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Abstract

Non-pharmacological early weaning (NPEW) induces liver damage in male progeny at adult-
hood; however, pharmacological early weaning (PEW) does not cause this dysfunction. To elu-
cidate this difference in liver dysfunction between these two models and determine the
phenotype of female offspring, de novo lipogenesis, β-oxidation, very low-density lipoprotein
(VLDL) export, and gluconeogenesis in both sexes were investigated in the adult Wistar rats
that were weaned after a normal period of lactation (control group) or early weaned either
by restriction of access to the dams’ teats (NPEW group) or by reduction of dams’ milk pro-
duction with bromocriptine (PEW group). The offspring received standard diet from weaning
to euthanasia (PN180). NPEWmales had higher plasma triglycerides and TyG index, liver tri-
glycerides, and cholesterol by de novo lipogenesis, which leads to intracellular lipids accumu-
lation. As expected, hepatic morphology was preserved in PEW males, but they showed
increased liver triglycerides. The only molecular difference between PEW and NPEW males
was in acetyl-CoA carboxylase-1 (ACC-1) and stearoyl-CoA desaturase-1 (SCD-1), which were
lower in PEW animals. Both early weaning (EW) females had no changes in liver cholesterol
and triglyceride contents, and the hepatic cytoarchitecture was preserved. The expression of
microsomal triglyceride transfer protein was increased in both the female EW groups, which
could constitute a protective factor. The changes in hepatic lipid metabolism in EW offspring
were less marked in females. EW impacted in the hepatic cytoarchitecture only in NPEWmales,
which showed higher ACC-1 and SCD-1 when compared to the PEW group. As these enzymes
are lipogenic, it could explain a worsened liver function in NPEW males.

Introduction

The liver is a fundamental organ in the regulation of body energy metabolism, and the synchro-
nism of glycemic and lipid metabolism is destabilized in situations of nutritional changes, pre-
disposing individuals to excessive accumulation of lipids in the hepatocyte and the consequent
development of non-alcoholic fatty liver disease (NAFLD).1 NAFLD includes a group of chronic
liver diseases, ranging from simple hepatic steatosis to non-alcoholic steatohepatitis and
hepatocellular carcinoma. The molecular mechanism underlying NAFLD progression is not
completely understood; its pathogenesis has been interpreted by the hypothesis of “two-hits.”
The “first hit” concerns the accumulation of greater than 5.5% lipids in hepatocytes in individ-
uals with no history of excessive alcohol consumption, resulting in steatosis due to the excessive
lipid influx or impaired lipid efflux.2 Hepatocytes activate metabolic pathways to minimize lip-
otoxicity in response to elevated hepatic lipid uptake, thus steatosis develops when lipid influx
overwhelms these protective mechanisms (β-oxidation, ketogenesis, and VLDL export), mainly
in response to fasting, high-fat diet (HFD), or lipodystrophies.1–3 In numerous experimental
animal models of hepatic steatosis, including HFD, fructose or ethanol, and genetic lipodystro-
phy, fatty liver is associated with peripheral metabolic dysfunction.4 In addition to the accumu-
lation of lipids, there is inflammation and hepatocellular degeneration featuring the “second
hit.”5 Bacterial toxins, hyperproduction of cytokines, tumor necrosis factor α, changes in adeno-
sine triphosphate stocks, and cytochrome P450 activity appear to be important triggers for this
progression, which can be accompanied by the appearance of fibrosis and even progress to liver
cirrhosis and carcinoma.6–8

Epidemiological studies show that the environment in critical periods, including gestation,
breastfeeding, and adolescence, exerts a strong influence on the development of an individual
and is associated with the onset of diseases throughout life, in particular, obesity and its
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comorbidities.9 This phenomenon, known as metabolic program-
ming, is related to the developmental origins of health and disease
hypothesis.10–12 In humans, exclusive breastfeeding during the first
six months of life is usually recommended, since shortening this
period has been linked to adverse metabolic effects later in life.13,14

In rodents, the shortening of the standard period of breastfeeding
through experimental early weaning (EW) can program the off-
spring for metabolic disturbances later in life.15–17

In an attempt tomimic the effects caused by EW in humans and
to increase the understanding concerning the metabolic program-
ming mechanisms involved in this process, animal models of EW
have been developed. In this context, our research group has
previously demonstrated that EW caused by pharmacological
(PEW) or non-pharmacological (NPEW) inhibition of breast-
feeding in the last three days of lactation promotes metabolic
changes in rats throughout the life.15–18 This short period for a
suckling rat corresponds to 1 month for a human baby,19 i.e., this
experimental model mimics a child weaned at the 5th month of
age. The PEW experimental model decreases milk consumption
through maternal administration of a type 2 dopaminergic agonist
(bromocriptine (BRO)) that inhibits the synthesis of prolactin
(PRL),20 whereas the NPEW experimental model uses an adhesive
bandage to prevent pup’s access to maternal nipples, with conse-
quent deprivation of breastfeeding.17 When adults, both NPEW
and PEW male rats are overweight and have metabolic syndrome,
although some parameters in liver function differ between models.
NPEW offspring have hepatic microsteatosis accompanied by an
increase in oxidative stress,21 while PEW offspring show improved
redox status and absence of steatosis,22 perhaps by a protection
against NAFLD induced by BRO.23 This phenotype is not stress-
dependent, since NPEW males do not have alterations in serum
corticosterone concentrations at weaning and the dams continued
to groom and lick their pups, minimizing any stress effect caused
by the maternal adhesive bandage.24

