue. The role of maternal betaine exposure in chronic glu-
cocorticoid-induced adipose lipolysis in offspring remains 
unclear. Previously, we have described a study in which 
adult rats born to control and betaine-supplemented dams 
were subjected to 3 weeks of DEX treatment to generate a 
chronic stress model. Offspring derived from betaine-supple-
mented mothers showed attenuation of DEX-induced hepatic 
lipid accumulation. Here, a subset of animals from this same 
study was used to address the hypothesis that maternal 
betaine supplementation reverses DEX-induced lipolysis in 
adipose tissue by altering the expression of key lipolytic 
genes. We show that maternal betaine supplementation pro-
tected rat offspring from DEX-induced alterations in serum 
proinflammatory cytokines, NEFA, corticosterone, and insu-
lin concentrations, as well as ATGL and HSL expressions in 
adipose tissue at both mRNA and protein levels. Moreover, 
maternal intake of betaine prevented DEX-induced hypo-
methylation on the promoter of affected genes.

Materials and methods

Ethics statement

All procedures with animals were approved by the Animal 
Ethics Committee of Nanjing Agricultural University, with 
the project number 2016YFD0500502. The sampling pro-
cedures followed the “Guidelines on Ethical Treatment of 

Experimental Animals” (2006) No. 398 set by the Ministry 
of Science and Technology, China.

Animals and experimental design

Three-month-old female Sprague–Dawley rats were obtained 
and raised in the laboratory animal center of Jiangsu Uni-
versity. They were kept under a controlled temperature of 
22 ± 0.5 °C with a humidity of 50 ± 5% and a 12L:12D light-
ing cycle. Food and water were provided ad libitum through-
out the experiment.

After 1 week of acclimatization, rats were mated and con-
ception was confirmed by the presence of a vaginal smear 
plug. Twenty pregnant rats were randomly assigned to two 
dietary treatment groups (n = 10/group) throughout gestation 
and lactation: control group, received a standard diet, and 
betaine group, received a standard diet supplemented with 
10 g/kg betaine (98% purity, B2629, Sigma-Aldrich Co., 
LLC, USA). After parturition, litter size was adjusted to ten 
pups (5 males and 5 females). At 3 months of age, 20 female 
offspring rats were selected, respectively, from both control 
group (Con) and betaine group (Bet), and each group was 
divided into two subgroups, being subject to daily intraperi-
toneal injection of physiological saline or dexamethasone 
(Dex) (D4902, Sigma-Aldrich Co., LLC., USA) at a dose 
of 0.1 mg/kg body mass for 3 weeks. After 3 weeks, all 
rats from four groups (Con–Con, Con–Dex, Bet–Con, and 
Bet–Dex) were killed with pentobarbital sodium. Serum 
samples were collected and stored at − 20 °C. Epididymal 
adipose tissues were immediately dissected, snap frozen in 
liquid nitrogen, and stored at − 80 °C for further analyses. 
The flowchart of the experiment is shown in Fig. 1.

Serum biochemical parameters

The serum concentrations of glucose (ECH0105102), 
total triglyceride (ECH0105151), total cholesterol 
(ECH0103152), high density lipoprotein-cholesterol (HDL-
C) (ECH0105161), and low-density lipoprotein-cholesterol 
(LDL-C) (ECH0105162) were measured with a biochemical 
automatic analyzer (Hitachi 7020, HITACHI, Tokyo, Japan) 
using commercial assay kits purchased from Maccura Bio-
technology Co., Ltd (Chengdu, China). Serum concentration 
of non-esterified fatty acid (NEFA) was determined using 
the Wako NEFA acyl-coenzyme A synthetase and acyl-
coenzyme A oxidase assay method.

Determination of serum proinflammatory cytokines 
and corticosterone

Serum concentrations of proinflammatory cytokines 
including interleukin-1β, interleukin-6, and tumor necrosis 
factor α were determined by ELISA kits (Nanjing Angel 
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Gene Bioengineering Co., Ltd, Nanjing, China). In addi-
tion, serum corticosterone concentration was measured 
using a commercial ELISA kit (No. ADI-900-097, Enzo, 
USA) according to the manufacturers’ instruction.

