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Prenatal nicotine exposure enhances the 
susceptibility to metabolic syndrome in adult 
offspring rats fed high-fat diet via alteration of 
HPA axis-associated neuroendocrine metabolic 
programming

Dan XU1, 2, #, Li-ping XIA1, #, Ben-jian ZHANG1, Lang SHEN1, You-ying LEI1, Lian LIU1, Li ZHANG1, Jacques MAGDALOU3, 
Hui WANG1, 2, *

1Department of Pharmacology, Basic Medical School of Wuhan University, Wuhan 430071, China; 2Research Center of Food and Drug 
Evaluation, Wuhan University, Wuhan 430071, China; 3UMR 7561 CNRS-Nancy Université, Faculté de Médecine, Vandoeuvre-lès-
Nancy, France

Aim: Prenatal nicotine exposure (PNE) alters the hypothalamic-pituitary-adrenocortical (HPA) axis-associated neuroendocrine metabolic 
programming in intrauterine growth retardation offspring rats.  In this study we aimed to clarify the susceptibility to metabolic diseases 
of PNE offspring rats fed a high-fat diet.  
Methods: Maternal Wistar rats were injected with nicotine (1.0 mg/kg, sc) twice per day from gestational day 11 until full-term delivery, 
and all pups were fed a high-fat diet after weaning and exposed to unpredictable chronic stress (UCS) during postnatal weeks 18–20.  
Blood samples were collected before and after chronic stress, and serum ACTH, corticosterone, glucose, insulin, total cholesterol, 
triglyceride and free fatty acids levels were measured.  The hypothalamus, pituitary gland and liver were dissected for histological 
studies.
Results: UCS significantly increased the serum ACTH, corticosterone and insulin levels as well as the insulin resistant index without 
changing the serum glucose, total cholesterol, triglyceride and free fatty acids levels in adult offspring rats without PNE.  The body 
weight of PNE offspring rats presented a typical “catch-up” growth pattern.  PNE not only aggravated the UCS-induced changes in the 
HPA axis programmed alteration (caused further increases in the serum ACTH and corticosterone levels), but also significantly changed 
the glucose and lipid metabolism after UCS (caused further increases in the serum glucose level and insulin resistant index, and 
decrease in the serum free fatty acids).  The effects of PNE on the above indexes after UCS showed gender differences.  Pathological 
studies revealed that PNE led to plenty of lipid droplets in multiple organs.   
Conclusion: PNE enhances not only the HPA axis, but also the susceptibility to metabolic diseases in adult offspring rats fed a high-fat 
diet after UCS in a gender-specific manner and enhances the susceptibility to metabolic diseases in adult offspring rats fed a high-fat 
diet.
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Introduction
Metabolic syndrome (MS) is a collection of multiple condi-
tions, including hypertension, hyperglycemia, dyslipidemia 
and obesity, that directly lead to fatty liver and diabetes, as 

well as cardiovascular and cerebrovascular diseases.  Pre-
vious reports showed that in adults over the age of 20, the 
prevalence of metabolic syndrome is 34%–39% in the United 
States[1], and the morbidity is as high as 14%–16% in China[2].  
Intrauterine growth retardation (IUGR) refers to the poor 
growth of a baby in the womb during pregnancy.  Specifi-
cally, it is defined as a developing baby who weighs 10%, or 
two standard deviations, less than the mean body weight of 
other babies of the same gestational age[3].  The worldwide 
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prevalence rate for IUGR is approximately 3%–16%[4].  Epide-
miological investigations have indicated that the incidence of 
adult MS in IUGR fetuses is 5.75-fold higher than in normal 
fetuses[5].  All of these above-mentioned reports indicate that 
MS has a fetal origin.

Intrauterine programming is the process by which the struc-
ture and function of tissues are permanently altered by insults 
suffered during early development[6].  To date, the underlying 
mechanisms of susceptibility to MS in adult offspring with 
IUGR have not been clearly defined.  They might arise from 
functional developmental alterations of the hypothalamic-
pituitary-adrenocortical (HPA) axis, which inhibits fetal 
growth and increases the sensitivity of peripheral tissues to 
metabolic hormones, such as glucocorticoids (GC)[7].  Because 
the postnatal nutrient availability is better than that predicted 
prenatally, the offspring exhibit “catch-up” growth and fat 
deposition with an increased risk of adult insulin resistance 
(IR)[7].  Furthermore, the enhanced sensitivity of the HPA axis 
in response to stress in adult offspring could accelerate the 
development of metabolic abnormalities.  

