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a  b  s  t  r  a  c  t

Our  previous  studies  have demonstrated  that  prenatal  caffeine  exposure  (PCE)  induced  an  intrauterine
programming  of  hypothalamic–pituitary–adrenal  axis (HPAA)-associated  neuroendocrine  metabolism
in  3-month-old  offspring  rats.  In this  study,  we aimed  to  confirm  this  programming  disorder  and  high
susceptibility  to  metabolic  syndrome  (MS)  in  10-month-old  female  PCE  offspring  with  postnatal  catch-up
growth.  We found  that  PCE  female  offspring  rats  showed  decreased  bodyweight  but  a higher  rate  of  weight
gain  after  birth.  Moreover,  in  the  offspring,  basal  hyperinsulinemia  and insulin  resistance  were  observed
before  unpredictable  chronic  stress  (UCS),  but  serum  total  cholesterol  (TCH)  levels  and  triglyceride/high-
density  lipoprotein–cholesterol  (TG/HDL-C),  TCH/HDL-C  and  low-density  lipoprotein–cholesterol/HDL-C
(LDL-C/HDL-C)  ratio  changes  were  increased  after  UCS, accompanied  by  morphological  damage  of  the
related  tissues.  These  results  suggested  that  PCE  adult  female  offspring  rats  were  highly  susceptible  to
MS, which  is related  to HPAA-associated  neuroendocrine-metabolic  programming  disorder.

©  2017  Elsevier  Inc.  All  rights  reserved.

1. Introduction

Metabolic syndrome (MS) represents a cluster of metabolic
risk factors, which can be defined as the presence of three or
more metabolic disorders such as central obesity, hypertension
and dyslipidaemia, with either increased triglyceride (TG) levels
or decreased high-density lipoprotein-cholesterol (HDL-C) levels,
and glucose intolerance [1,2]. Insulin resistance (IR) is a key event
underlying the occurrence of MS  [3]. Epidemiological and animal
studies [4–6] have shown that an adverse intrauterine environ-
ment contribute to a high susceptibility to MS.  Barker et al. also
suggested that an increased incidence of MS  in adulthood was asso-
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ciated with low birth weight, which may  be related to the theory of
Developmental Origins of Adult Disease [7–9]. These above state-
ments suggest that MS  has a developmental origin. Intrauterine
programming alterations [10–12] could be used to explain the rela-
tionships between an adverse environment during pregnancy and
foetal growth and development [13]. A series of reports have indi-
cated that an adverse intrauterine environment resulted in foetal
over-exposure to maternal glucocorticoid, which may be the pri-
mary initiating factor for intrauterine programming alterations
[14,15]. An adverse intrauterine environment could cause the
abnormal development of foetal hypothalamic–pituitary–adrenal
axis (HPAA) and other endocrine axes as well as changes in periph-
eral tissue metabolism.

Caffeine is a xanthine alkaloid, and its global consumption
has been increasing yearly, including widespread use in preg-
nant women  [16]. Studies have shown that prenatal caffeine
exposure (PCE) could cause a variety of adverse pregnancy out-
comes, including intrauterine growth retardation (IUGR) [17,18].
In our previous reports [19–21], PCE induced an intrauterine
programming of HPAA-associated neuroendocrine metabolism in
3-month-old offspring rats; this was associated with intrauterine
maternal glucocorticoid over-exposure caused by the downregu-
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lated expression of placental 11�-hydroxysteroid dehydrogenase
2 (11�-HSD2). High circulating glucocorticoid levels could inhibit
foetal HPAA development and alter glucose and lipid metabolic
function in multiple foetal tissues. These effects may  be sus-
tained after birth and manifested as low basal activity and
high sensitivity to chronic stress of HPAA, accompanied by
glucocorticoid-dependent glucose and lipid metabolic changes.
Moreover, this HPAA-associated neuroendocrine-metabolic pro-
gramming by PCE was observed in the second generation [22].
However, it remains unclear whether PCE could induce suscepti-
bility to MS  in the adult offspring or whether it was  related to the
HPAA-associated neuroendocrine-metabolic programming disor-
der.

“Catch-up growth” of bodyweight after birth has been proposed
in several nutrition-sufficient conditions, including high-fat diet
(HFD), which is becoming increasingly common in many countries.
Additionally, high sensitivity of the HPAA to external stimuli could
also aggravate glucose and lipid metabolic disorders and accelerate
the occurrence of adult MS  [23]. Some studies from other laborato-
ries have indicated that the influence of maternal glucocorticoid on
HPAA of female offspring may  be greater than that of male offspring
[24,25]. Therefore, HFD, stress stimuli and gender are important
inducible factors of MS.  In the present study, a post-weaning HFD
as an over-nutrition condition was administered to both control
and PCE groups to simulate catch-up growth, and unpredictable
chronic stress (UCS) was applied to induce high glucocorticoid lev-
els to confirm the dependent relationship between glucocorticoid
and glucose and lipid metabolism. We  aimed to confirm the HPAA-
associated neuroendocrine metabolic programming disorder and
high susceptibility to MS  in 10-month-old PCE female offspring rats
with postnatal catch-up growth. This study provided an experi-
mental basis for explaining the development and progression of
foetal originated MS.

