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ARTICLE INFO ABSTRACT

Keywords: Childhood obesity and associated comorbidities in adulthood are of great concern worldwide. Evidence high-
Small litter lights the importance of lactation in later disease development. In this sense, obese children are at great risk of
Childhood obesity developing adult obesity, insulin resistance, type 2 diabetes, and cardiovascular disease at adulthood. PPAR«
Eg;:g; activation during lactation promotes the expression of key enzymes involved in lipid oxidation, and it was
PPAR-alpha associated with reduced adiposity in children. Therefore, we hypothesized that an animal model of childhood

obesity, small litter (SL), would lead to the development of obesity and metabolic dysfunction in adulthood,
which could be prevented by postnatal PPARa agonism. Wistar dams had their litter reduced, leading to post-
natal overfeeding and obesity early in life. SL male pups were treated with fenofibrate, an PPAR« agonist, during
lactation, from postnatal day (PND) 1 until weaning (PND21), to verify whether PPARx activation prevents the
developmental programming at adulthood (PND120). Childhood obesity induced by postnatal overfeeding leads
to decreased markers for oxidative metabolism during infancy, leading to increased visceral adiposity and

Abbreviations: PND, Postnatal day; BAT, Brown adipose tissue; VAT, Visceral adipose tissue; SL, Small Litter; DAG, Diacylglicerol; HFD, High-fat diet.
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oxidative stress, insulin resistance, hepatic microvesicular steatosis, and increased fibroblast growth factor 21
(Fgf21) expression, followed by decreased brown adipose tissue (BAT) sympathetic nerve activity and decreased
Fgfr] hypothalamic expression in adulthood. Agonist-induced PPAR« activation during lactation mitigated the
development of aforementioned alterations in adulthood. Postnatal fenofibrate treatment prevents the devel-
opmental programming of visceral obesity, liver-associated metabolic dysfunction and BAT autonomic sympa-
thetic hypoactivity in an animal model of childhood obesity.

1. Introduction

Childhood obesity is a condition of major health concern. In 1990 it
was estimated that 2 % of children and adolescents were obese. In 2022
this value has tripled, reaching 8 % of children and adolescent popula-
tion worldwide [1]. Childhood obesity is associated with increased risk
for the onset of type 2 diabetes and cardiovascular disease, at adulthood
[2-4]. Infancy and lactation are well-established “windows” for meta-
bolic programming for disease at adulthood [5,6]. Epidemiological data
have shown that six months exclusive breastfeeding is protective against
the development of disease later in life [7]. Additional stimuli during
lactation may confer protective effects against metabolic dysfunction
induced during adulthood, such as maternal low-protein diet and exer-
cise [8,9]. On the other hand, several experimental studies have shown
that nutritional/environmental stresses in this critical phase of devel-
opment, including maternal obesity, diabetes, increased glycation and
smoking, overfeeding and formula intake may have long-term effects on
the metabolism of offspring, promoting the development of obesity,
cardiovascular disease and metabolic dysfunction during adulthood
[10-12].

Postnatal overfeeding by litter size reduction (2-4 pups per mother)
has become a valid experimental model for childhood obesity, leading to
early life metabolic dysfunction and obesity which persists and aggra-
vates later in life [13,14]. In fact, postnatal overfeeding is reported to
cause liver steatosis, insulin resistance, cardiovascular dysfunction,
dyslipidemia and dysregulation of glycemic homeostasis at adulthood
[13,15,16]. The Peroxisome Proliferator Activated by Receptor — alpha
(PPAR«) has a major role in lipid oxidation since it is a transcriptional
factor for the expression of key genes involved in lipid oxidation and
ketogenesis [17]. During gestation, the fetus is nourished through the
cord blood where glucose is the main energy source. After birth, the
breastmilk, rich in lipids, is the primary source of nutrition to the
neonate, characterizing a nutritional switch from carbohydrate to lipid
metabolism [18]. Breastmilk derived free fatty acids activate PPARa into
the neonate liver, promoting DNA demethylation and increasing tran-
scription of genes involved in B-oxidation and lipid metabolism, such as
Cptla, Acox and Fgf21 [19]. In adult animals, activation of PPAR« pre-
vented obesity and ameliorated metabolic dysfunction induced by high
fat-diet (HFD) [20].