Cigarette smoke contains various compounds that may 
be harmful to the developing fetus.  Nicotine is one of these 
adverse components[8].  It is known to cross the placenta and 
can be detected in fetal circulation, where it can affect the fetus 
in several ways[9–12].  Our previous studies[13] found that prena-
tal nicotine exposure (PNE) caused IUGR in rats; the fetuses 
were overexposed to maternal GC, and the development of 
the fetal HPA axis was inhibited.  Meanwhile, the metabolic 
pathways for glucose and lipids in the fetal liver and gastroc-
nemius muscle, as well as the corresponding blood pheno-
types, were affected, which could most likely be attributed to 
the increased fetal circulatory GC level.  After birth and the 
initiation of a normal diet, the IUGR offspring induced by PNE 
showed low basal activity but an enhanced sensitivity of the 
HPA axis to chronic stress, as well as GC-dependent pheno-
typic alterations of the blood glucose and lipid metabolism[14].  
These results suggest an underlying mechanism of “HPA axis-
associated neuroendocrine metabolic programmed alteration” 
in adult IUGR offspring with PNE-induced susceptibility to 
MS.

A high-fat diet has been linked to hypertension, glucose 
intolerance, insulin resistance, type 2 diabetes, dyslipidemia, 
obesity and reproductive disorders in adults[15–18].  A key ques-
tion is whether PNE (which induces the HPA axis-associated 
neuroendocrine metabolic programmed alteration) increases 
the susceptibility to adult MS and associated metabolic dis-
eases in adult offspring rats fed a high-fat diet.  However, it 
remains unknown whether gender plays a role in the effects 
observed in adult IUGR offspring.  To address these questions, 
a high-fat diet and unpredictable chronic stresses[19] were 
employed to simulate good nutrition and physical stress in the 
present study, and we observed the function of the HPA axis, 
the profiles of glucose and lipid metabolism, and the mor-
phological changes of multiple organs, in addition to gender 
differences in the adult IUGR offspring induced by PNE.  This 
study may help elucidate the underlying mechanisms respon-

sible for the susceptibility of IUGR offspring to adult meta-
bolic diseases.

Materials and methods 
Materials
Nicotine (CAS No 54-11-5, with a purity of 98%) was provided 
by Sanqiang Co, Ltd (Weifang, China).  Isoflurane was pur-
chased from Baxter Healthcare Co (Deerfield, IL, USA).  Oli-
gonucleotide primers were synthesized by Sangon Biotech Co, 
Ltd (Shanghai, China).  Adrenocorticotropic hormone (ACTH) 
and insulin radioimmunoassay kits were purchased from the 
North Institute of Biological Technology (Beijing, China).  A 
rat corticosterone (CORT) ELISA kit was obtained from Assay-
pro LLC (Saint Charles, MO, USA).  A glucose oxidase assay 
kit was provided by Mind Bioengineering Co, Ltd (Shanghai, 
China).  A total cholesterol (TCH) and triglyceride (TG) assay 
kit and a free fatty acid (FFA) assay kit were purchased from 
Sangon Biotech Co, Ltd (Shanghai, China).  Other chemicals 
and agents were of analytical grade.  

Animals and treatment 
Specific pathogen-free (SPF) Wistar rats (weighing 200–240 g 
for females and 260–300 g for males) were obtained from the 
Experimental Center of Hubei Medical Scientific Academy 
(No 2008-0005, Wuhan, China).  Animal experiments were 
performed at the Center for Animal Experiment of Wuhan 
University (Wuhan, China), which has been accredited by 
the Association for Assessment and Accreditation of Labora-
tory Animal Care International (AAALAC International).  All 
experimental procedures involving animals were approved by 
and performed in accordance with the Guidelines for the Care 
and Use of Laboratory Animals of the Chinese Animal Welfare 
Committee.

Animals were held under temperature-controlled conditions 
on a 12-h light-dark cycle and had ad libitum access to stan-
dard chow and tap water.  After one week of acclimation, two 
females were mated with one male for one night.  Upon con-
firmation of mating by the observation of sperm in a vaginal 
smear, the day was noted as gestational day 0 (GD0).  Preg-
nant females were then transferred to individual cages.