Total RNA isolation and real‑time PCR

Total RNA was isolated from 100 mg frozen adipose tis-
sue samples with TRIzol reagent (Invitrogen, USA) and 
reverse-transcribed according to the manufacturer’s pro-
tocol (Vazyme Biotech, Nanjing, China). Diluted cDNA 
(2 μL, 1:25) was used for real-time PCR that was per-
formed in an Mx3000P System (Stratagene, USA). All 
primers (Table 1) were synthesized by Generay Biotech 
(Shanghai, China). 18S was chosen as a reference gene. 
The 2−ΔΔCT method was used to analyze real-time PCR 
data.

Western blot analysis

Total protein was extracted from 200 mg frozen adipose tis-
sue samples as previously described [20]. Protein concentra-
tion was measured with the Pierce BCA Protein Assay kit 
(No. 23225, Thermo Scientific) according to the manufac-
turer’s instruction. Western blot analysis of ATGL (BS7989, 
Bioworld, USA, diluted 1:1000), p-HSL (Ser855) (BS4234, 
Bioworld, USA, diluted 1:1000), AKT (AP0059, Bioworld, 
USA, diluted 1:1000), AMPK (BS6271, Bioworld, USA, 
diluted 1:1000), ACC (4190, Cell Signaling Technology, 
USA, diluted 1:1000), FAS (3189, Cell Signaling Technol-
ogy, USA, diluted 1:1000), and GR (24050-1-AP, Protein-
tech, USA, diluted 1:1000) were carried out. The β-actin 
(AP0060, Bioworld, USA, diluted 1:5000) was used as inter-
nal control.

Methylated DNA immunoprecipitation (MeDIP) 
analysis

Methylated DNA immunoprecipitation analysis was per-
formed as previously described [21]. In brief, 1 µg purified 
genomic DNA was fragmented to a mean size of 300 bp 
by sonication, heat denatured, and immunoprecipitated 
with 5-mc antibody (ab10805, Abcam, UK) overnight at 
4 °C. The immunoprecipitated DNA captured by pretreated 
protein A/G agarose (sc-2003, Santa Cruz Biotechnology) 
was recovered with proteinase K digestion followed by phe-
nol–chloroform–isoamyl alcohol (25:24:1) purification. 
The recovered DNA fractions were diluted 1:50 and used to 
amplify the proximal promoter sequences of rat ATGL and 
HSL genes by real-time PCR with specific primers (Table 1).

Statistical analysis

For all parameters involving four groups, two-way ANOVA 
was performed to assess the main effects of betaine and glu-
cocorticoid, as well as their interactions using general linear 
model, followed by LSD post hoc analysis to evaluate dif-
ferences between specific groups. Data were presented as 

Fig. 1   Flowchart of the experi-
ment indicating the timing for 
dietary intervention and DEX 
injection from gestational day 
(GD) 0 to postnatal day (PD) 90

Table 1   Nucleotide sequences of specific primers

Gene Sequence (5′–3′) GenBank no.

mRNA
 ATGL F: AAC​CTG​CGC​AAT​CTC​TAC​CG

R: GAA​GTC​CAT​CTC​GGT​AGC​CC
NM_001108509.2

 HSL F: TTC​GGG​GAA​CAC​TAC​AAA​CGC​
R: AGC​ACC​TCG​ATC​TCC​GTG​ATA​

TTC​

NM_012859.1

 ACC1 F: GCT​TCT​GCG​ACT​CCCC​
R: TGA​AAT​CCT​TTT​GTG​CAA​CTA​

NM_022193.1

 FAS F: CTC​CTT​AGT​AGT​GCG​TGG​TC
R: ATG​CTG​CTC​AAA​CGA​TGT​

NM_017332.1

 18S F: GGG​GAG​TAT​GGT​TGC​AAA​GC
R: CGC​TCC​ACC​AAC​TAA​GAA​CG

NR_046237.1

MeDIP
 ATGL F: GTT​GGG​GTG​AGG​CTT​TTG​TC

R: CTA​GCT​GCT​CGC​TTG​GGT​TT
 HSL F: TCG​GAG​CAA​CAA​TCT​AAG​

ACAA​
R: TCC​CGA​TAC​CAG​AGG​AAT​ACT​

TGA​
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mean ± SEM. All statistical analyses were performed with 
the SPSS 19.0 software (SPSS Inc., Chicago, IL, USA). A P 
value < 0.05 was considered statistically significant.

