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The present study aimed to evaluate the effects of a post-weaning high-fat (HF) diet upon hepatic morphology in rats subjected to perinatal protein

restriction. Pregnant Wistar rats were assigned to a normal-protein diet (NP; with 19 % of protein) or a low-protein (LP) diet (with 5 % of protein).

At weaning, the following groups were formed: NP and NP-HF, males and females, which were fed standard chow and an HF diet, respectively.

Likewise, LP rat dams originated LP and LP-HF offspring, both sexes. Euthanasia was performed at 6 months of age. Three-way ANOVA dis-

closed a three-factor interaction among sex, perinatal diet and HF diet in relation to body mass, retroperitoneal fat pad, liver mass:tibia length ratio,

binucleation rate and hepatocyte area at 6 months old (P,0·05). The high-fat diet intensified the effects of perinatal protein restriction concerning

systolic blood pressure, genital fat pad and hepatocyte number (P,0·05; two-way ANOVA). Furthermore, higher steatosis rates and insulin and

leptin concentrations were found in males fed on the HF diet, indicating a sex–post-weaning diet interaction (P,0·05; two-way ANOVA). Fetal

programming and HF diet as a single stimulus caused mild hypertension at 3 months, an important reduction in hepatocyte number as well as stage

1 steatosis at 6 months. However, hypertension and hepatocyte number deficit were worsened and grade 2 steatosis occurred after exposure to the

HF diet. All of these serve to highlight the paramount importance of intra-uterine conditions and postnatal diet quality when it comes to the patho-

genesis of chronic diseases.

Non-alcoholic liver steatosis: Metabolic programming: High-fat diet: Stereology

Exposure to undernutrition throughout pregnancy and lacta-
tion can influence the offspring’s metabolism and increase
the susceptibility of man and animals to major diseases in
adult life1. The immediate outcomes of the adaptive responses
are favourable, ensuring immediate survival of the animal in a
less than optimal fetal environment and these effects appear to
be organ-selective and sex-dependent2. Moreover, convincing
evidence suggests that programmed offspring show a thrifty
phenotype, characterised by an enhanced uptake and storage
of nutrients. These developmental adaptations are advan-
tageous as long as nutritional constraints continue in postnatal
life. In contrast, if food supply meets or surpasses the rec-
ommendation, this excess may be accumulated as fat and
therefore metabolic outcomes of fetal programming can be
maximised3,4. In this context, a high-fat (HF) diet has been
proved to amplify body-weight gain in programmed off-
spring5.

With reference to the effects on the key organs, the liver
seems to be one of the most impaired by fetal growth retar-
dation2. As evidence of this, programmed offspring exhibit
fewer but larger hepatic lobules and enzymic alterations,
which, combined with a decreased pancreatic b-cell mass,
lead to an insulin-resistant state6,7. Meanwhile, HF diets
play a crucial role in disrupting the adipoinsular axis, which,

in turn, aggravates insulin resistance and increases lipolysis
and insulin secretion8 – 10. The former causes an overload of
NEFA to the liver and the latter inhibits hepatic NEFA oxi-
dation. Both conditions contribute to a hepatic input of fatty
acids (either uptake or lipogenesis) that exceeds its own
output (degradation or export), favouring the occurrence of
fatty liver or hepatic steatosis11,12.

A close relationship between fatty liver and the metabolic
syndrome has been well documented, as both of them exhibit
insulin resistance as a common pathway13,14. Regardless of
overweight, abdominal fat and insulin resistance are the
most significant risk factors for non-alcoholic fatty liver dis-
ease, both of which are magnified by an HF diet. Thus, despite
being frequently associated with a wide range of metabolic
disorders, dietary fat intake is of paramount importance
when it comes to fat accumulation within hepatocytes15. Not
only does excessive dietary fat increase hepatic fatty acid
input, but it also decreases output indirectly by worsening
hyperinsulinaemia. Consequently, animal studies focusing on
the effects of HF diets upon liver structure may provide new
insights into the pathogenesis of the metabolic syndrome,
which has been regarded as a major public health concern
worldwide11,12. Moreover, the amplification of metabolic
abnormalities in the offspring of undernourished dams by an
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HF diet suggests that environmental factors are important
accelerators in the aetiology of adult-onset disease.

The present study was designed to investigate the hypoth-
esis that a maternal low-protein (LP) diet would alter hepatic
structure and function in the offspring. Furthermore, we also
examined the influence of a post-weaning HF diet, given the
present study’s data linking early postnatal HF diet with
amplification of the outcomes stemmed from metabolic pro-
gramming.

Experimental methods

Animals and diet

All animal studies were performed according to the guidelines
of the animal ethics committee of the State University of Rio
de Janeiro (Rio de Janeiro, Brazil). All procedures were car-
ried out in accordance with conventional guidelines for exper-
imentation with animals (NIH publication no. 85–23, revised
1996) and the experimental protocols were approved by the
local committee.