BRO can be found in both placenta and milk25 and does not
completely block milk production.26 In rats, BRO-treated mothers
(1 mg/kg per day) showed lower serum PRL at the end of lactation,
which caused a significant failure in milk production, although
milk PRL of the BRO dams and serum PRL of the BRO pups were
not altered.27 Peixoto-Silva et al. (2017) showed that BRO treat-
ment of the pups during the last 3 days of lactation prevents the
hepatic fat accumulation associated with an improvement in
adiposity at adulthood, but in a dose 4 times higher than the
administrated to the dams (4 mg/kg per day).28 Thus, in the PEW
model, both maternal lower PRL levels and BRO (even in small
quantities) could be responsible for the programming of the liver
function in the adult male offspring.

Therefore, considering the unexpected effects of BRO on the
liver function of male offspring programmed by EW during the
critical window of breastfeeding, in the present study, our primary
aim was to assess morphological parameters of the liver tissue as
well as main molecular pathways associated with hepatic metabo-
lism to better understand the underlying mechanisms responsible
for the altered function in each of the EW models (PEW and
NPEW) used in our laboratory. We hypothesize that liver energy
metabolism is programmed by different mechanisms in each
model since, as previously reported, only PEW protected male
rat offspring against liver steatosis. Furthermore, considering that
the effects of EW could be sex-dependent, we also investigated, for
the first time, in both EW models, the female offspring’s pheno-
type. We therefore studied the main molecular pathways related
to energy hepatic metabolism (lipogenesis, β-oxidation, VLDL

export, and gluconeogenesis) inmale and female adult rat offspring
that were submitted either to the non-pharmacological model of
EW (teat blockage by adhesive bandage) or to the pharmacological
one (BRO treatment).

Experimental methods

Animals

All experimental procedures were approved by the Animal Care
and Use Committee of the Biology Institute of the State University
of Rio de Janeiro (CEUA/014/2017), which was based on its deci-
sion on Brazilian Law 11.794/2008, which regulates the procedures
for the scientific use of animals.

Wistar female rats 3 months of age were housed under con-
trolled temperature (23 °C ± 1 °C) and artificial light/dark cycles
(lights on at 07:00 a.m. and lights off at 07:00 p.m.). The mating
period covered 2 weeks (two females: one male), and after preg-
nancy confirmation by estrous cycle monitoring, pregnant females
were housed in individual maternity cages. During pregnancy and
breastfeeding, rat dams received free access to water and standard
chow (Nuvilab, Sogorb, São Paulo, Brazil). Diet composition is
described in Table 1. In the first postnatal day (PN0), litters were
adjusted to six pups per dam (three males and three females).

Experimental design of NPEW and PEW

On the last 3 days of the breastfeeding period (PN18–PN20),
the lactating rats were randomly divided into three groups
(n = 10 dams/group): (1) NPEW group, dams were anesthetized
with xylazine (9-mg/kg body mass; Xilazin®, Paulinia, SP, Brazil)
and ketamine (90-mg/kg body mass; Cetamin®, Paulinia, SP,
Brazil) and then wrapped with an adhesive bandage that covered
all the teats, thereby restricting pups’ access to them29; (2) PEW
group, dams received 0.5-mg BRO (Parlodel; Novartis, São
Paulo, Brazil) intraperitoneally (i.p), two times per day24 to inhibit
PRL synthesis; and (3) control group (CON), dams whose weaning
of the pups occurred at PN21 (standard period). Both NPEW and
PEWpups were also separated from their respective dams at PN21.
After separation, male siblings were kept separated from female
siblings. From PN21 to PN180, offspring from the three groups
received water and standard chow (Nuvilab). We randomly evalu-
ated one offspring/sex/litter, and the other pups in each litter were
used for other studies.

One month before euthanasia, which occurred at PN180, the
estrous cycle of the female offspring of all three groups was evalu-
ated every day (08:00 a.m.) by vaginal smears collected in a solution
containing 0.9% NaCl. The female offspring showed regular
estrous cycles (4–5 days). They were killed during diestrus.

Intraperitoneal pyruvate tolerance test

To analyze the gluconeogenesis rate of adult rats, the intraperito-
neal pyruvate tolerance test (iPTT) was performed in one animal/
sex/litter at PN175. Pyruvate was used because it is the common
intermediary metabolite in the gluconeogenic pathways, being
generated from lactate, amino acids, and glycerol. The animals
were fasted for 12 h, and blood samples were taken from the tip
of the tail vein to obtain fasting glycemia (time 0) using a handheld
glucometer (Accu-ChekAdvantage; Roche Diagnostics, Mannheim,
Germany). Subsequently, the animals received an i.p. injection of
2-g/kg body mass of pyruvate, and additional blood samples were
recorded at 15, 30, 60, and 120 min.30
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Euthanasia and tissues

Prior to euthanasia (PN180), animalswere fasted for 12 h. Aftermea-
surement of fasting glycemia, the rats were anesthetizedwith xylazine
(100-mg/kg body mass; Xilazin®, Paulinia, SP, Brazil) and ketamine

(50-mg/kg body mass; Cetamin®, Paulinia, SP, Brazil) and euthan-
ized by cardiac puncture. The retroperitoneal, perigonadal, and mes-
enteric white adipose tissues (visceral fat mass (VFM)), and the liver
were collected and weighed. Blood samples were centrifuged
(1500 × g for 20 min at 4 °C) to obtain plasma, which was kept at
−20 °C until use. Tissue samples were frozen at−80 °C until analysis.