Results

Body weight and adipose tissue weight

Chronic DEX administration significantly decreased the 
body weight and daily food intake (P < 0.05), which was 
not reversed by maternal betaine exposure. No significant 
changes were observed in epididymal adipose tissue weight 
or adipose index after betaine or DEX treatment (Table 2).

Serum biochemical parameters

Chronic DEX treatment significantly (P < 0.05) increased 
serum total triglyceride level and decreased serum total 
cholesterol, HDL-C and LDL-C levels. Maternal betaine 
supplementation did not protect the progeny rats from these 
DEX-induced changes. Serum glucose and NEFA concentra-
tions were not affected by either prenatal betaine exposure 

or postnatal dexamethasone injection. However, maternal 
betaine exposure significantly alleviated DEX-induced 
increase in insulin and decrease in corticosterone levels 
(Table 3).

Serum concentrations of IL‑1β, IL‑6, and TNFα

DEX-induced increase of serum IL-6 and TNFα concentra-
tions was partially or completely ameliorated by maternal 
betaine exposure in progeny rats (Table 4). However, serum 
IL-1β level did not show significantly difference among four 
groups.

Expression of lipolytic genes in adipose tissue

ATGL and HSL are key lipolytic enzymes in adipose tis-
sue. Maternal betaine intake significantly (P < 0.05) alle-
viated DEX-induced up-regulation of ATGL expression at 
both mRNA and protein levels (Fig. 2a, b). Similar results 
were observed in HSL mRNA and p-HSL protein expression 
(Fig. 2c, d). In addition, maternal betaine exposure mark-
edly (P < 0.05) decreased the DEX-induced up-regulation 
of lipogenic genes including ACC and FAS at mRNA level, 

Table 2   Body weight, adipose weight, adipose index, and daily feed intake in offspring rats after dexamethasone administration

Values are mean ± SEM, n = 10. Adipose index is the ratio of adipose weight related to final weight. Means in a row bearing no common super-
script differ, P < 0.05

Parameters Control Betaine P value

Con–Con Con–Dex Bet–Con Bet–Dex Bet Dex Bet × Dex

Starting body weight (g) 334.00 ± 6.46 336.00 ± 7.25 340.80 ± 4.62 340.20 ± 5.27 0.360 NA NA
Final body weight (g) 347.60 ± 5.79b 311.20 ± 7.01a 351.00 ± 6.46b 309.70 ± 6.03a 0.882 0.000 0.701
Daily feed intake (g) 18.71 ± 0.51ab 16.83 ± 0.82a 19.28 ± 2.27b 17.26 ± 0.59a 0.458 0.006 0.914
Adipose weight (g) 6.00 ± 1.10 5.73 ± 0.52 4.83 ± 0.62 3.94 ± 0.62 0.062 0.448 0.684
Adipose index (%) 1.75 ± 0.30 1.78 ± 0.14 1.41 ± 0.18 1.27 ± 0.19 0.059 0.790 0.671

Table 3   Serum concentration of glucose, TG, Tch, HDL-C, LDL-C, NEFA, insulin, and corticosterone

Values are mean ± SEM, n = 6. Means in a row bearing no common superscript differ, P < 0.05
GLU glucose, TG total triglyceride, Tch total cholesterol, HDL-C high density lipoprotein-cholesterol, LDL-C low-density lipoprotein-choles-
terol, NEFA non-esterified fatty acid