Wistar rats bred in our laboratory were maintained under
controlled conditions (21 ^ 28C, humidity 60 ^ 10 %, 12 h
dark–12 h light cycle and an air-replacement cycle) with
free access to food and water. Virgin females were caged
with males overnight, and mating was confirmed the next
morning by the presence of a vaginal plug or spermatozoa
after a vaginal smear. Dams were then housed individually
and fed throughout gestation and the first 10 d of lactation
with one of two diets: a normal-protein (NP) diet (19 g pro-
tein/100 g diet), or an LP diet (5 g protein/100 g diet).

A severe protein restriction was adopted because we aimed
to evaluate programming alterations in both sexes and it is
known that modest protein restriction affects male pups exclu-
sively16. Both diets were isoenergetic (1900 kJ/100 g diet; the
LP diet was compensated by the addition of carbohydrates). It
is a normal approach to compensate the deficit of protein by
carbohydrate in LP diets because the sort of carbohydrate
used (complex carbohydrate) will not have an impact upon
the endpoints analysed. Furthermore, it is a better option
than substitute for lipids as this could turn the diet into an
HF one, which has similar effects to protein restriction and
could be considered as another model of programming17,18.
The mineral and vitamin contents in the two diets were iden-
tical and in accordance with the American Institute of Nutri-
tion’s recommendation (AIN-93G)19.

Diets were produced by Rhoster (Rhoster, Sao Paulo,
Brazil) and their composition is described in Table 1. Food
intake and maternal body weights were recorded daily. As
soon as delivery occurred, litters were adjusted to six ani-
mals in order to assure adequate and standardised nutrition
until weaning20. These animals were accompanied until
weaning when only one pup per litter was randomly assigned
to form the groups of study21. It is important to state that the
LP diet did not have an impact upon reproductive success as
no differences were observed regarding number of dams
giving birth, survival of pups or litter size. Within 24 h
after delivery, pups’ birth weights were obtained. Offspring
sex was identified by the anus–genital distance examination,
and thus males and females were weighed separately. To put
it more simply, the offspring from the NP diet mother group

was termed NP and those from the LP diet mother group
were termed LP.

The respective diets were maintained until half way through
lactation in order to cover the whole period of organogenesis
in rodents22. At postnatal day 10, and hence during the
remaining lactation period, dams were fed the standard rat
chow (SC). At weaning (at age 21 d), female and male off-
spring from NP and LP dams were randomly divided into
two balanced postnatal groups to be fed on an SC (6 g fat/
100 g diet; 1800 kJ/100 g diet) or an HF diet (30 g fat/100 g
diet; 2300 kJ/100 g diet)23 (Table 2). Each rat was labelled,
weighed and measured weekly for up to 6 months of age.

Body mass and food intake

Body mass was measured every week (Friday; 08.00 hours)
and food intake of all offspring was measured daily (08.00
hours). Fresh diet was provided daily and any remaining
diet from the previous day was discarded.

Table 1. Composition of isoenergetic perinatal diets

Perinatal diet

Nutrients (g/100 g) NP LP

Carbohydrates
Maize starch 33·5 47·65
Sucrose 20·0 20·0
Casein 19·0 5·0
Cystine 0·3 0·15
Choline 0·2 0·2
Fat (soyabean oil) 16·0 16·0
Fibre (cellulose) 5·0 5·0
Mineral mix (AIN-93G)* 1·0 1·0
Vitamin mix (AIN-93G)* 5·0 5·0
Energy (kJ/100 g diet) 1900 1900

NP, normal-protein; LP, low-protein.
* Vitamin and mineral mixes were formulated to meet the Ameri-

can Institute of Nutrition AIN-93G recommendation for
rodents.

Table 2. Composition of post-weaning diets (g/100 g)

Post weaning diets

HF SC

Component
Commercial rat chow* 60·0 100·0
Shortening† 25·0 –
Condensed milk‡ 15·0 –
Nutrients
Protein 15·0 23·0
Fat 30·0 6·0
SFA 7·1 0·9
MUFA 9·8 1·3
PUFA 5·6 3·7
Trans fatty acids 7·5 0·1
Carbohydrate 55·0 71·0
Energy (kJ) 2300 1800

SC, standard chow; HF, high-fat.
* Nuvital, Nuvilab, Colombo PR, Brazil.
† Primor, Santa Catarina SC, Brazil.
‡ Nestlé, Sao Paulo SP, Brazil.
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Blood pressure

Systolic blood pressure (BP) was measured weekly in con-
scious rats by a non-invasive method (tail-cuff plethysmogra-
phy; Letica LE 5100; Panlab, Barcelona, Spain) from age 3 to
6 months. Animals went through a 2-week period of adap-
tation before the beginning of the measurement of BP. It is
noteworthy to say that animals were manipulated by one indi-
vidual and were kept in a calm and silent room. Consequently,
no restraint was applied to them and stress was minimised as
no significant increment in heart rate was observed during the
procedure. They were also slightly warmed so as to dilate the
caudal artery and make the tail-pulse easier to perceive. Three
measurements were taken per animal and the average was
used as the official BP in that week.