The rat IUGR model was induced by PNE as previously 
reported[13, 14].  A schematic of the procedure for maternal and 
offspring rat treatment was shown in Figure 1.  Pregnant rats 
were randomly divided into two groups: a control group and 
a nicotine group.  Starting from GD11 until term delivery 
(GD21), the nicotine group was subcutaneously administered 
with 1.0 mg/kg nicotine twice per day.  The control group was 
given the same volume of saline.  At parturition, the dams and 
their offspring were fed ad libitum.

On postnatal day 1 (PD1), 8 pups were selected randomly 
from each mother and their gender ratio was balanced to 1:1 to 
ensure adequate and standardized nutrition until weaning[20].  
At postnatal week 4 (PW4), 16 pups from 8 different mothers 
were selected randomly for each group (8 male and 8 female 
IUGR pups from the nicotine group, 8 male and 8 female 
normal pups from the control group), and all pups were fed 
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a high-fat diet ad libitum before being sacrificed.  Standard 
rodent chow (purchased from the Experimental Center of 
Hubei Medical Scientific Academy) provided 21% kcal from 
protein, 68.5% kcal from carbohydrates, and only 10.5% kcal 
from fat.  The high-fat diet was previously reported by our 
lab[21] to contain 88.0% corn flour, 11.5% lard, and 0.5% cho-
lesterol, which provided 18.9% kcal from protein, 61.7% kcal 
from carbohydrate, and 19.4% kcal from fat.  

The offspring rats were weighed weekly.  The rate of body 
weight growth was calculated as follows: Gain rate of body 
weight (%)=[(body weight at PWX–body weight at PW1)]/
body weight at PW1×100.  At PW16, the animals were fasted 
for 12 h, and blood was taken via the vena caudalis within 3 
min to measure levels of ACTH, CORT, glucose, insulin, TCH, 
TG and FFA.  Starting at PW18, the rats were exposed to the 
unpredictable chronic stress procedure[19] for 3 weeks.  The 
stressors included food deprivation for 24 h, water depriva-
tion for 24 h, tail pinch (2 cm apart from the end of the tail) for 
5 min, heat in an oven at 45 °C for 5 min, cold swimming at 
4–8 °C for 4 min and then towel-drying, reverse day and night 
cycles, and social isolation (one rat per cage) for 24 h.  Each 
stressor was administered randomly once daily per one rat on 
every 7 d (three times within 21 d) between 8:30 AM and 10:30 
AM, except for the 24-h stressors.  In other words, there were 
7 d in a cycle, and 7 different stressors were administered 
randomly in one cycle to ensure that each stressor would be 
unpredictable for the animals.  On the last day of the stress 
period (PW20), after 12 h fasting, all rats were obliged to swim 
at 4–8 °C for 4 min and were then towel-dried.  One hour after 
swimming, the rats were anesthetized with isoflurane and 
decapitated in a room separate from the one where the other 
animals were kept.  Blood samples were collected via the vena 
caudalis within 5 min before and after chronic stress, and the 
serum was prepared by centrifugation at 17 205×g for 15 min 
at 4 °C and then stored at -80 °C until it was used to measure 
the levels of ACTH, CORT, glucose, insulin, TCH, TG, and 
FFA.  The hypothalamus, pituitary gland and liver were dis-
sected and fixed in a 4% paraformaldehyde solution for histo-
logical examination.

Analysis for blood samples 
Serum ACTH and CORT were detected using radioimmuno-
assay and an ELISA kit, respectively, following the manu-
facturer’s protocol.  The limits of detection for ACTH and 
CORT are 5 pg/mL and 0.39 ng/mL, respectively.  The levels 
of serum glucose, TCH, TG and FFA were detected using 
biochemical assay kits following the manufacturer's protocol.  

Serum insulin was determined using a radioimmunoassay kit.  
The gain rates of serum ACTH and CORT, as well as the insu-
lin resistant index (IRI), were calculated as described below, 
according to our previous studies[14]： 

Histological examination
The hypothalamus, pituitary gland and liver were fixed in a 
4% paraformaldehyde solution overnight and processed using 
the paraffin section technique.  Sections that were approxi-
mately 5 µm thick were stained with hematoxylin and eosin 
(HE) dyes and observed under a light microscope.

Statistical analysis
Excel (Microsoft, Redmond, WA, USA) and Prism (GraphPad 
Software, La Jolla, CA, USA) were used to perform data analy-
sis.  All data presented are expressed as the mean±SEM.  Stu-
dent’s two-tailed t-test was used to compare the mean values 
of various groups as applicable.  The paired t-test was used 
to compare the mean values of the same group before and 
after chronic stress.  Statistical significance was designated at 
P<0.05.  