Plasma and hepatic levels of cholesterol and triglycerides

The quantifications of total cholesterol (CHOL), high-density
lipoprotein-cholesterol (HDL-c), and triglycerides (TGs) were per-
formed using a commercial kit in accordance with the manufac-
turer’s instructions (Bioclin, Rio de Janeiro, RJ, Brazil). Left-lobe
hepatic samples of approximately 100 mg were removed to deter-
mine total lipids using the Folch method.31 The extract was evapo-
rated and then diluted in isopropanol. The CHOL and TG liver
content were measured using a commercial kit in accordance with
themanufacturer’s instructions (Bioclin, Rio de Janeiro, RJ, Brazil).
Additionally, the TG and glucose index (TyG index) were calcu-
lated (Ln[fasting TG (mg/dL) × fasting glycemia (mg/dL)/2)
and used to evaluate insulin resistance.32

Hepatic histology

A liver sample was removed from the left lobe of each animal in the
direction transverse to the board. The material was fixed in 4% paraf-
ormaldehyde for 24 h, then dehydrated in alcohol of increasing con-
centration, and, after diaphanization in xylene, was embedded in
histologically Paraplast (Sigma-Aldrich, St. Loius, MO, USA). Slices
of 5-μm thickness were prepared for staining with hematoxylin and
eosin (H&E). For this, photomicrographs (10 per animal, ×60
magnification) were randomly acquired with an Olympus DP71 cam-
era coupled to an Olympus BX40 epifluorescence microscope
(Olympus, Tokyo, Japan). Images were displayed on a high-resolution
liquid crystal display flat-panel monitor (LG Electronics, Seoul, South
Korea). For volume density of hepatic steatosis (Vv[steatosis, liver])
determination, a test system consisting of 36 test points was used.33

The values were classified in accordance with Brunt’s classification
of steatosis magnitude. Thus, steatosis was graded as follows: 0 (none
to 5% of hepatocytes affected); 1 (>5%–30% affected); 2 (>30%–60%
affected); and 3 (>60% affected).34

Hepatic protein expression

To determine protein expression, 30mg from the liver was homog-
enized in radioimmunoprecipitation assay buffer (50-mM Tris-
HCl, pH 7.4; 150-mMNaCl; 1% Triton X-100; sodium dodecyl sul-
fate (SDS) 0.1%; 5-mM ethylenediaminetetraacetic acid; 50-mM
NaF; 30-mM Na4P2O7; 1-mM Na3VO4,) containing a complete
cocktail of protease inhibitors (La Roche Ltd., Basel, Canton of
Basel-Stadt, SW). After centrifugation (7500 × g/15 min/4 °C),
the total protein content of the supernatant was measured using
a Pierce bicinchoninic acid protein assay kit (Thermo Scientific,
San Jose, CA, USA). For SDS gel electrophoresis, 30 μg of the sam-
ples were initially denatured in sample buffer containing beta-mer-
captoethanol and then transferred to polyvinylidene fluoride
membranes (Amersham Pharmacia Biotech, Amersham, Bucks,
UK) along with the molecular weight standard (Kaleidoscope;
Bio-RadTM, USA). The membranes were incubated overnight with
the appropriate primary antibodies and then, for 90 min, with the
secondary antibodies conjugated to horseradish peroxidase
(Table 2). Visualization of the specific protein bands was performed
by chemiluminescence (Bio-RadTM) using an ImageQuant Las 500