Blood and tissue sampling

On the day before euthanasia, animals were kept in metab-
olism cages and food-deprived overnight. Animals were
deeply anaesthetised (intraperitoneal sodium pentobarbital),
had their thoraxes opened and then blood samples were
rapidly obtained by cardiac acupuncture. Afterwards, the vas-
cular system was perfused with constant pressure (90 mmHg)
through a catheter placed in the left ventricle (Minipuls 3;
Gilson S.A.S., Villiers le Bel, France) with fixative (freshly
prepared formaldehyde (1·27 mol/l) in 0·1 M-phosphate
buffer; pH 7·2) until animal body rigidity.

Fat deposits (retroperitoneal fat and genital fat masses) were
completely removed from both sides of the animal and weighed.
The retroperitoneal fat pad was taken as the distinct deposit
around each kidney along the lumbar muscles. The genital fat
pad (ovarian for females and epididymal for males) included
adipose tissue surrounding the ureters, bladder, as well as epidi-
dymis, ovaries, oviducts, and uterus. The left tibia was metic-
ulously dissected and tibia length was obtained owing to the
fact that different body mass could turn absolute parameters
into unreliable data. For that reason, tibia length was used to
standardise organ and fat pad masses and allows a comparative
study amongst all the groups24.

After blood collection, plasma was separated from the blood
by centrifugation at room temperature. Blood was centrifuged
(120 g for 15 min) and stored at2808C until the blood biochem-
istry was analysed. All the lipids were extracted by the colori-
metric enzymic method. Total cholesterol was determined
by the cholesterol esterase–cholesterol oxidase–peroxidase
method, TAG were measured using the glycerol phosphate oxi-
dase–peroxidase method. LDL-cholesterol was abundantly pre-
cipitated by the addition of phosphotungsten acid in the presence
of Mg ions. After centrifugation the cholesterol concentration in
the HDL-cholesterol fraction, which remained in suspension,
was determined. Friedewald’s formula25 was used to calculate
LDL-cholesterol. With regard to liver function tests, alanine
aminotransferase and aspartate aminotransferase were deter-
mined using a colorimetric method (Frankel–Reitman). Alka-
line phosphatase and g-glutamyl transpeptidase were obtained
using the kinetic colorimetric method.

Radioimmunoassay for insulin and leptin

Plasma insulin concentrations were measured by RIA using a
rat insulin RIA kit (RI-13K; Linco Research, St Charles, MO,

USA) and plasma leptin concentrations were measured using a
rat leptin RIA kit (RL-83K; Linco Research). All samples
were analysed in a double assay, for which the intra-assay
CV was 4·1 % for leptin and 1·4 % for insulin.

Liver stereology

Liver volume was measured by submersion, where the fluid
displacement (isotonic saline) due to organ volume (V) was
recorded by weighing (W). As the isotonic saline specific den-
sity (d) is 1·0048 the respective volumes were obtained by
Vorgan (cm3) ¼ W (g)/d or simply V (103 cm3) ø W (g)26.
Then, the liver was sliced into several minor fragments and
kept for 48 h at room temperature in the same fixative.
Random fragments were embedded in Paraplast plus (Sigma-
Aldrich Co., St Louis, MO, USA), sectioned at 3 and 10mm,
and then stained with haematoxylin-eosin and picro-sirius
red. Several slices were cut per fragment and five microscopic
fields per animal were analysed at random. It is important to
highlight that an utterly blind analysis was pursued.

A video-microscopic system (Leica DMRBE microscope
with planachromatic objectives; Leica, Wetzlar, Germany)
and a test system made up of thirty-six test points (PT)
were used for the analysis15. The volume density (Vv) was
estimated by point counting for hepatocytes and steatosis:
Vvstructure ¼ PPstructure/PT, where PP is the number of points
that hit the structure and PT is the total test points. The ‘dis-
ector’ method was used to estimate the number of hepatocyte
nuclei (hn) in a three-dimensional probe that samples struc-
tures proportional to their number without regard to the
size or shape of the structures27. Two parallel sections were
used to create a sampling volume with an upper reference
section and a lower section (look down plane), both contain-
ing a test frame. Sections were viewed with a 100 £ plana-
chromatic immersion oil objective (numerical aperture (NA)
¼ 1·25) to identify hn. The thickness (t) of the disector – dis-
tance between the two parallel sections – was defined as one-
quarter to one-third of the height of the hn. For each disector
pair, the thickness was verified through an auto-focus device
and read-out (the microscope was equipped with a z-axis
motorised focus controller microcator with a resolution of
0·1mm). The disector method is depicted in Figs. 1 (a) and
(b).