Results 
Body weight change after birth 
The rat IUGR model induced by PNE was reported in our 
previous study[13, 14].  In the present study, prenatal exposure 
to nicotine (2 mg·kg-1·d-1) resulted in a lower body weight 
compared with that of the control group (P<0.01, Figure 2A) at 
PW1 (the dams are highly sensitive to environmental stimulus 
over a fixed time course after delivery, so we weighed the neo-
nates at PW1 but not PD1).  

“Catch-up” growth is rapid growth in infants or young 
children who were born small for their gestational age, and it 
may be defined as a height velocity that surpasses the statisti-
cal limits of normality for age and/or maturity over a defined 
interval of time, following a transient period of growth inhibi-
tion[22].  Our subsequent data showed that when compared 
with the control, the body weight gain rates showed a trend 
toward increasing or increased significantly, especially at 
PW16 in the males and from PW11 to PW16 in the female 
rats (P<0.05, P<0.01, Figure 2B and 2C), indicating that these 
pups exhibited a “catch-up” growth pattern.  Moreover, the 
timing of catch-up growth is late (post-weaning) and gender-
dependent.  

Serum ACTH and CORT concentration changes before and after 
chronic stress
Before chronic stress, serum ACTH and CORT concentra-
tions in male and female IUGR offspring were significantly 

ACTH(CORT) con.gain rate (%)=
ACTH(CORT) con.after stress–ACTH(CORT)con.before stress ×100
                             ACTH(CORT) con.before stress

IRI=fasting serum insulin (FINS)×fasting blood glucose (FBG)/22.5

Figure 1.  The schedule of animal treatment from gestational day 0 (GD0) 
to postnatal week 20 (PW20).
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lower (ACTH: 37% and 42% lower than the control for male 
and female, respectively; CORT: 27% and 31% lower than the 
control for male and female, respectively) (P<0.01, Figures 
3A, 3B, 3D, and 3E).  After chronic stress, the serum ACTH 
and CORT concentrations were significantly increased in all 
groups compared to levels before chronic stress (P<0.01, Fig-
ures 3A, 3B, 3D, and 3E).  Furthermore, the ACTH levels in 
both male and female IUGR offspring and the CORT levels in 
female IUGR offspring were significantly higher than those 
in the control groups after chronic stress (P<0.01, Figures 3A, 
3B, and 3E).  The serum ACTH and CORT concentrations in 
the PNE groups increased significantly when compared with 
the control (P<0.05, P<0.01, Figures 3C and 3F).  These results 
indicated that PNE could enhance the sensitivity of the HPA 
axis to chronic stress in IUGR offspring fed a high-fat diet.  

Serum glucose and insulin concentration alterations before and 
after chronic stress
Before chronic stress, the fasting serum glucose concentrations 

(Figures 4A and 4D) were the same in the PNE and control 
groups.  After chronic stress, the serum glucose concentrations 
of the PNE rats were significantly increased from baseline 
(P<0.01, Figure 4A) and were significantly higher than those of 
the controls (P<0.05, Figure 4A) in males, but no change was 
observed in the female offspring (Figure 4D).  Compared to 
the control groups, the serum insulin concentrations (Figures 
4B and 4E) before chronic stress were decreased significantly 
in the male PNE group (P<0.01, Figure 4B) but showed no 
change in the female PNE group (Figure 4E).  After chronic 
stress, the serum insulin concentrations were significantly 
increased over baseline (P<0.01, Figure 4B and 4E) in the 
female controls and in the male and female PNE rats.  Fur-
thermore, the IRI in the male PNE group was significantly 
lower than that in the control group (P<0.05, Figure 4C) before 
chronic stress, but it increased significantly after chronic stress 
(P<0.01) and was much higher than that of the control group 
(P<0.05) (Figure 4C).  The IRI in the female PNE group was 
similar to that of the control before and after chronic stress, 

Figure 3.  Effects of prenatal nicotine (2 mg·kg-1·d-1) exposure and a high-fat diet after weaning on the concentrations of serum adrenocorticotrophic 
hormone (ACTH) and corticosterone in adult offspring rats before and after chronic stress.  (A) Serum ACTH concentrations of male rats before and 
after stress; (B) serum ACTH concentrations of female rats before and after stress; (C) ACTH rates of increase in male and female rats; (D) serum 
corticosterone concentrations of male rats before and after stress; (E) serum corticosterone concentrations of female rats before and after stress; (F) 
corticosterone rates of increase in male and female rats.  Mean±SEM.  n=8.   bP<0.05, cP<0.01 vs control.  fP<0.01 vs before stress.