Considering that obesity during infancy is (1) associated with the
development of obesity and metabolic dysfunction at adulthood, and (2)
that PPAR« activation is an important event to promote lipid oxidation
early in life, here we hypothesize that activating PPARa during lactation
might prevent the development of obesity in a rat model of childhood
obesity and late onset of metabolic dysfunction.

2. Methods
2.1. Animal handling and experimental design

Wistar rats, males and females, were obtained from the Maringa
State University Central Animals Facility and housed in the Animal Fa-
cility of the Experimental Laboratory of DOHaD (LExDOHaD), kept
under controlled condition of temperature (22 + 2°C), and photoperiod
(12 hours dark-light cycle). Animals had ad libitum access to standard
chow and water throughout the experimental period. Animals were
mated in a ratio of 1 male for 2 females. All the animal handling, housing

and experimental procedures followed the guidelines of the Brazilian
National Council for Control of Animal Experimentation (CONCEA) and
were approved by the Ethic Commission in The Use of Animals (CEUA)
from State University of Maringd, Brazil (Protocol Number
8934110422).

2.1.1. Experiment 1 — Childhood obesity induced deleterious health
outcomes are prevented by postnatal activation of PPARa

Birth was considered postnatal-day zero (PNDO). At PND 1 all litters
were standardized for nine pups per mother, with the surplus pups being
euthanized, maintaining the proportion of five-to-six males and four-to-
three females in each litter. Fenofibrate (F - Infinity Pharma, COD: 1454,
LT: 20F15-B030-063706) was dissolved in 10 % DMSO (Sigma, D2650)
and 15 % kolliphor HS 15 (Sigma, 42 966). At PND1 litters were
randomly assigned to Vehicle (V - 15 % Koliphor and 10 %DMSO in
distilled water) or Treated (F — 12.5 mg/kg in vehicle) by intraperitoneal
injections from PND1 until weaning, PND21 [21]. At PND3 the number
of pups was adjusted to three males per dam for small litters (SL), and
kept 9 pups per dam in the normal litter (NL). The surplus pups from SL
were euthanized. Forming the experimental groups with the following
number of litters: NL-V (n = 10), SL-V (n = 10), NL-F (n = 10), and SL-F
(n = 11) - Fig. 1. Considering the sexual dimorphism, since females do
not develop marked insulin resistance and non-hepatic steatosis
(NAFLD) when reared in SL [22], only males were used in this study for
assessments during lactation and after weaning. After weaning PND21,
animals were housed at three per cage until PND120, when experi-
mental procedures were performed, namely, insulin tolerance, eutha-
nasia for plasma and tissue collection, and sympathetic nerve electrical
activity. Food intake and body weight (BW) gain were measured weekly
during the experimental period. Visceral adiposity index was calculated
as the sum of the three main visceral fat depots (retroperitoneal, peri-
gonadal and mesenteric), in relationship to animal weight. Visceral
Adiposity %= [(Retro + Perig + Mesent)/Bw] *100. p-hydroxybutyrate
was randomly measured in capillary blood of pups, at PND7,14 and 21
using a glucometer and f-ketone test strips. (FreeStyle Optimum®
Abbot). We choose to show data from this experiment separately, first,
NL-V against SL-V (Figs. 3, 4 and 6), then SL-V against SL-F (Figs. 7, 8
and 9), to facilitate data interpretation and to test our hypothesis:
Increased PPAR« activation early in life prevents the development of
obesity and metabolic dysfunction programmed by childhood obesity.

2.1.2. Experiment 2 — Childhood obesity alters markers of oxidative
metabolism early in life

Considering our hypothesis that the observed phenotype of obesity
could be related to a decrease in oxidative metabolic pathways early in
life, we choose to perform an experiment for those markers in organs
important for energy balance control, namely, liver, adipose tissue and
brown adipose tissue (BAT). Similarly, to Experiment 1, after birth, PND
0, litters were standardized for 9 pups per litter, and then, at PND3
randomly litters were assigned to NL or SL, litters from NL were kept for
9, and SL had their litters reduced to 3 pups per litter. Animals were
euthanatized for tissue sample collection at PND14. Forming the
experimental groups with the following number of litters: NL (n = 4),
SL-V (n = 5). Afterwards samples were processed for western blotting
for different antibodies (Supplemental Table 1). Animals had free access
to food and water during the whole experiment.