The numerical density (Nv) of hn (number of hn per mm3)
was determined from ten random disector pairs for each
animal, being defined as Nvhn ¼ Q2

hn/t £ AT, were Q2 rep-
resents the number of profiles of hn counted in the test
frame on the reference section. The total number of hepato-
cytes in the liver (Nh) was estimated as the product of Nvhn

and the liver volume measured previously corrected by the
binucleation rate of hepatocytes.

Data analysis

Data are shown as means and standard deviations. Statistical
analysis was performed by three-way (2 £ 2 £ 2 factorial)
ANOVA taking interactions between effects (sex, and perina-
tal and postnatal diets) into account through data analysis soft-
ware (Statistica, version 6; StatSoft Inc., Tulsa, OK, USA).
Thereby, we examined overall significance of a three-way
effect and key two-way interactions (sex–perinatal diet,
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sex–post-weaning diet and perinatal–post-weaning diet).
One-way ANOVA was followed by Tukey’s post hoc test.
A P value of 0·05 was considered statistically significant.

Results

All the animals tolerated the HF diet, without developing diar-
rhoea or other physical constraint and did not show significant
differences in relation to quantitative food intake.

Biometry

At birth, LP pups showed a lower body mass (223 %;
P,0·01; one-way ANOVA) and a smaller naso-anal length
(NAL) (25 %; P,0·01; one-way ANOVA) than NP pups.
LP males were more affected than females, indicating an inter-
action between perinatal diet and sex (P,0·02; two way
ANOVA). This difference was maintained until weaning,
when it became even more apparent (227 and 212 %;
P,0·0001 respectively; one-way ANOVA). However, at age
4 weeks, this underweight was overcome in LP-SC groups.
The NAL of LP-SC females reached that of the NP-SC
group at age 5 weeks, whereas in males it happened only at
age 7 weeks. With regard to the effects of the HF diet, it pro-
voked overweight in both male (þ10 %; P,0·05; one-way
ANOVA) and female (þ25 %; P,0·01; one-way ANOVA)
NP-HF groups at age 11 weeks (after 8 weeks of the HF
diet). In spite of this, the LP-HF groups showed sexual
dimorphism concerning this outcome. At age 18 weeks, the
female LP-HF rats developed a significant overweight com-
pared with the LP-SC group (þ21 %; P,0·01; one-way

ANOVA), while males recuperated their body mass but did
not differ significantly from the LP-SC group until euthanasia.
At age 6 months, the post-weaning diet enhanced the effects of
the perinatal diet (P,0·001; two-way ANOVA) and then the
LP-HF groups showed higher body masses than the LP-SC
groups. In this way, ANOVA disclosed a significant three-
factor interaction among sex, and perinatal and post-weaning
diets, females being more affected than males (P,0·03;
three-way ANOVA). All the results related to body mass are
summarised in Table 3.

As far as BP is concerned, maternal severe protein restric-
tion triggered mild hypertension in both males (þ20 %;
P,0·001; one-way ANOVA) and females (þ20 %;
P,0·001; one-way ANOVA) of the LP-SC groups by age
3 months, with this difference maintained until euthanasia.
Furthermore, as an isolated effect, the post-weaning HF
diet also showed efficacy in causing hypertension by age 3
months in both sexes of the NP-HF group (þ20 %;
P,0·01; one-way ANOVA). These isolated effects caused
by maternal undernutrition and an adverse post-weaning
environment were maximised when both stimuli were applied
simultaneously, showing an interaction between perinatal and
post-weaning diets (P,0·00 001; two-way ANOVA). Conse-
quently, the LP-HF groups showed the most pronounced BP
values throughout the whole experiment, reaching values
11 % higher than the LP-SC group (P,0·001; one-way
ANOVA) among females and 15 % higher than the LP-SC
group (P,0·001; one-way ANOVA,) among males at age 6
months (Fig. 2).

Considering the amount of fat pads as a percentage of body
mass, animals fed the HF diet showed a greater quantity of

Fig. 1. Photomicrographs of the liver (haematoxylin and eosin stain). Figs. (a) and (b) show the two planes of the ‘disector’ in the liver. In the upper plane (a) we

observed two nuclei crossing the ‘forbidden line’ ( # ), which were excluded. Nine other different hepatocyte nuclei in the frame were considered. In the upper

plane only hepatocyte nuclei numbers 1 to 4 showed sharp edges while the nuclei numbers 5 to 9 were shadows. In the down plane (b) hepatocyte nuclei num-

bers 5 to 9 showed sharp edges while the nuclei numbers 1 to 4 became shadows. We counted only the nuclei showing sharp edges in the reference plane. The

normal appearance in the normal-protein–standard chow group is shown in (c), and macro- and microvesicular steatosis ( # ) in the low-protein–high-fat chow