Parameters Control Betaine P value

Con–Con Con–Dex Bet–Con Bet–Dex Bet Dex Bet × Dex

GLU (mmol/L) 8.51 ± 0.41 7.53 ± 0.47 7.79 ± 0.59 7.71 ± 0.38 0.406 0.291 0.364
TG (mmol/L) 0.81 ± 0.38a 2.90 ± 0.60b 1.07 ± 0.19a 2.70 ± 0.64b 0.004 0.001 0.616
Tch (mmol/L) 2.53 ± 0.20b 1.73 ± 0.15a 2.49 ± 0.11b 1.64 ± 0.18a 0.173 0.000 0.867
HDL-C (mmol/L) 1.47 ± 0.10b 1.00 ± 0.12a 1.34 ± 0.07b 0.92 ± 0.15a 0.673 0.000 0.899
LDL-C (mmol/L) 0.59 ± 0.07b 0.29 ± 0.05a 0.65 ± 0.07b 0.27 ± 0.03a 0.063 0.000 0.462
NEFA (µmol/L) 441.00 ± 43.19 506.00 ± 66.38 391.50 ± 42.58 350.33 ± 58.52 0.070 0.826 0.334
Insulin (ng/mL) 106.12 ± 5.62a 180.22 ± 22.20b 84.53 ± 10.50a 100.75 ± 10.17a 0.002 0.004 0.052
Corticosterone (ng/mL) 240.98 ± 78.40c 50.98 ± 8.13a 233.80 ± 80.22c 118.95 ± 23.58b 0.603 0.015 0.521
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while no significant differences were observed at protein 
level among four groups (Fig. 3).

GR, AMPK, and AKT protein contents in adipose 
tissue

In addition, DEX challenge significantly increased gluco-
corticoid receptor (GR) protein content in adipose tissue, 
which was diminished by maternal betaine supplementa-
tion (Fig. 4b). However, no significant differences were 

Table 4   Serum concentrations 
of IL-1β, IL-6, and TNFα

Values are mean ± SEM, n = 6. Means in a row bearing no common superscript differ, P < 0.05

Parameters Control Betaine P value

Con–Con Con–Dex Bet–Con Bet–Dex Bet Dex Bet × Dex

IL-1β (ng/L) 17.71 ± 0.52 18.97 ± 0.37 18.26 ± 0.15 17.92 ± 0.40 0.525 0.252 0.049
IL-6 (ng/L) 85.81 ± 3.82a 99.01 ± 3.28b 88.10 ± 2.53a 91.90 ± 1.33ab 0.415 0.008 0.120
TNFα (ng/L) 109.57 ± 3.45a 127.85 ± 2.26b 109.66 ± 2.29a 114.56 ± 3.81a 0.042 0.001 0.039

Fig. 2   Expression of lipolytic genes in adipose tissue. a ATGL 
mRNA expression in adipose tissue; b ATGL protein expression in 
adipose tissue; c HSL mRNA expression in adipose tissue; d p-HSL 

protein expression in adipose tissue. Values are mean ± SEM (n = 6). 
Different letters indicate statistical significance (P < 0.05)
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observed in AMPK and AKT protein contents in adipose 
tissue (Fig. 4c, d).

DNA methylation status on the promoter of lipolytic 
genes in adipose tissue

Methylated DNA immunoprecipitation analysis revealed 
that DEX administration significantly decreased the level 
of DNA methylation on the promoter of ATGL and HSL 
genes, which was significantly (P < 0.05) attenuated in 
progeny rats derived from betaine-supplemented dams 
(Fig. 5a, b).

Discussion

Numerous studies show that dietary betaine supplemen-
tation could ameliorate non-alcoholic fatty liver disease 
[7, 22] and alcoholic fatty liver disease [11, 23]. At pre-
sent, studies on the alleviation effect of betaine have 
been mainly focused on liver, while adipose tissue was 
rarely studied. In this study, we confirmed that maternal 
betaine supplementation is effective in the treatment of 
chronic DEX-induced lipolysis in offspring rats. Inter-
estingly, serum NEFA concentration was not affected by 
either betaine or DEX. However, a previous study showed 