Table 1. Macronutrients and micronutrients composition of standard rat chow

Standard chow

Carbohydrate (g/kg) 660.0

% kJ 68.0

Protein (g/kg) 220.0

% kJ 22.7

Fat (g/kg) 40.0

% kJ 9.2

Vitamins and minerals

Ca (g/kg) 10.0–14.0

P (mg/kg) 8000.0

Na (mg/kg) 2700.0

Fe (mg/kg) 50.0

Mn (mg/kg) 60.0

Zn (mg/kg) 60.0

Cu (mg/kg) 10.0

I (mg/kg) 2.0

Se (mg/kg) 0.05

Co (mg/kg) 1.5

F (mg/kg) 80.0

Vitamin A (IU/kg) 13000.0

Vitamin D3 (IU/kg) 2000.0

Vitamin E (IU/kg) 34.0

Vitamin K3 (mg/kg) 3.0

Vitamin B1 (mg/kg) 5.0

Vitamin B2 (mg/kg) 6.0

Vitamin B3 (mg/kg) 60.0

Vitamin B5 (mg/kg) 20.0

Vitamin B6 (mg/kg) 7.0

Vitamin B7 (mg/kg) 0.05

Vitamin B9 (mg/kg) 1.0

Vitamin B12 (mcg/kg) 22.0

Choline (mg/kg) 1900.0

Amino acids

Lysine (mg/kg) 12000.0

Methionine (mg/kg) 4000.0

BHT (mg/kg) 100.0

BHT, butylated hydroxytoluene.
Standard rat chow (Nuvilab, Sogorb, São Paulo, SP, Brazil). Composition of diet: whole corn,
soybean bran, wheat bran, calcium carbonate, dicalcium phosphate, sodium chloride,
vitamin A, vitamin D3, vitamin E, vitamin K3, vitamin B1, vitamin B2, vitamin B6, vitamin B12,
niacin, calcium pantothenate, folic acid, biotin, choline chloride, iron sulfate, manganese
sulfate, zinc sulfate, copper sulfate, calcium iodate, sodium selenite, cobalt sulfate, lysine,
methionine.
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(GE Healthcare, Chalfont St Giles, Bucks, UK) image capture sys-
tem. The band intensities were quantified by optical densitometry
using the ImageJ software (Media Cybernetics, Rockville, MD,
USA). α-Tubulin was used as an internal control, and the results
were expressed as percentages relative to the control group.

Statistical analysis

The Kolmogorov–Smirnov one sample test (K–S) was used to assess
the normality of the distributions of each of the variables. Data are
compiled as means and standard errors of the means (SEM). Only
one animal per sex per litter was used in the analyses. Univariate
analyses of variance were used to analyze all the data except those
pertaining to the pyruvate-response assessment. Group and sex were
used as the between-subjects factors. Repeated measures analyses of
variance (rANOVA) were used to analyze the pyruvate-response
data. Group and sex were used as the between-subjects factors,
and interval was used as the within-subjects factor. Whenever the
sphericity assumptions appeared to be violated (Mauchly’s test) in
the rANOVAs, an adjustment to the numerator and denominator
degrees of freedom was made by using parameter ε.35 Lower order
ANOVAs and Fisher Protected Least Significant Difference tests
were used post hoc. Significance is assumed at the level of
P < 0.05. For interactions at P < 0.10 (two-tailed), we also examined
whether lower order main effects were detectable after subdivision of
the interactive variables.36

Results

Body composition

As indicated in Table 3, body mass gain was increased between
PN21 and PN180 in both EW models, irrespective of sex, when
compared to controls (F2,52 = 12.3, P < 0.001). NPEW animals

had 13% more (P = 0.006) body mass gain than controls, while
PEW animals had 20% more (P < 0.001). No differences were
observed between NPEW and PEW in this parameter. Males
had higher body mass gain (þ122%) than females (F1,52 = 558,
P < 0.001). The same pattern of results was observed regarding
VFM at PN180. Both EWmodels, irrespective of sex, showed higher
VFM (F2,51 = 18.7, P < 0.001): NPEWþ55% (P < 0.001) and PEW
þ64% (P < 0.001) vs. controls. Males had higher VFM (þ17.6%)
than females (F1,51= 6.2, P= 0.016). All these data are in accordance
with our previous published studies.15,17,37

Plasma parameters of both sexes

The Intraperitoneal Pyruvate Tolerance Test (iPPT) analysis at
PN175 indicated that all groups showed variations in plasma glu-
cose levels throughout the test (interval: F2.7, 128.4= 64.3, P< 0.001)
(Fig. 1). The profiles of these variations were affected both by group
(F2,47 = 7.4, P = 0.002) as well as by sex (interval × sex: F2.7,
128.4 = 4.7, P = 0.005). Given these results, the analyses proceeded
separated by sex. Regarding females (Fig. 1a), all three groups
showed that similar increases were present from 0 to 15 min
and that levels remained relatively stable from 15 to 30 min. It
is at 60 (F2,23 = 4.5, P = 0.023) and 120 (F2,23 = 4.0, P = 0.031)
min that differences become apparent: PEW females show higher
values than controls at both time points (60 min:þ18%, P= 0.014;
120 min: þ24%, P = 0.009) and higher than NPEW at 60 min
(þ18%, P = 0.014). As for males (Fig. 1b), significant differences
between groups were observed from 30 min onwards: PEW males
show higher values than controls at 30 (þ22%, P = 0.009) and 60
(þ26%, P = 0.001) min; NPEW males show higher values than
controls at 60 (þ18%, P = 0.013) and 120 (þ23%, P = 0.005)
min. The area under curve (AUC) of iPTT showed an effect of
group both in females (F2,23 = 5.4, P = 0.012) and males
(F2,24 = 4.5, P = 0.020) (Fig. 1c). PEW females had higher values

Table 2. Antibodies used for Western blotting

Primary antibodies Secondary antibodies

Company Dilution Company Dilution Specificity

ACC-1 Cell Signaling Technology, Boston, MA, USA 1:500 Santa Cruz Biotechnology, Paso Robles, CA, USA 1:7000 Anti-rabbit

pACC Cell Signaling Technology 1:500 Santa Cruz Biotechnology 1:7000 Anti-rabbit

FAS Cell Signaling Technology 1:500 Santa Cruz Biotechnology 1:7000 Anti-rabbit

SCD-1 Abcam, Cambridge, MA, USA 1:500 Sigma-Aldrich, St. Loius, MO, USA 1:1000 Anti-mouse