group in (d). Many fields of all groups showed hepatocytes with more than one nucleus (e).
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retroperitoneal fat pad than their respective SC group. Male
NP-HF animals showed eight times as much as the amount
of fat that NP-SC animals accumulated in this site, whereas
females showed the quadruple of their controls’ amount
(P,0·0001; one-way ANOVA). Although female NP-HF
and LP-HF animals did not show any significant difference
between their values, NP-HF males showed a larger retroper-
itoneal fat accumulation than LP-HF males (þ50 %;
P,0·0001; one-way ANOVA). An interaction among sex,
and perinatal and post-weaning diets took place regarding
this parameter (P,0·001; three-way ANOVA). With refer-
ence to genital fat pads, both sexes showed strikingly similar

patterns of accumulation. Females fed the HF diet tended to
accumulate more fat in this site than males (þ16 % in NP-
HF females; P,0·0001; þ 42 % in LP-HF females;
P,0·0001; one-way ANOVA; Table 3). Interactions were
observed between sex and post-weaning diet (P,0·001;
two-way ANOVA), females being more affected by perinatal
and post-weaning diets (P,0·001; two-way ANOVA),
emphasising that the HF diet had additional effects on fetal
programming outcomes.

Blood glucose values of males fed the HF diet suppressed
their counterparts’ values. However, their values were not
compatible with diabetes diagnosis (Table 4). In contrast,

Table 3. Biometrical and stereological datak

(Mean values and standard deviations)

BM (g) LM:TL (g/cm) GFP:BM (%) RFP:BM (%)
No. of hepato-
cytes (billion) Leptin (ng/ml) Insulin (pmol/l)

Groups Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Females
NP-SC (n 8) 230* 24 1·7 0·2 2·7 0·7 1·3 0·5 51·6* 10·6 1·8 0·2 46·7 20·2
NP-HF (n 6) 328*† 61 2·4† 0·4 7·0*† 0·9 3·8*† 1·2 41·1 11·7 3·0*† 0·6 93·3 44·0
LP-SC (n 8) 209* 23 1·7 0·3 2·0 0·8 0·7 0·2 33·2*† 7·5 2·0 0·5 62·2 10·1
LP-HF (n 9) 305*†§ 42 1·9* 0·7 6·5*†§ 1·9 3·8†§ 0·5 28·2 8·0 8·8†§ 1·4 122·5 17·5

Males
NP-SC (n 6) 359 18 2·1 0·2 1·8 0·3 1·1 0·5 72·8 12·2 2·2 0·3 180·8 72·9
NP-HF (n 8) 481† 36 2·6 0·2 4·1† 0·5 6·5† 1·3 42·2† 6·8 15·0† 1·5 437·5† 76·3
LP-SC (n 7) 335 30 2·3 0·5 1·0 0·2 0·9 0·2 56·0† 11·2 2·0 0·5 116·7 66·3
LP-HF (n 7) 383‡ 22 3·2†§ 0·5 3·0§ 0·4 4·1‡§ 1·0 36·8§ 2·8 13·2§ 2·6 478·3§ 119·1

BM, body mass; LM, liver mass; TL, tibia length; GFP, genital fat pad; RFP, retroperitoneal fat pad; NP, normal-protein; SC, standard chow; HF, high-fat; LP, low-protein.
* Mean value was significantly different from that of the matched male group (P,0·05).
† Mean value was significantly different from that of the same-sex NP-SC group (P,0·05).
‡ Mean value was significantly different from that of the same-sex NP-HF group (P,0·05).
§ Mean value was significantly different from that of the same-sex LP-SC group (P,0·05).
kTwo-way ANOVA disclosed significant interactions between sex and perinatal diet (P,0·01 for LM:TL; P,0·01 for RFP:BM), sex and postnatal diet (P,0·02 for GFP:BM,

P,0·0001 for RFP:BM; P,0·02 for number of hepatocytes; P,0·03 for leptin; P,0·001 for insulin) and perinatal and postnatal diet (P,0·001 for BM; P,0·01 for GFP;
P,0·0001 for RFP:BM; P,0·001 for number of hepatocytes). Three-way ANOVA disclosed interactions between sex, perinatal and postnatal diets concerning BM
(P,0·03), LM:TL (P,0·04) and RFP:BM (P,0·001).

Fig. 2. Systolic blood pressure evolution throughout the experiment in female (a) and male (b) rats. (S), Low protein (LP)–high-fat chow (HF) female group; (W),

normal-protein (NP)–HF female group; (D), LP–standard chow (SC) female group; (A), NP-SC female group; (V), LP-HF male group; (X), NP-HF male group;

(O), LP-SC male group; (B), NP-SC male group. Values are means, with their standard errors represented by vertical bars.
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females did not show any significant difference amongst the
groups. In the same way, lipid profile determination did not
provide relevant results. In relation to liver function tests,
however, females of the NP-HF group showed higher alkaline
phosphatase values when compared with the NP-SC group
(P,0·05; one-way ANOVA) (Table 4).