L.P.J. Saavedra et al.
2.2. Indirect calorimetry and sympathetic nerve activity

From each group, a random set of animals at PN119 were used for
indirect calorimetry and nerve register. O2 consumption and CO2 pro-
duction were assessed for 24 hours (Oxylet system; Pan Lab/Harvard
Instruments, Barcelona, Spain). 24 hours energy expenditure (EE) and
respiratory quotient (RQ) were then calculated using the O2 and CO2
data by Metabolism® Software (Pan Lab/Harvard Instruments) [23].
During the procedures rats had ad libitum access to food and water.

From each group, a random set of animals from different litters were
subjected to measurement of sympathetic nerve activity. Animals were
anesthetized using Sodium Thiopental (45 mgkg of body weight) after
overnight fasting (12 hours). The sympathetic nerve branch, which in-
nervates the BAT, was surgically exposed and placed over a pair of
platinum recording electrodes. Recordings were made with a Bio-
Amplificator (Insight®, Ribeirao Preto, Brazil) in the 1-80 kHz range
and amplified 10000-fold, as previously described [23]. The nerve ac-
tivity was recorded for 10 min, and the average numbers of spikes/5 s
were used to calculate the nerve firing rate from five to seven sections of
15 s recordings for each rat.

2.3. Insulin sensitivity, tissue collection and biochemical analysis

From each group, a random set of PND119 animals from different
litters were subjected to intra-peritoneal insulin tolerance test (ipITT).
Animals were fasted for 6 hours and glycemia was measured (0’ time),
then animals received an intraperitoneal injection of insulin (1U/kg —
NovoRapid, NovoNordisk ®,), and the blood glucose was measured at
15’, 30’ and 60 minutes using a glucometer (FreeStyle Optimum®,
Abbot) as previously described [24]. The plasma glucose disappearance
rate was calculated (Kj) by the formula = 0.693/ t'4, where t'% is
calculated from the slope of the plasma glucose concentration
post-insulin injection until basal rates at 60 min after insulin injection,
as previously described [25].

After 48 hours of recovery, following an overnight fasting, animals
were euthanized by decapitation for tissue and blood sample collection.
Blood was centrifuged (10000 RPM, 5 min), plasma was collected and
stored at —20°C. Plasmatic concentrations of glucose, total cholesterol,

Vehicle (V)

Fenofibrate (F) .

12.5mg/kg
Normal Litter (NL)
{

=7\

Small Litter (SL)
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and triglycerides were quantified by spectrophotometry in a microplate
reader (Kasuaki®), using commercial kits by following manufacturer’s
instructions (Gold Analise®, Belo Horizonte/MG, Brazil). Samples from
retroperitoneal, liver, BAT and hypothalamus were quickly frozen in
liquid nitrogen and then stored in —80°C for total lipid and molecular
biology analysis or fixed in 10 % formalin for histological procedures.

2.4. RNA isolation and real-time quantitative RT-qPCR

Liver and hypothalamus samples previously stored at —80°C had
their RNA isolated using TRIzol™ (Invitrogen®) following manufac-
turer’s instructions. Total RNA concentration was measured spectro-
photometrically at 260nm (NanoDrop ND 1000 NanoDrop
Technologies, Wilmington, DE). Total RNA was used for reverse tran-
scription followed by real-time quantitative PCR (RT-qPCR). For cDNA
synthesis 2 ug of RNA was reverse transcribed by the GoScript Reverse
Transcription System (Promega, Madison, USA), and the quantification
of the tissue expression of selected genes (Supplementary information,
Table 2) was done by quantitative PCR in a Corbett Rotor-Gene 6000®
(Qiagen) with GoTaq® gqPCR Master Mix (Promega). f-actin expression
was used as housekeeping gene. The 2 —ACT method was used for the
relative quantification analysis and data were expressed in arbitrary
units (AU) [26]. The sequence of primers used were described
(Supplemental Table 2).