Figure 2.  Effects of prenatal nicotine (2 mg·kg-1·d-1) exposure and a high-fat diet after weaning on the body weight of the offspring rats.  (A) Body weight 
of the offspring at PW1; (B) body weight growth rate in males; (C) body weight growth rate in females.  Mean±SEM.  n=8.   bP<0.05, cP<0.01 vs control.



1530

www.nature.com/aps
Xu D et al

Acta Pharmacologica Sinica

npg

but showed a marked increase over the baseline after chronic 
stress (P<0.01, Figure 4F).

Blood lipid alterations before and after chronic stress
The serum TCH, TG, and FFA levels in the male PNE group 
were similar or much higher (P<0.01) than that of the control  
(Figures 5A, 5C, and 5E) before chronic stress.  After chronic 
stress, the TG and TCH levels in the male PNE rats showed 
a tendency toward increasing compared to those of control 
(Figures 5A and 5C), whereas the serum FFA level signifi-
cantly decreased compared with the level before chronic stress 
(P<0.01, Figure 5E).  In the PNE female rats, the serum TCH 
and FFA levels were similar to those of the control rats (Fig-

ures 5B and 5F), whereas the serum TG level was much lower 
than that of the control before chronic stress.  After chronic 
stress, the TCH and TG levels in the PNE female rats remained 
unchanged compared with those of the control (Figure 5B and 
5D), whereas the FFA level significantly decreased compared 
with the level before chronic stress (P<0.01, Figure 5F).

Pathological alterations 
The normal architecture of the hypothalamus, pituitary gland 
and liver were observed in the male and female control rats 
(Figures 6A1–6A3 and 6C1–6C3).  In contrast, many lipid 
droplets were observed in the hypothalamus, pituitary gland 
and liver tissues of the PNE rats (Figures 6B1–6B3, 6D1–6D3), 

Figure 4.  Effects of prenatal nicotine (2 mg·kg-1·d-1) exposure and a high-fat diet after weaning on the levels of serum glucose and insulin in adult 
offspring rats before and after chronic stress.  (A) Serum glucose of males; (B) serum insulin of males; (C) IRI of males; (D) serum glucose of females; (E) 
serum insulin of females; (F) IRI of females.  Mean±SEM.   n=8.   bP<0.05, cP<0.01 vs control.  fP<0.01 vs before stress. 

Figure 5.  Effects of prenatal nicotine (2 mg·kg-1·d-1) exposure and a high-fat diet after weaning on the levels of blood lipids in adult offspring rats before 
and after chronic stress.  (A) Serum total cholesterol (TCH) of males; (B) serum triglyceride (TG) of males; (C) serum free fatty acids (FFA) of males; (D) 
serum TCH of females; (E) serum TG of females; (F) serum FFA of females.  Mean±SEM.  n=8.   bP<0.05, cP<0.01 vs control.  fP<0.01 vs before stress.  
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particularly in the female rats.  These results reveal a wide 
range of abnormal intracellular retention of lipids in the major-
ity of neuroendocrine metabolic-related tissues of IUGR rats.  

Discussion 
PNE induces low birthweight and typical “catch-up” growth in 
rats fed a high-fat diet
The phenomenon of low birthweight as a result of PNE in rats 
has been previously described[23–25].  A series of epidemiologi-
cal, clinical and experimental studies performed throughout 
the world have demonstrated that there is an association 
among slow growth before birth; accelerated growth in early 
postnatal life; and the emergence of glucose intolerance, insu-
lin resistance, type 2 diabetes and obesity in later life[26–29].  Our 
previous studies have found that the IUGR offspring with 
PNE who were fed a normal diet failed to present a significant 
“catch up” growth pattern of body weight[14].  However, the 
present study demonstrated that IUGR offspring, particularly 
females, that were induced by PNE exhibited a lower birth-
weight and presented a “catch-up” growth pattern and that 
the catch-up timing is late (post-weaning) and gender-depen-
dent.  The results were consistent with Fowden’s hypothesis, 
which suggested that this “catch-up growth” pattern after 
birth was due to an increased sensitivity of the peripheral tis-
sues to metabolic hormones induced by suboptimal conditions 
in utero[7].