CPT-1α Santa Cruz Biotechnology 1:1000 Santa Cruz Biotechnology 1:7000 Anti-rabbit

MTTP Thermo Fisher Scientific, Waltham, MA, USA 1:500 Santa Cruz Biotechnology 1:7000 Anti-rabbit

SREBP-1c Santa Cruz Biotechnology 1:1000 Santa Cruz Biotechnology 1:7000 Anti-rabbit

PPAR-α Santa Cruz Biotechnology 1:500 Santa Cruz Biotechnology 1:7000 Anti-rabbit

PPAR-γ Santa Cruz Biotechnology 1:500 Santa Cruz Biotechnology 1:7000 Anti-rabbit

G6Pase-α Santa Cruz Biotechnology 1:300 Santa Cruz Biotechnology 1:7000 Anti-rabbit

PEPCK-1 Abcam 1:1000 Santa Cruz Biotechnology 1:7000 Anti-rabbit

AMPK-α Cell Signaling Technology 1:1000 Santa Cruz Biotechnology 1:7000 Anti-rabbit

pAMPK-α Cell Signaling Technology 1:1000 Santa Cruz Biotechnology 1:7000 Anti-rabbit

α-Tubulin Sigma-Aldrich 1:1000 Sigma-Aldrich 1:10000 Anti-mouse

ACC-1, acetyl-CoA carboxylase-1; pACC, phosphorylated acid-acetyl-CoA carboxylase; FAS, fatty acid synthase; SCD-1, stearoyl-CoA desaturase-1; CPT-1α, carnitine palmitoyl-transferase-1α;
MTTP, microsomal triglyceride transfer protein; SREBP-1c, sterol regulatory element-binding protein-1c; PPAR-α, peroxisome proliferator-activated receptor alpha; PPAR-γ, peroxisome
proliferator-activated receptor gamma; G6Pase-α, glucose 6-phosphatase-α; PEPCK-1, phosphoenolpyruvate carboxykinase-1; AMPK-α, AMP-activated protein kinase-α; pAMPK,
phosphorylated AMP-activated protein kinase.
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than control (þ17%, P = 0.005) and NPEW (þ14%, P = 0.013)
females. Both PEW (þ20%, P = 0.010) and NPEW (þ23%,
P = 0.024) males had higher values than controls.

At PN180, fasting plasma glucose (Table 3) showed no group
effect, but females, irrespective of group assignment, had higher val-
ues (þ16%) than males (F1,50 = 39.8, P < 0.001). Regarding TG lev-
els (F2,44 = 4.5, P = 0.016) and the TyG index (F2,44 = 39.8,
P = 0.014), only group effects were present (Table 3): NPEW had
higher values than controls (TG: þ57%, P = 0.014; TyG: þ6%,
P = 0.014). Plasma total CHOL showed no effects or interactions
(Table 3). As for HDL-c, the effects of group (F2,29 = 30.8,
P < 0.001) and sex (F2,29 = 32.8, P < 0.001) were identified: Both
EW groups showed lower levels than control animals (PEW vs.
C: −52%, P < 0.001; NPEW vs. C: −51%, P < 0.001); females
had lower levels than males (−43%).

Liver parameters

At PN180, liver mass (Fig. 2a) was affected both by the weaning pro-
cedure and by the sex of the offspring (group: F2,51 = 8.9, P < 0.001;
sex: F1,51 = 75.4, P < 0.001; group × sex: F2,51 = 4.7, P = 0.013). In
females, both PEW (−14%,P< 0.001) andNPEW(−15%,P< 0.001)
animals had lower liver masses than control ones. No differences
were observed among male groups. As for the liver CHOL content
(Fig. 2b), it was also observed that both factors affected the outcome
(sex: F1,42 = 4.4, P = 0.043; group × sex: F2,42 = 4.5, P = 0.017).
In males, both EW groups showed higher contents than controls

(PEW vs. C: þ31%, P = 0.010; NPEW vs. C: þ36%, P = 0.022).
No differences were observed among female groups. Regarding liver
TG content (Fig. 2c), it was affected both factors (group: F2,42= 10.5,
P < 0.001; sex: F1,42 = 88.3, P < 0.001; group × sex: F2,42 = 4.4,
P = 0.018). In males, both EW groups showed higher contents than
controls (PEW vs. C: þ78%, P = 0.002; NPEW vs. C: þ80%,
P = 0.001). No differences were observed among female groups.

The liver histomorphologic analysis showed hepatocytes with
preserved architecture, arranged in rows, delimited by connective
tissue containing sinusoidal capillaries and lipid droplets in less
than 5% of the analyzed area in all female groups (Fig. 2d; Table 4)
as well as in CON and PEW male groups (Fig. 2e; Table 4); this
is considered absence of steatosis (degree 0). Only the NPEW
male group had hepatocytes with several cytoplasmic lipid
droplets in approximately 25% of the analyzed area on 75% of
samples, indicating a profile of microvesicular hepatic steatosis
that is considered degree 1 (Fig. 2e; Table 4).