2.5. Western blotting

Tissue samples were homogenized in a RIPA lysis buffer (25 mM
Tris/HCl pH 7.6, 150 mM NaCl, EDTA 5 mM, 1 % Triton x100, sodium
deoxycholate 1 %, SDS 1 %, 1Mm PMSF, sodium orthovanadate 1 mM,
pyrophosphate 2 mM, sodium fluoride 10 mM, EGTA 1 mM and Apro-
tinin 2 pg/mL) and centrifuged two times 12.000 xg for 15 min. The
pellet was discarded and the supernatant was used. Extracted sample
total protein was determined according using Pierce™ BCA Protein
Assay Kit (Thermofischer). Samples containing 20 pg protein were
combined with Laemmli sample buffer (50 mM Tris-HCl pH 6.8, 10 %
glycerol, 2 % SDS, 0.025 % bromophenol blue, 5 % $-mercaptoethanol),
heated at 98°C for 5 minutes for protein denaturation, applied on 10 %

& NL-F -

I |
PND21
Weaning

2
L p s \ fa"g_
. ¢ 5
2 NL-V -
N | &
.
\ SL-V >
¢ 4
& SL-F g
=N ©
I
PND120
Euthanasia

Tissue collection & Experiments

CNs/
BAT  Liver VAT HYPOTHALAMUS

Fig. 1. Schematic representation of Experiment 1. From birth until weaning, pups from different litters received by intraperitoneal injections either Vehicle (V) or
PPAR« agonist, Fenofibrate 12.5 mg/kg (F). At postnatal day (PND) 3, to induce obesity, litters were standardized for Normal litter (NL — 9 pups) or Small litter (SL —
3 pups), therefore forming the NL-V, SL-V and SL-F groups. After weaning animals were had free access to food and water, until PND 120 when experiments were
performed. To facilitate data interpretation, comparisons were performed between NL-V and SL-V, Figs. 3,4 and 6, to test the hypothesis that childhood obesity would
lead to obesity and metabolic dysfunction at adulthood. And then SL-V was compared against SL-F, Figs. 7, 8 and 9, to test the hypothesis that postnatal increase
activation of PPARa would protect against the development of obesity and metabolic dysfunction induced by childhood obesity. Created with BioRender.com.
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SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis),
and transferred to PVDF membranes for one-hour 100 V. These mem-
branes were blocked in a Tris-buffered saline (TBS-T - 10 mM Tris base,
150 mM NaCl and 0.25 % (v/v) of Tween 20) containing 5 % (w/v) non-
fat dried milk for 1 h at room temperature. Afterwards, membranes were
incubated overnight at 4°C with primary antibodies (anti-UCP1 - U6382,
Sigma Aldrich; anti-p-actin, Santa Cruz Biotechnology cat. sc-47778), all
of them were diluted 1:1000. Afterwards membranes were washed in
TBS-T and incubated with a whole molecule peroxidase-conjugated
secondary antibody (Anti-Goat, Sigma Aldrich, A5420, diluted 1:5000)
for two hours and then washed in TBS-T. Band detection was performed
by chemiluminescence (Amersham™ ECL Prime Western Blotting
Detection Reagent, GE Healthcare, Chicago, IL, USA) and the bands were
visualized using the ImageQuant LAS 500® (GE Healthcare Life Sci-
ences, Chicago, IL, USA). Band intensities were analyzed using ImageJ
software (National Institute of Health, Maryland, USA). Calnexin was
used as a housekeeping protein.

2.6. Liver lipid extraction

Total lipid content in the liver was determined using the gravimetric
method adapted from Folch et al. (1957) [27]. Briefly, liver samples
(150 mg) were homogenized in a chloroform-methanol mixture (2:1).
The result referring to the content of total lipids was expressed in per-
centage (g/100 g of wet liver weight). Liver triglycerides were deter-
mined by spectrophotometry in the total lipid extract, diluted in
isopropyl alcohol, using commercial kit as previously described in the
biochemical analysis section of this paper, results were expressed as
mg/g of liver.