The studies to date have reported increased fat accumula-
tion after catch-up growth in low birthweight infants and in 
animal models of IUGR[30, 31].  Previous studies in rats have 
demonstrated that the majority of body fat is located in sub-
cutaneous deposits at the time of weaning (subcutaneous fat 
weight increases 6-fold).  Two months later, the majority of 
body fat is located in the abdominal cavity (intra-abdominal 
fat increases 116-fold)[32].  Therefore, it can be assumed that the 
“catch-up” growth of IUGR pups after weaning may contrib-
ute to the greater accumulation of abdominal fat and favor a 
later-stage metabolic dysfunction in IUGR rats.  In the present 
study, “catch-up growth” in the body weight of female IUGR 
offspring occurred after PW11, so the incremental increases in 
body weight were likely mostly abdominal fat, which might 
accelerate the development of MS.  

PNE aggravates the programed alteration of the HPA axis for 
lower basal activity and enhanced stress sensitivity in the context 
of a high-fat diet 
It has been suggested that the intrauterine programming of the 
HPA axis is most likely involved in the underlying mechanism 
behind the intrauterine origin of adult MS[33, 34].  Our previous 
studies suggested that PNE induced a program of changes in 
the HPA axis, which was manifested as lower basal activity 
and enhanced stress sensitivity of the HPA axis[13, 14].  Other 
studies showed that a high-fat diet increased the basal activity 

Figure 6.  Effects of prenatal nicotine exposure (PNE), a high-fat diet after weaning and chronic stress on the histology of multiple organs in adult 
offspring rats (HE, 400×).  (A1–A3) Hypothalamus, pituitary gland and liver of males in the control group; (B1–B3) hypothalamus, pituitary gland and 
liver of males in the PNE group; (C1–C3) hypothalamus, pituitary gland and liver of females in the control group; (D1–D3) hypothalamus, pituitary gland 
and liver of females in the PNE group.  
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of the HPA axis in rats by promoting the synthesis and secre-
tion of CRH in the hypothalamic paraventricular nucleus[35, 36].  
However, in the present study, before chronic stress, blood 
ACTH and CORT levels in the IUGR offspring rats fed a high-
fat diet remained much lower.  In speculating, this lower basal 
activity of the HPA axis might be primarily attributed to the 
lowered programming of the intrauterine HPA axis induced 
by PNE.  Moreover, PNE seemed to aggravate this pro-
grammed effect in the context of a high-fat diet.  However, the 
underlying mechanisms require further study.

The major neuroendocrine response mediating stress adap-
tation is the activation of the HPA axis leading to increased 
circulatory ACTH and GC levels[37, 38].  As reported in the lit-
erature[39], the serum CORT concentration increased dramati-
cally in offspring with 72 h of prenatal nutrition restriction and 
liquid deprivation.  In the present study, after the unpredict-
able chronic stress, the levels of blood ACTH, CORT and their 
rates of increase were remarkably higher in the PNE group 
than those of the control group.  These results suggested 
that PNE enhanced the sensitivity of the HPA axis to chronic 
stress.  Moreover, a high-fat diet can also increase the release 
of ACTH and CORT after stress in adult rats[40].  Therefore, in 
the present study, the enhanced sensitivity of the HPA axis to 
chronic stress in adult offspring might result from the poten-
tiation of PNE and the postnatal high-fat diet.

PNE aggravated the effect of the programmed HPA axis on 
changes in the glucose and lipid metabolism in the context of a 
high-fat diet 
Reynolds suggested that a high level of circulatory GC in utero 
may be vital for the intrauterine programming of glucose 
and lipid metabolism[41].  We previously confirmed that PNE 
induced a HPA axis-associated neuroendocrine metabolic 
alteration in IUGR fetal rats, which manifested as a high blood 
glucose level and low blood lipid levels (TG and TCH) associ-
ated with a high blood GC level[13].  After birth and the initia-
tion of a normal diet, the level of blood glucose in IUGR off-
spring showed no change before chronic stress but increased 
significantly after chronic stress, and the level of blood TCH 
and TG were much higher than those in the control group 
before chronic stress but decreased as compared to the control 
after chronic stress[14].