Fig. 3   Expression of lipogenic genes in adipose tissue. a ACC protein expression; b FAS protein expression. Values are mean ± SEM (n = 6). 
Different letters indicate statistical significance (P < 0.05)
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that DEX administration markedly increased plasma free 
fatty acid levels [24]. Given that DEX-induced increase 
in hepatic lipid accumulation was alleviated by maternal 
betaine supplementation [19], we speculate that NEFA 
released from adipose tissue may be transported to liver 
or muscle for ectopic lipid deposition. Therefore, a cross-
talk between adipose and other tissues (such as liver and 
muscle) may play a vital role in regulating serum NEFA 
homeostasis. In addition, maternal betaine exposure 
protected the progeny rats from DEX-induced chronic 
low-grade inflammation, which is agreement with the 
previous findings [8, 25] and also supports the previous 
report that dietary betaine mitigated high-fat-diet-induced 
IL-6 expression in adipose tissue [26]. Moreover, mater-
nal betaine exposure partially alleviated DEX-induced 
decrease of serum endogenous corticosterone concentra-
tion in rat offspring.

ATGL and HSL are two main lipases responsible for the 
hydrolysis of TG [4]. Numerous studies have shown that glu-
cocorticoid exposure induces adipose lipolysis both in vivo 
and in vitro [24, 27]. In addition, chronic glucocorticoid 
challenge also enhanced lipogenic activity in white adipose 
tissue [28]. In the present study, DEX-induced up-regulation 
of ATGL and HSL expression at mRNA and protein lev-
els was remarkedly diminished by maternal betaine expo-
sure, which is consistent with a recent study [11]. However, 
maternal betaine intake completely abolished DEX-induced 
increase of lipogenic genes including ACC and FAS at 
mRNA level. Surprisingly, neither betaine nor DEX affected 
ACC or FAS at protein level, which implicates a more com-
plex mechanism involving post-transcriptional regulation. 
Thus, maternal betaine exposure alleviated DEX-induced 
lipolysis rather than lipogenesis in adipose tissue of rat off-
spring. Nevertheless, the mechanism underlying attenuation 

Fig. 4   GR, AMPK, and AKT protein expression in adipose tissue. 
a Western blot bands; b GR protein expression in adipose tissue; c 
AMPK protein expression in adipose tissue; d AKT protein expres-

sion in adipose tissue. Values are mean ± SEM (n = 6). Different let-
ters indicate statistical significance (P < 0.05)
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action of betaine on DEX-triggered lipolysis remains elu-
sive. Increasing evidences suggest that epigenetic modifica-
tions play a central role in regulating lipid metabolism [29, 
30]. We previously reported that maternal betaine treatment 
could alter hepatic DNA methylation, histone methylation, 
and micro-RNA expression in neonatal piglets [17, 31]. In 
addition, it has been reported that the action of betaine in 
ameliorating NAFLD is associated with modification of 
DNA methylation [32, 33]. Similar to the above results, we 
found that maternal betaine rectified the DEX-induced hypo-
methylation of ATGL and HSL gene promoters in adipose 
tissue of rat offspring.

The role of GCs mediated mainly through intracellular 
glucocorticoid receptor (GR). GR is a transcriptional fac-
tor that can bind to the glucocorticoid response elements 
(GREs) of target genes to induce transactivation and tran-
srepression (named genomic pathway) [4]. In addition to 
above-mentioned model, GCs may also mediate a rapid 
non-genomic AMPK or JNK signaling pathways [34–36]. 
However, we did not detect any significant changes in 
AKT or AMPK in response to either betaine or DEX. In 
contrast, DEX-induced increase in GR protein was com-
pletely abolished in progeny rats derived from betaine-
exposed dams. Due to limited quantity of adipose samples, 
we did not carry out chromatin immunoprecipitation assay 
to detect the GR binding on lipolytic genes. However, the 
previous studies found that RU486, a GR antagonist, could 
attenuate corticosterone-induced lipolytic rates and reduce 

ATGL and HSL protein content in 3T3-L1 cell line [5, 
37]. In addition, we have reported that maternal betaine 
ameliorated hepatic lipid accumulation by reducing the 
GR binding to GREs located on the promoter of lipogenic 
genes [19].

In summary, we provide the evidence that maternal 
betaine protects rat offspring from glucocorticoid-induced 
adipose lipolysis by preventing promoter DNA hypometh-
ylation of lipolytic genes including ATGL and HSL. The 
results of our study indicate the protective effects of mater-
nal betaine exposure on glucocorticoid-induced metabolic 
dysfunctional in adipose tissue of rat offspring.
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