2.7. Histology

Liver, BAT and VAT (Visceral Adipose Tissue - retroperitoneal) tis-
sues were fixed in formalin (10 % formaldehyde in PBS, pH 6.8) and
embedded in paraffin to non-serial sections of 5 pm. Three non-serial
sections per animal were placed in glass slides and stained in hema-
toxylin/eosin. The morphological study was performed utilizing digital
images, randomly acquired (TIFF format, 36-bit color, 1360 x1024
pixels) with a digital camera (CMOS 12.0 MP camera Bioptika) coupled
to a light microscope (Axioscop, Zeiss). For VAT adipocyte diameter, the
area of all adipocytes in 10 different pictures (x400 magnification) of the
sections were measured by circulating adipocytes with free hand tool
using ImageJ software (National Institute of Health, Maryland, USA),
and calculating the total area of the adipocyte. For liver lipid inclusion
analysis, 5 photos (x1000 magnification) of 3 different sections per
animal was used. Microvesicular steatosis quantification was measured
by point counting in a system consisting of 36 test points (Tp), where the
density of microvesicular steatosis was (Vv) was estimated as the per-
centage of points hitting lipid inclusion vesicles (Pp), Vv [steatosis,
liver] = Pp[steatosis]/Tp, as previously described [28,29]. For BAT
percentual lipid area 10 photos (x1000 magnification) of 3 different
sections per animal were used. Adapted from Piao et al., [30], images
were converted to black and white using an image analysis software
(Image J), then a threshold (Shanbhag) was applied, to highlight lipid
vacuoles from lipids, and then the white area was measured, using the
tool “particles analyze”. The white area was divided from the total area
of the picture, and the results presented as % of the area.

2.8. Oxidative stress

Liver and VAT tissue were collected to evaluate oxidative stress using
thiobarbituric acid reactive substance assay (TBARS) and reduced
glutathione (GSH) assays. Thus, Liver and white adipose tissue liver
tissues were prepared for a GSH and TBARS reactive species quantifi-
cation assay, measuring malondialdehyde (MDA, nmol/mg of protein)
levels, as previously described [31,32].
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2.9. Statistical analysis

Data analyze was performed using GraphPad-Prism® Software
version 9.00 for Windows (GraphPad Software Inc., La Jolla California
USA, www.graphpad.com). Results were presented as mean + standard
error of the mean (SEM). The data were analyzed through Student’s t-
test for parametric data and Mann-Whitney for non-parametric. Values
of p < 0.05 were considered as the significance level. When Mann-
Witney test was used, asterisk was represented in grey in the figure.

3. Results

3.1. Postnatal overfeeding leads to visceral obesity and metabolic
dysfunction at adulthood

Early in life, SL-V animals have increased weight gain during lacta-
tion characterizing the model of childhood obesity (Fig. 2a), which
persisted during post-weaning phase (Fig. 2b), leading to obesity at
adulthood, PND 120 (Fig. 2b). Also, no difference on food intake was
observed (Fig. 2¢). At adulthood, obesity induced during childhood led
to increased visceral obesity index (Fig. 2d), increased visceral adipo-
cyte area (Fig. 2e), with increased retroperitoneal (Fig. 2f), perigonadal
(Fig. 2g) and mesenteric (Fig. 2h) visceral fat depots. Obese animals had
a trend for increased triglycerides (Fig. 2i, NL-V 102.8 vs SL-V 138
+ 11.66 mg/dL, p = 0.07). Finally, SL-V rats maintained normal glyce-
mic levels (Fig. 2j), but developed insulin resistance (Fig. 2k, 1, NL-V
1.06 + 0.08 vs SL-V 0.77 + 0.08 %/min, p < 0.05). No difference was
observed on oxidative stress markers in adipose tissue (Supplemental
Figure 1 — b, c). Considering the central role of liver in energy meta-
bolism, and the metabolic dysfunction observed, we hypothesized that
childhood obesity could program to hepatic steatosis.