Early metabolic programming could contribute to the 
observed variability in responses to nutritional interventions 
and further the development of metabolic diseases in later life, 
particularly in environments where high-fat diets are preva-
lent.  A high-fat diet has been used to induce obesity, dyslipid-
emia and IR in rodents for many decades.  The complications 
developed by high-fat diet resemble human MS, and these 
complications may extend to cardiac hypertrophy, cardiac 
fibrosis, myocardial necrosis and hepatic steatosis[42–45].  In the 
present study, we found that after chronic stress, serum glu-
cose and insulin concentrations and the IRI were significantly 
increased in male IUGR offspring, but the phenomenon failed 
to appear in IUGR females, indicating that the male offspring 
of PNE group presented hyperglycemia and IR.

We also found that before chronic stress, the serum TCH 
and TG concentrations in the PNE group were slightly or sig-
nificantly increased (except for TG in females), but they still 
showed a tendency toward increasing after chronic stress.  
These results were not in agreement with those of our previ-
ous study in which the offspring were fed a normal diet[14], 
indicating that the differences could possibly be attributed 
to the high-fat diet.  It is known that FFA is an intermedi-
ate product of lipid synthesis and catabolism.  However, we 
found that serum FFA concentrations in the PNE group were 
decreased significantly after chronic stress, suggesting that 
lipid catabolism remained enhanced and may be evoked by 
excessive circulatory GC.

Moreover, certain distinctive pathological phenomenon, 
such as extensive accumulation of large lipid droplets, vacu-
olar degeneration (steatosis) and even cellular necrosis were 
observed in the HPA axis-associated neuroendocrine meta-
bolic organs (hypothalamus, pituitary gland and liver) in the 
PNE group, indicating the occurrence of lipoidosis.  Combined 
with hyperglycemia, IR and lipoidosis, the programmed neu-
roendocrine metabolic effects of PNE and a high-fat diet may 
be the most important cause for these metabolic-related dis-
eases.

PNE induced gender-specific neuroendocrine metabolic changes 
in the context of a high-fat diet 
Interestingly, in the present study, gender differences were 
observed in the adult IUGR offspring fed a high-fat diet.  For 
example, the “catch-up” pattern of body weight growth was 
obvious, especially in the female offspring.  This result was 
consistent with that of a previous epidemiological report that 
revealed the high prevalence of overweight in adult women 
exposed to the Dutch or Chinese famine during their fetal 
life[46, 47].  Furthermore, the serum insulin concentration was 
remarkably lower before chronic stress but increased signifi-
cantly in the males after stress; however, although the serum 
glucose concentration was much higher than that of the con-
trol after stress, this phenomenon was not observed in females.  
Moreover, compared with the control, there were higher levels 
of lipids (especially TG and FFA) in males but not in females.  
According to Pinheiro’s report[48], we speculate that the obvi-
ous “catch-up” growth pattern of body weight in the female 
offspring may reflect a leptin production impairment in the 
females, and the changes in insulin/glucose/lipids in the 
males may reflect that the male offspring rats were more sensi-
tive to the stress/GC that resulted from the effects on adrenal 
function.  Another possible source of the gender differences 
might be sexual hormones.  Recent studies suggest that sex 
hormones may contribute to sexual dimorphisms that occur 
in response to fetal insult[49, 50].  Our recent data suggest that 
the estrogen level was lower in female rats exposed to etha-
nol prenatally than in control female rats, but no significantly 
differences were observed between the two male groups 
(our unpublished data).  In addition, examining the effects 
of a high-fat diet on metabolism revealed gender-dependent 
changes in the levels of key components of the insulin and adi-
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ponectin signaling pathways[51], suggesting a different effect of 
a high-fat diet on male versus female rats.

Conclusions
Our previous studies have confirmed that PNE induced the 
developmental dysfunction of the HPA axis and associated 
neuroendocrine metabolic programmed changes in IUGR 
adult offspring rats.  In this study, we further demonstrated 
that PNE could induce typical “catch-up” growth, aggravate 
the programmed HPA-associated neuroendocrine metabolic 
changes, and enhance the susceptibility to metabolic diseases 
in adult IUGR offspring rats fed a high-fat diet.  Moreover, 
some of these effects presented in a gender-specific manner.  
These observed phenomena and their suggesting mechanisms 
may further provide an experimental basis for explaining the 
susceptibility to adult metabolic diseases in IUGR offspring.  
Moreover, the results further our understanding of the harm 
of nutritional intervention on IUGR offspring for preventing 
and/or retarding the development of adult metabolic diseases.  
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