2. Materials and methods

2.1. Main reagents

Caffeine (CAS # 58-08-2) was purchased from Sigma-Aldrich
Corporation (St Louis, MO,  USA). The rat adrenocorticotropic-
releasing hormone (ACTH) kit was purchased from the Beijing
North Institute of Biological Technology (Beijing, China). The rat
corticosterone (CORT) kit was purchased from R & D Systems, Inc.
(Minneapolis, MN,  USA). The insulin enzyme-linked immunosor-
bent assay (ELISA) kit was purchased from Mercodia AB (Uppsala,
Sweden). The glucose oxidase assay kit was purchased from Shang-
hai Ming-dian Biological Engineering Co., Ltd (Shanghai, China).
TG and total cholesterol (TCH) quantification kits were purchased
from Sangon Biotech Co., Ltd (Shanghai, China). HDL-C and low-
density lipoprotein-cholesterol (LDL-C) assay kits were purchased
from Zhejiang Chuangye Biological Co., Ltd (Zhejiang, China).

2.2. Animal procedures

Specific-pathogen-free (SPF) Wistar rats (females weighing
200–240 g and males weighing 260–300 g) were purchased from
the Experimental Animal Centre of the Hubei Academy of Preven-
tive Medical Sciences (Certificate of Conformity: No. 2008-0005,
Hubei province, China).

Animal experiments were performed in the Centre for Animal
Experiment of Wuhan University (Wuhan, China), which has been
accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care International (AAALAC International).
The Committee on the Ethics of Animal Experiments of the Wuhan
University School of Medicine approved the protocol (permit num-

ber: 14016). All animal experimental procedures were performed
in accordance with the Guidelines for the Care and Use of Lab-
oratory Animals of the Chinese Animal Welfare Committee. The
animals were housed in metal cages with wire-mesh floors in an
air-conditioned room under standard conditions (room tempera-
ture: 18–22 ◦C; humidity: 40–60%; light cycle: 12 h light-dark cycle;
10–15 air changes per hour) and allowed free access to rat chow
and tap water.

Time schedule of animal experiment was shown in Fig. 1. All
rats were acclimated for one week before experimentation, and
two female rats were placed together with one male rat overnight
in a cage for mating. The appearance of sperm in vaginal smears
confirmed mating, and the day of mating was taken as gestational
day (GD) 0. Pregnant females were randomly divided into the con-
trol and PCE groups with each group containing 8 rats. Starting
from GD11, the PCE group was  given a daily gavage administra-
tion of 120 mg/kg of caffeine [21] until the day that the rats went
into labour. The control group was administered an equal volume
of distilled water.

The day of litter delivery was designated postnatal week (PW)
0, and litters with 8–14 pups were included in the experiment (the
number of male and female pups was  more than or equal to 4).
To ensure adequate and relatively equal intake of nutrients during
the suckling period, we  randomly reduced the amount of pups to
8 per litter (4 male pups and 4 female pups). Beginning at PW1,
the pups were weighed every 4 weeks. The rate of bodyweight
gain was calculated using the formula: the rate of bodyweight
gain (%) = (PW� bodyweight − PW1 bodyweight) × 100/PW1 body-
weight. After weaning at PW4, one female rat was randomly
selected from each litter in the control and PCE groups (8 female
pups from the control group and 8 female pups from the PCE group).
The female rats in the control and PCE groups were fed an HFD [26]
containing 88.0% corn flour, 11.5% lard and 0.5% cholesterol until
PW24, which provided 18.9% kcal from protein, 61.7% kcal from
carbohydrates and 19.4% kcal from fat. The female rats were then
given a normal diet until PW40, which was  purchased from the
Hubei Medical and Scientific Academy and provided 21% kcal from
protein, 68.5% kcal from carbohydrates and 10.5% kcal from fat.

The offspring rats in the control and PCE groups were exposed
to a two-week UCS [26] from PW38 to PW40. One week before
UCS and 24 h after UCS, the rats were subjected to blood col-
lection and oral glucose tolerance test (OGTT) [26]. The animals
were fasted overnight, and then the blood samples were drawn
from caudal vein from 8:30 a.m. to 10:30 a.m. due to the circa-
dian rhythm of HPA axis [26–28], in order to detect the levels
of ACTH, CORT, glucose, insulin, TG, TCH, LDL-C and HDL-C. The
insulin resistance index (IRI) was calculated according to the fol-
lowing formula [29,30]: IRI = fasting serum insulin level × fasting
serum glucose level/22.5. On the third day after the last expo-
sure to UCS, the rats were sacrificed by isoflurane anaesthesia.
Adrenal gland (right side), pancreatic and liver tissues were rapidly
removed, fixed with paraformaldehyde (n = 5) and subjected to
haematoxylin-eosin (HE) staining.

2.3. OGTT

OGTT was  conducted as described previously [26]. Rats were
fasted overnight (12 h) and then given a glucose solution (2 g/kg)
by gavage administration. Blood samples were collected from the
caudal veins prior to (0 min) and at 30, 60 and 120 min  after the
gavage administration of the glucose solution. Serum glucose lev-
els were examined at each time point. A serum glucose curve was
constructed, and the area under the curve (AUC) was calculated. To
avoid individual differences in fasting (0 min) serum glucose levels,
the glucose level of a rat at each OGTT time point was expressed
as a percentage relative to its glucose level at 0 min. Glucose levels
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