The increase in fat intake was paralleled by a significant
increase in circulating plasma leptin concentrations
(P,0·001; one-way ANOVA) in the NP-HF and LP-HF
groups. However, males presented higher values than
females, characterising an interaction between sex and post--
weaning diet (P,0·02; two-way ANOVA). Likewise, insulin
concentrations were affected by the HF diet. Males fed
on this hyperlipidic diet exhibited hyperinsulinaemia, empha-
sising a sex–post-weaning interaction (P,0·001, two-
way ANOVA). Values of leptin and insulin are shown in
Table 3.

Stereological analysis

First, liver mass seemed to be a biased parameter on the
grounds that within the same sex, the groups showed signifi-
cantly different body masses. Therefore, the liver mass:tibia
length ratio was used and the results suggested that the HF
diet exerted a far bigger influence on liver mass than maternal
undernutrition in females, as the NP-HF group showed an
increase of 29 % (P,0·03; one-way ANOVA). However, in
males, the LP-HF group exhibited the highest value (þ28 %
in relation to the LP-SC group; P,0·001; one-way
ANOVA), emphasising an interaction between fetal program-
ming and post-weaning diet and sex regarding this parameter
(P,0·03; three-way ANOVA).

With reference to the number of hepatocytes (Table 4), it
was significantly decreased by perinatal diet (males 223 %;
P,0·05; females 235 %; P,0·01; one-way ANOVA) at 6
months old and by post-weaning diet in NP-HF males
(242 %; P,0·0001; one-way ANOVA). Both effects were
additive and there was a statistical perinatal–post-weaning
diet interaction (P,0·001; two-way ANOVA), suggesting
that the programming-induced number of hepatocyte decrease
is amplified by the HF diet. Additionally, a post-weaning
diet–sex interaction was observed (P,0·02; two-way
ANOVA). As a result, LP-HF males showed the most reduced
number of hepatocytes, overriding LP results (234 %;
P,0·01; one-way ANOVA). However, the hepatocyte num-
ber:liver mass ratio provided a more elucidative result as
NP-HF females were equally affected by the HF diet, showing
a significant reduction (244 %; P,0·05; one-way ANOVA)
when compared with the NP-SC group (Fig. 3).

Steatosis was a commonplace finding in the present study,
being present even in NP-SC groups (Figs. 1 (c), 1 (d)
and 4). Once again, maternal protein restriction programmed
a higher percentage of steatosis in LP-SC males (þ62 %;
P,0·05; one-way ANOVA) and LP-SC females (þ64 %;
P,0·0001; one-way ANOVA), as the post-weaning HF diet
did in NP-HF males (þ75 %; P,0·0001; one-way ANOVA)
and in NP-HF females (þ59 %; P,0·01; one-way
ANOVA). Although the LP-HF groups showed the highest
percentage of steatosis, there was not an interaction between
maternal and post-weaning environments. Steatosis rate
increased by 57 % in LP-HF males (P,0·0001) when T
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compared with the LP-SC group, whereas LP-HF females
showed 43 % (P,0·01) more steatosis than the LP-SC
group, characterising a sex–post-weaning diet interaction
(P,0·03; two-way ANOVA). Two-way ANOVA of binucleation

data revealed a significant perinatal–post-weaning diet
interaction, suggesting that fetal programming outcomes are
intensified by a post-weaning HF diet (P,0·0001; three-way
ANOVA) (Figs. 1 (e) and 5).

Fig. 3. Number of hepatocytes in female (a) and male (b) rats. Values are means for five rats per group, with their standard errors represented by vertical bars.

NP, normal-protein; SC, standard chow; HF, high-fat chow; LP, low-protein. * Mean value was significantly different from that of the same-sex NP-SC group

(P,0·0001). † Mean value was significantly different from that of the same-sex LP-SC group (P,0·0001). ‡ Mean value was significantly different from that of the

male-matched group (P,0·0001). Two-way ANOVA disclosed interactions between sex and postnatal diet (P,0·02) and between perinatal diet and postnatal diet

(P,0·001).

Fig. 4. Volume density of hepatic steatosis (Vvsteatosis) in female (a) and male (b) rats. Values are means for five rats per group, with their standard errors rep-

resented by vertical bars. NP, normal-protein; SC, standard chow; HF, high-fat chow; LP, low-protein. * Mean value was significantly different from that of the

same-sex NP-SC group (P,0·0001). † Mean value was significantly different from that of the same-sex NP-HF group (P,0·0001). ‡ Mean value was significantly

different from that of the same-sex LP-SC group (P,0·0001). Two-way ANOVA disclosed an interaction between sex and postnatal diet (P,0·03).
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Hepatocyte size was an additional finding that confirmed
the greater influence that the HF diet exerts upon the hepatic
structure of males when compared with females, indicating a
sex–post-weaning diet interaction (P,0·00 001; two-way
ANOVA). A significant increase of hepatocyte area was
shown by NP-HF males (þ44 %; P,0·01) and LP-HF
males (þ26 %; P,0·05) in relation to their SC controls
(Fig. 6), whereas this outcome was perceived exclusively in
LP-HF females (þ25 %; P,0·05). A significant three-factor
interaction was also detected in relation to this parameter
(P,0·00 001; three-way ANOVA), suggesting that the post-
weaning HF diet amplified the effects of fetal programming
and this interaction was enhanced in males.