The evaluation of protein contents of key enzymes involved in
hepatic lipid metabolism is depicted in Fig. 3. Total acetyl-CoA
carboxylase-1 (ACC-1) content (Fig. 3a) showed a group effect
(F2,38 = 7.8, P < 0.001): NPEW animals had a higher content than
control (þ28%, P < 0.001) and PEW (þ18%, P < 0.001) ones.
Fatty acid synthase (FAS) content (Fig. 3b) showed a clear sex
(F1,44 = 11.4, P = 0.002) effect (females had less (−29%) than
males) as well as a group × sex interaction that approached signifi-
cance (F2,44 = 2.9, P = 0.063). After subdivision by sex, EW males
showed higher contents than control ones (PEW vs. C: þ31%,

Table 3. Somatic and plasma data separated by sex and group in both early weaning models at PN180

Parameters

Female Male

CON NPEW PEW CON NPEW PEW

Body mass gain (g) 103.6 (4.0) 121.0 (4.0) 129.0 (6.4) 234.0 (6.9) 275.8 (9.0) 278.7 (11.7)

VFM (g/100g body mass) 2.9 (2.7) 4.4 (0.3) 4.5 (0.3) 3.3 (0.2) 5.1 (0.3) 5.5 (0.5)

Plasma glucose (mg/dL) 94.7 (2.9) 94.2 (2.6) 94.4 (2.0) 84.5 (3.2) 80.8 (2.5) 79.3 (1.8)

Plasma TG (mg/dL) 32.9 (4.8) 45.7 (6.1) 41.4 (6.4) 34.6 (4.3) 58.9 (6.0) 49.2 (8.1)

Plasma CHOL (mg/dL) 57.6 (5.2) 72.8 (4.6) 61.9 (5.7) 63.8 (4.5) 68.6 (6.2) 67.0 (2.9)

Plasma HDL-c (mg/dL) 18.4 (0.1) 6.0 (1.6) 7.1 (1.7) 22.9 (1.4) 15.7 (0.9) 13.3 (1.2)

TyG index 7.2 (0.2) 7.6 (0.1) 7.5 (0.2) 7.3 (0.2) 7.8 (0.1) 7.5 (0.2)

VFM, visceral fat mass; BM, body mass; TG, triglycerides; CHOL, cholesterol; HDL-c, high-density lipoprotein; TyG index, plasma triglycerides-glucose index. Values represent mean (SEM) of 8–10
animals per group from different litters. Significance is assumed at the level of P < 0.05.

Fig. 1. iPTT of female (a) and male (b) offspring at PN175. (c) iPTT AUC. Values are mean ± SEM (n = 8–10). G, group factor. ¢ PEW females vs. CON females; ¥ PEW females vs.
NPEW females; # NPEW or PEW males vs. CON males. Significance is assumed at the level of P < 0.05.
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P = 0.037; NPEW vs. C:þ40%, P = 0.010). Stearoyl-CoA desatur-
ase-1 (SCD-1) content (Fig. 3c) showed a pattern of results that was
similar to those observed for the ACC-1 context: A group effect was
present (F2,48 = 5.4, P = 0.008) and this effect is explained by the
fact that NPEW animals had a higher content than control (þ10%,
P = 0.010) and PEW (þ10%, P = 0.006) ones. As for microsomal
triglyceride transfer protein (MTTP) (Fig. 3d), its context was
affected by both factors (group: F2,41 = 7.8, P = 0.001; sex:

F1,41 = 4.9, P = 0.033). Overall, both EW groups had higher con-
tents than the control one (PEW vs. C:þ48%, P= 0.001; NPEWvs.
C:þ39%, P = 0.004). A planned comparison separated by sex fur-
ther indicated that both EW females had higher contents than the
control ones (PEW vs. C: þ73%, P = 0.022; NPEW vs. C: þ49%,
P = 0.022); no significant differences were observed among the
male groups. All representative western blot bands are shown
in Fig. 3e.

Fig. 2. Liver parameters of female and male offspring at PN180. (a) Liver mass. (b) CHOL, and (c) TG liver contents. Representative photomicrographs of the liver (×60 mag-
nification) of female (d) andmale (e) rats (bar: 50 μm). Values aremean ± SEM (n= 8–10). Arrows indicate microvesicular liver steatosis in NPEWmales at PND180. I, intersection; S,
sex factor; G, group factor. ¢ NPEW or PEW females vs. CON females; # NPEW or PEW males vs. CON males. Significance is assumed at the level of P < 0.05.
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The following proteins showed no effects or interaction: ACC-
1/phosphorylated acid-acetyl-CoA carboxylase (pACC), carnitine
palmitoyl-transferase-1α (CPT-1α), sterol regulatory element-
binding protein-1c (SREBP-1c), peroxisome proliferator-activated
receptor (PPAR) α (PPAR-α), PPAR-γ, glucose 6-phosphatase-α
(G6Pase-α), phosphoenolpyruvate carboxykinase-1 (PEPCK-1),
total Adenosine Monophosphate (AMP)-activated protein kinase
(AMPK), and phosphorylated AMP-activated protein kinase
(pAMPK)/AMPK) (Supplementary Fig. 1).

Discussion

The two EW models seem to mimic the two main situations of
human early interruption of exclusive breastfeeding. The most

common situation is that of the mother gradually reducing the fre-
quency of breastfeeding, which could be best reproduced by the
PEWmodel, which reduces the amount of milk that is made avail-
able to the baby but does not totally cease breastfeeding, while the
NPEW model reproduces a complete interruption.