3.2. Postnatal overfeeding leads to hepatic microvesicular steatosis,
oxidative stress and increased FGF21 expression at adulthood

Childhood obesity did not modify liver weight (Fig. 3a) but led to
increased steatosis at adulthood, as evidenced by liver histological
analysis (Fig. 3b, NL-V 11.72 7 +1.756 vs SL-V 24.17 4+ 0.914 %,
p < 0.001), and triglycerides content (Fig. 3¢, NL-V 75.95 + 3.11 vs SL-
V 99.13 + 8.76 mg/g, p < 0.05). In agreement, the expression of Fasn, a
key limiting enzyme on TAG synthesis, was elevated in the liver of obese
rats, however no statistical difference was observed (Fig. 3d).

Furthermore, animals had increased MDA, indicating oxidative stress
(Fig. 3e). Also, it was observed increased Fgf21 expression in the liver
(Fig. 3f, NL-V 0.896 + 0.256 vs SL-V 4.242 + .1174 A.U., p < 0.05) and
no difference was observed on the expression of pro-inflammatory
markers (Fig. 3 — g, h, i). Considering the observed phenotype of
obesity and liver lipid accumulation, we hypothesized that litter size
reduction, leads to decreased oxidative metabolism in organs involved
in the regulation of energy homeostasis.

3.3. Postnatal overfeeding leads to decreased oxidative metabolism
markers early in life (PND14)

We explored whether defects on hepatic oxidative metabolism were
the consequence of progressive ageing-related metabolic derangement
or was already altered during early life. Hence, animals were evaluated
during lactation, at PND14. In the liver we observed decreased total
AMPK (tAMPK - Fig. 4a), and phosphorylated AMPK (pAMPK - Fig. 4b).
Since SL rats consumed more milk, that in turn contained higher con-
centration of lipids, it would be expected to result in an increase in
oxidative metabolism in the liver [22]. At PND7, we observed increased
serum p-hydroxybutyrate, which could be an indicative of increased
hepatic oxidation of fatty acids (Figure Supplemental Figure 1a). How-
ever, no difference was observed at PND14 or PND21, which is in
accordance to decreased pAMPK at PND14. Together, these data could
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n = 8, SL-V n = 9). (g) Perigonadal fat depot (NL-V n = 8, SL-V n = 9). (h) Mesenteric fat depot (NL-V n = 7, SL-V n = 9). (i) Serum triglycerides (NL-V n = 7, SL-V
n =9). (j) Plasma Glucose (NL-V n = 7, SL-V n = 10). (k) Plasma glucose during Insulin Tolerance Test (NL-V n = 9, SL-V n = 9). (1) Decay of Glucose rate — KITT
(NL-V n =9, SL-V n = 9. Data are presented as mean + SEM. To compare the experimental groups Student’s t-test was used for parametric (in black) and Mann-

Whitney for nonparametric data (in grey). *p < 0.05, **p < 0.01. ***p < 0.001.

indicate a defective oxidative metabolism in the liver of SL early in life.

Next, we explored whether AMPK-dependent oxidative capacity
might be also impaired in two additional key metabolic organs: VAT and
BAT. In the visceral adipose tissue, postnatal overfeeding leads to
decreased tAMPK (Fig. 4f). On the BAT, we observed a trend towards
decreased PPAR« (Fig. 4j), and pAMPK (Fig. 41). Together, SL animals

presented decreased markers for oxidative metabolism, particularly, in
the BAT (Figs. 4j and 41). No difference was observed on total or phos-
phorylated ACL (Fig. 4h, i, m, n), a key enzyme that converts citrate to
acetyl-CoA, linking carbohydrate metabolism to fatty acid synthesis.
Therefore, we have hypothesized that postnatal overfeeding could pro-
gram decreased BAT activity at adulthood.
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Fig. 3. Postnatal overfeeding causes liver lipid accumulation and increased FGF21 expression. (a) Liver weight (NL-V n = 7; SL-V n = 10). (b) Liver steatosis score
and representative images (NL-V n = 5; SL-V n = 5). (c) Liver triglycerides (NL-V n = 7; SL-V n = 10). (d) Liver FASN expression (NL-V n = 7; SL-V n = 7). (e) Liver
lipid peroxidation -MDA (NL-V n = 7, SL-V n = 7). (f) Liver FGF21 expression (NL-V n = 6, SL-V n = 5) (g) Liver NFKf expression (NL-V n =9, SL-V n = 10). (h)
Liver IL-6 expression (NL-V n = 7, SL-V n = 10). (i) Liver TNFa expression (NL-V n = 7, SL-V n = 7). Data are presented as mean + SEM. To compare the experi-
mental groups Student’s t-test was used for parametric (in black) and Mann-Whitney for nonparametric data (in grey). *p < 0.05, **p < 0.01. ***p < 0.001.