Discussion

The present findings showed that protein restriction through-
out gestation and the first half of lactation caused a significant
decrease in hepatocyte number and a higher rate of hepatic
steatosis in 6-month-old rats. A post-weaning HF diet maxi-
mised these outbreaks from fetal programming in both
sexes, but, as a single stimulus, the HF diet exhibited these
effects upon NP-HF males exclusively.

First, it is important to highlight that although the addition of
condensed milk and shortening in the SC dilute out the other nutri-
ents, none of the effects of the HF diet can be attributed to this fact
since the reduction in protein content does not turn the HF diet into
an LP diet. The HF diet contains 15 % protein, whereas the rec-
ommendation for an adult rodent is 14 %. As far as micronutrients
are concerned, the content of vitamins and minerals in the SC is
much higher than the recommendation and thereby even if other
components are added to make the HF diet, the amount falls
within the normal range. Furthermore, no signs of micronutrient
deficiency were observed during the experiment19.

The consumption of energy-rich diets, characterised by an
increased amount of lipids, appeared as a major factor in the
development of overweight as previous studies have success-
fully put forward28,29. In the present study, LP-HF groups
showed a delayed response to this adverse stimulus on body
mass probably because LP pups were subjected to protein
restriction during lactation, which made these animals more
resistant to weight gain even if they are weaned onto an HF
diet, mainly in males30. Moreover, sexual dimorphism is
attributed to the paramount influence that fetal programming
exerts upon males. As evidence of this, modest maternal pro-
tein restriction programmes hypertension only in males. This
phenomenon might reside, at least in part, in slower rates of
growth during critical periods of development and the protec-
tive effect of oestrogens in females16,31.

An utterly striking feature observed in the present study was
the development of hypertension as a result of either fetal pro-
gramming or the HF diet in both sexes. Diet-induced obesity
hypertension relies on a complex mechanism to develop.
Indeed, insulin resistance plays a role, but hyperleptinaemia
and the adipose tissue renin–angiotensin system appear as
major contributors32,33. Furthermore, excessive adipose
tissue activates the renin–angiotensin system through medul-
lar compression, leading to chronic renal vasodilatation and
an increased glomerular filtration rate, damaging nephron
function and causing nephrosclerosis in the long run34,35.

In LP groups, hypertension is a great deal more dependent
on a reduced nephron number at birth than on any other meta-
bolic alteration36 – 38. Consequently, it is clear that an adverse
post-weaning environment in the LP-HF groups intensified the
detrimental effects of fetal programming on these animals and
therefore they exhibited the highest values of systolic BP
during the whole experiment, hyperinsulinaemia, hyperleptin-
aemia and excessive adipose tissue5,10,39.

Fig. 5. Binucleation of hepatocytes rate in female (a) and male (b) rats. Values are means for five rats per group, with their standard errors represented by

vertical bars. NP, normal-protein; SC, standard chow; HF, high-fat chow; LP, low-protein. Mean value was significantly different from that of the same-sex NP-SC

group: *P,0·01, **P,0·0001. Two-way ANOVA disclosed an interaction between perinatal diet and postnatal diet (P,0·0001).
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As for biochemical analysis, although some significant differ-
ences were observed, these cannot be taken into account given
that values were within the normal range. On the other hand,
liver function tests such as alanine aminotransferase and aspar-
tate aminotransferase revealed abnormal values which comply
with histological findings40. Blood lipids and hepatic enzymes
were analysed on the basis that steatosis was commonplace
and then impairment in lipoprotein metabolism or in liver func-
tion could be detected. The clinical significance of steatosis is
generally thought to be a benign process. Subsets of patients,
however, go on to develop steatohepatitis, which then progresses
to fibrosis, cirrhosis, and liver failure41,42.

The stereological approach provided relevant insights into
hepatic fetal programming outcomes. It is important to high-
light that the point-counting approach was chosen on the
basis of its better reproducibility and suitability for an accurate
estimation of the degree of liver steatosis43. Despite the lack
of information available on this issue, it is well established
that the liver is the most impaired organ by fetal programming
together with the pancreas2,44. The present study demonstrated
a great reduction of hepatocyte number in 6-month-old LP-SC
rats, which may be a reflection of smaller liver size at birth.
Much as liver is able to regenerate, protein-restricted pups
show fewer but larger hepatic lobules, which may represent
an important hepatocyte number deficit since birth3,45.

Another important finding was that the HF diet maximised
hepatocyte loss exclusively among males, which could be attrib-
uted to the fact that both stimuli (protein restriction and the HF
diet) have a good deal more drastic consequences when applied
to males16,31,33. The increase in lipid intake correlates directly
with higher deposits of adipose tissue, which have been recently
described as a highly active metabolic and endocrine organ46.