Corroborating previously published data, we demonstrated
here the occurrence of hepatic steatosis among adult males
depending on the type of EW. In addition, in the present study,
the enzymatic alterations, which were studied for the first time
here, partially help explaining this process. Intriguingly, the adult
females that were programmed by EW, despite having a higher
accumulation of abdominal fat, did not display steatosis, which
may be related to the protective action of estrogen on the liver
of these animals, a possibility that will be discussed later.

Table 4. Degree of steatosis (Brunt’s classification) in rats’ liver in both early weaning models at PN180

Female Male

CON (%) NPEW (%) PEW (%) CON (%) NPEW (%) PEW (%)

Degree 0 (0%–5% hepatocytes affected) 100 100 100 100 25 100

Degree 1 (>5%–30% hepatocytes affected) 0 0 0 0 75 0

Degree 2 (>30%–60% hepatocytes affected) 0 0 0 0 0 0

Degree 3 (>60% hepatocytes affected) 0 0 0 0 0 0

Eight animals from different litters per group.

Fig. 3. Expression, in male and female offspring at PN180, of total ACC-1 (a), FAS (b), SCD-1 (c), and MTTP (d). These enzymes are involved in hepatic metabolism. Representative
Western blot bands for each protein are shown in (e). Values are mean ± SEM (n = 8–10). I, intersection; S, sex factor; G, group factor. ¢ NPEW or PEW females vs. CON females;
¥ NPEW females vs. PEW females; #NPEWor PEWmales vs. CONmales;þ NPEWmales vs. PEWmales; θ Females vs. respectivemales. Significance is assumed at the level of P< 0.05.
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EW programs adult male rats for greater body mass gain and
VFM. Since pyruvate is preferentially used by hepatocytes as a sub-
strate for gluconeogenesis, the pyruvate challenge is a good tool to
examine gluconeogenic activity in vivo. In the first glucose mea-
surement (15 min after injection), EW animals of both sexes
showed unchanged levels. Corroborating this finding, PEPCK
and G6Pase, which catalyze the rate-limiting step of gluconeogen-
esis, were similar among groups.

At 30 min, PEWmales showed higher glucose levels only when
compared to the CON group. At this moment, increased glycemia
under iPTT can be due to an impairment of glycogen synthesis by
lower insulin action in the liver as well as to lower peripheral sen-
sitivity to this hormone, reducing glucose uptake by muscle and
adipose tissue. At 60 min, males of both EWmodels had impaired
maintenance of the glycemic homeostasis. At 120 min, PEWmales
showed a drop in glucose levels, while NPEW glycemia remained
high. Despite the differences in the iPPT profiles, the AUCs of both
EW groups were increased. Pietrobon et al. (2020) reported that
both EW groups have insulin resistance in the skeletal muscle,38

which is responsible for the uptake of 70%–80% of the plasma
glucose.39 Thus, EW seems to program muscle insulin resistance
prior to the liver one. To reinforce this idea, the content in the liver
made of the proteins that play key functions in the lipid metabo-
lism homeostasis, which is insulin-regulated, was not altered in
EW animals (SREBP-1c, PPAR-α and PPAR-γ, CPT-1α, pACC/
ACC, and pAMPK/AMPK).

The hepatic steatosis characteristic of NPEW males seems to
be related to other factors that are independent of insulin action
on this tissue. The high hepatic TG observed in this group may
be due to an increase in de novo lipogenesis (increased ACC-1,
FAS, and SCD-1). Also, NPEWmales can have higher diacylglycerol
O-acyltransferase 1 (DGAT-1), a key enzyme for TG biosynthesis,
and compromised TG uptake, possibly by transporter-mediated
hepatic fatty acid uptake alterations, for example,40 since this lipid
was higher in hepatocytes and plasma. A limitation of our study
in this regard was that we have not analyzed these parameters.
The increase inTG synthesis concurrently with unalteredmitochon-
drial β-oxidation and TG exportation through VLDL, as shown in
this work, can promote hepatic lipid accumulation and increased
oxidative stress, which has already been demonstrated in the NPEW
model.21

Plasma CHOLwas not altered in the EWmodels. However, this
lipid content was higher in the liver of males, which could be
related to dysfunctions in synthesis and/or esterification caused
by, respectively, alterations in 3-hydroxy-3methyl-glutaryl-CoA
reductase or Acyl CoA: CHOL acyltransferase1.41 Despite normal
total CHOL in plasma, EW animals showed lower HDL-c, which
indicates a higher atherogenesis risk42 and suggests that EW
females and males have a higher risk of developing cardiovascular
diseases.

PEW males had normal ACC-1 and SCD-1, absence of steato-
sis, higher TG and CHOL in the liver, but unchanged in the plasma.
Compared to NPEW males, PEW males had reduced SCD-1,
which can be an attempt to contain TG and fatty acids synthesis
(higher FAS). However, higher TG in the hepatocytes of PEW
males suggests that DGAT-1 was higher.