Excessive adipose tissue was detected in retroperitoneal and
genital sites after chronic intake of the HF diet in both sexes.
Hence, the HF diet is effective in raising the amount of fat
pads33, whereas perinatal nutritional constraints have been
associated with a 30 % reduction in fat pads47. In the present
study, LP-HF rats showed smaller deposits of fat pads in com-
parison with NP-HF rats, which implies that maternal protein
restriction overrode the influence of the HF diet on this par-
ameter10. Additionally, females were more prone to fat
accumulation in the genital region as their adipocytes exhibit
a higher lipogenesis rate47.

A plausible explanation for the alteration in hepatic structure
is related to an adipokine released by adipose tissue, TNF-a48,
which inhibits PPAR-a expression in the liver and thus reduces
b-oxidation within hepatocytes. This outcome plays an import-
ant role on reactive oxygen species generation, which leads to
apoptosis in the liver through the mitochondrial pathway. Con-
sequently, hepatocyte number deficit programmed by maternal
protein restriction may be intensified by apoptosis49,50. In
addition to this, SFA are able to trigger apoptosis and reduce pro-
liferative capacity of the liver, explaining the additional
reduction in hepatocyte number displayed by LP-HF groups51.

A major point in the present study was the quantification of fat
accumulation in the liver. Non-alcoholic fatty liver disease is the
hepatic manifestation of the metabolic syndrome and at about
25 % of the worldwide population has fallen victim to it52,53.
Even though it starts as a benign process, it makes the liver
more susceptible to a broad spectrum of histological damage.
In fact, its progression leads to end-stage conditions such as cir-
rhosis and hepatocellular carcinoma and liver failure54. How-
ever, as a feature of the metabolic syndrome, steatosis has
been more implicated in the worsening of glucose metabolism55.

Fig. 6. Mean cross-sectional area of hepatocytes in female (a) and male (b) rats. Values are means for five rats per group, with their standard errors represented

by vertical bars. NP, normal-protein; SC, standard chow; HF, high-fat chow; LP, low-protein. * Mean value was significantly different from that of the same-sex NP-

SC group (P,0·0001). † Mean value was significantly different from that of the same-sex NP-HF group (P,0·0001). ‡ Mean value was significantly different from

that of the same-sex LP-SC group (P,0·0001). § Mean value was significantly different from that of the male-matched group (P,0·01). Two-way ANOVA dis-

closed interactions between sex and postnatal diet (P,0·03) and between perinatal diet and postnatal diet (P,0·02). Three-way ANOVA disclosed an interaction

between sex, perinatal diet and postnatal diet (P,0·02).
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LP-HF groups scored the highest degree of steatosis.
Maternal protein restriction causes insulin resistance through
the reduction of pancreatic b-cell mass and enzymic altera-
tions in the liver56,57. However, when subjected to the HF
diet, LP-HF animals presented a disruption in the adipoinsular
axis through hyperinsulinaemia and insulin resistance8,39. It is
postulated that insulin resistance plays different roles in adi-
pose tissue and liver. In the former, it stimulates lipolysis
and increases NEFA supply to the liver through the portal
vein, while in the latter it inhibits b-oxidation. Therefore,
these animals exhibit a higher input and a decreased output
of lipids, corroborating the observation of hepatic steatosis
among these animals11,12,58.

Hyperleptinaemia was also detected in LP-HF groups as a
result of the vast amount of adipose tissue5,8. Hyperleptinae-
mia impairs leptin efficacy in suppressing insulin production
by the pancreas39,59. Hence, insulin resistance and hyperinsu-
linaemia occur and steatosis is observed through the same
mechanisms described previously. After a certain degree of
steatosis, hepatic insulin resistance is detected, which aggra-
vates global insulin resistance and hepatic steatosis as
well58. Then it becomes easy to gather why LP-HF rats
were the most affected group, whose values were compatible
with grade 2 steatosis (. 33 %)60.

It is also documented that SFA intensify fat accumulation
within hepatocytes51. Moreover, the high content of trans
fatty acids in the HF diet has also been inextricably connected
to hepatic fat accumulation since this sort of fatty acid displays
slower rates of oxidation29,61. Thus, the fatty acid esterificatio-
n:oxidation ratio increases, which, together with hyperleptinae-
mia and hyperinsulinaemia, made LP-HF groups more prone to
the development of hepatic steatosis29,62.

In addition to this, LP-HF groups showed the highest liver
mass, albeit with fewer hepatocytes. This contrast may be
explained by the greatest percentage of steatosis in combi-
nation with larger hepatocytes, provided that these groups
showed the most pronounced hepatocyte area.

In summary, the present results show compelling evidence
that hypertension and hepatic steatosis can be programmed
in rats by severe maternal protein restriction and that this con-
dition can be further worsened by a post-weaning HF diet. All
of this serves to highlight the paramount importance of perina-
tal factors and the quality of the post-weaning diet when it
comes to the pathogenesis of chronic diseases.
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