As previously reported by our research group, BRO appears to
have a long-term protective effect on the hepatic functions of EW
male rats.22 Thus, we hypothesize that the protective role of BRO is
related to an increase in Sirtuin 1, an enzyme involved in NAFLD
inhibition.22 Despite the higher TG in the liver, PEW males had
normal TG in the plasma. This lipid could be uptaken by other

tissues, such as pancreas and muscle. Indeed, our group have pre-
viously reported the impairment of insulin secretion at higher glu-
cose concentrations and muscle insulin resistance in EW males.38

Thus, impairment of glycemic homeostasis could be due to lipotox-
icity related to steatosis development in other tissues.

Clinical studies demonstrate that NAFLD manifestations occur
with a higher prevalence in men than in women.43 In fact, the accu-
mulation of hepatic lipids and the consequent development of liver
steatosis are twice as common in the postmenopausal period com-
pared to the reproductive age.44–46 In addition, mice fed with a diet
deficient in choline and methionine for two weeks show steatosis,
an increase in hepatic transaminases, and an increased expression
of inflammatory markers with these changes more pronounced in
males,47 corroborating our present findings where EW females did
not have alterations in liver morphology or in serum and hepatic
CHOL and TG levels.

In the literature, it is well known that estrogens play an impor-
tant role in the regulation of energy homeostasis in different
organs, especially suppressing ingestion and increasing energy
expenditure,48 as changes in the synthesis and/or action of 17β-
estradiol predispose to obesity, metabolic syndrome, and type 2
diabetes.49 The biological effects of this hormone are mainly medi-
ated by nuclear estrogen receptors α (ER-α) and β (ER-β)50,51 and
also by the G protein coupled receptor.52,53 ER-α appears to be the
mediator of the protective anti-inflammatory effects of estrogen in
several tissues, such as the liver.54 According to Barsalani et al.
(2010), the accumulation of hepatic lipids observed in ovariectom-
ized rats is not strictly related to the accumulation of adipose tissue
and hyperphagia caused by the absence of estradiol but is also due
to the dysregulation of the lipid metabolism of the organ itself.55,56

In Sprague–Dawley rats, the reduction of estrogenic activity in
the liver promoted an increased expression of lipogenic genes,
such as SREBP-1c, ACC-1, FAS, and SCD-1, and a reduced gene
expression of proteins related to hepatic lipid oxidation.57–59

Additionally, the activation of only one of the ER-α domains
(Activation Function 1/ Activation Function 2) is sufficient to pre-
vent obesity, steatosis, and insulin resistance in mice submitted to
HFD.60 The replacement of estradiol levels in ovariectomized
females improved cholesterolemia, reduced liver damage due to
reduced macrophage infiltration and the expression of pro-
inflammatory genes,61 and reduced the expression of lipogenic
genes in the liver of obese mice (ob/ob), which improved the glu-
cose tolerance and response to insulin62 and demonstrates the pro-
tective role of estrogen on the development of NAFLD.55,63

Considering that the increase in the biological effects of estradiol
can cause the reduction of adipose tissue and that, in our study,
NPEW and PEW females had a greater increase of visceral adipos-
ity, we suggest a greater estrogenic action specifically at the liver
level regardless of the EWmodel. A study of ER in liver and adipose
tissues is necessary to confirm this hypothesis.

The role of estrogens on the maintenance of normal lipid accu-
mulation in the hepatocytes is also related to the regulation of
VLDL production. Ovariectomized rats have decreased VLDL in
plasma, indicating that the reduction in the hepatic production
of this molecule may be responsible for increased lipid accumula-
tion in the absence of estrogen.55 The assembly and secretion
of VLDL are complex mechanisms that mainly involve the
MTTP62 whose activity is a limiting factor for this process.64–66

Ovariectomized rats showed lower gene and protein expression
of MTTP,57,67 which was recovered with the administration of
estrogen,55 demonstrating that estrogens are involved in the regu-
lation of all lipid pathways in the liver (de novo lipogenesis, lipid
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oxidation, and export). In our study, despite higher liver ACC-1
and SCD-1 in the NPEW group, both EW females showed an
increase in MTTP protein expression, without showing changes
in oxidative enzymes, possibly due to a protective effect of estradiol
preventing excessive accumulation of lipids in hepatocytes by new
metabolic challenges, for example, as the supply of HFD through-
out life.

Additionally, in the pyruvate challenge, PEW females had
higher glucose levels only at 60 and 120 min after injection, which
were responsible for the higher AUC observed in this group. This
finding could be related to a higher uptake by peripheral tissues
since hepatic content of G6Pase and PEPCK enzymes was
unchanged and isolated insulin secretion was lower.38 It is possible
that, in challenging situations, the maintenance of normal levels of
glycemia is compromised in PEW females. Of note, the activities or
metabolites of the studied enzymes were not evaluated, which is a
limitation of the present research.

It is possible that females developed an adaptive mechanism
during evolution to deal with insults during lactation better than
males as these mechanisms are related to the need for satisfactory
reproduction. In this sense, MTTP could be a key enzyme in pro-
tecting the liver from steatosis and its grave consequences.

Conclusion

Taken together, our findings demonstrate that the alterations in
the liver cytoarchitecture only in NPEW males are explained
by the differences in the expression of FAS and SCD-1. Unlike
males, the adult female offspring from both EW models did not
develop hepatic steatosis but showed increased MTTP content,
which may have a role in improving the outcomes of the EW
programming.
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