3.4. Childhood obesity induced by litter size reduction leads to decreased
energy expenditure and reduced hypothalamic-BAT signaling

SL-V animals presented decreased AUC on energy expenditure for
24 hours (Fig. 5a) and decreased AUC on RQ (Fig. 5b). Also, childhood
obesity led to decreased BAT sympathetic nerve activity (Fig. 5c, NL-V
19.31 +£1.23 vs SL-V 11.77 +1.79 Spike/5 seconds, p < 0.01). We
observed increased expression of Fgf21 in the liver at adulthood, which
is the main site of production for plasmatic levels [33]. FGF21 signaling
in the hypothalamus leads to activation of HPA-axis and BAT sympa-
thetic signaling. However, despite its increased expression, we observed
decreased BAT sympathetic activity (Fig. 5¢). When we evaluated FGF21
receptor, Fgfrl, we noted that its expression was decreased in the hy-
pothalamus of obese animals (Fig. 5d, NL-V 1.05 + 0.14 vs SL-V 0.46
+ 0.09 A.U, p<0.01). No difference was observed in BAT weight,
UCP-1 or lipid droplet area (Fig. Se, f, g).

Together, our data supports that litter size reduction induced
dysfunction on BAT autonomic sympathetic signaling, associated with
decreased expression of FGF21 receptor in the hypothalamus. Consid-
ering the decreased PPAR«x activity observed in BAT and liver during
early in life, and that postnatal activation of PPAR« could be protective
against obesity during adulthood, we hypothesized that increased
PPAR« activation, during lactation, induced by an agonist would be

protective against the development of obesity and metabolic dysfunc-
tion in this model. To test the hypothesis, we treated SL pups with
fenofibrate, a well characterized PPARa agonist, during lactation
(Summarized in Fig. 1).

3.5. Fenofibrate treatment during lactation protects against the
development of obesity and metabolic dysfunction induced by childhood
obesity

First, we addressed any potential influence of PPAR« activation early
in life in normal litter. Hence, we treated a batch of controls with PPAR«
(NL-F, n = 6-10) similarly to the previous groups, however no effect was
observed on the evaluated parameters when compared to NL-V.
(Supplemental figure 2). In contrast, PPARa activation exclusively
during lactation prevented excessive bodyweight gain in SL rats
(Fig. 6a), without significant differences on food intake (Fig. 6b). Also,
postnatal activation of PPARa prevented the development of visceral
obesity (Fig. 6¢), by decreasing the accumulation of retroperitoneal
(Fig. 6d), perigonadal (Fig. 6e) and mesenteric fat pads (Fig. 6f). The
previous modifications were accompanied with improvements on
hypertriglyceridemia (Fig. 6g) and insulin sensitivity (Fig. 6h).
Together, these results demonstrate that the administration of an PPAR«x
agonist, fenofibrate, during lactation prevents the development of
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and Mann-Whitney for nonparametric data (in grey). *p < 0.05, ***p < 0.001.

obesity and metabolic dysfunction at adulthood in an animal model of
childhood obesity.

3.6. Fenofibrate treatment during lactation protects against the
development of hepatic microvesicular steatosis induced by postnatal
overfeeding

Fenofibrate treatment during lactation decreased micro vesicular
steatosis (Fig. 7a, SL-V 22.4 + 0.914 ys SL-F 12.72 + 2.493 %, p < 0.01)
and triglycerides accumulation in the liver at adulthood (Fig. 7b, SL-V
99.13 + 8.76 vs SL-F 73.42 + 4.40 mg/g, p < 0.05). Despite the pre-
vention of hepatic steatosis, we did not observe a significant reduction in
oxidative stress markers or Fgf21 expression (Fig. 7c and d). When
oxidative stress marker MDA was correlated with Fgf21 for all animals in
pooled data, we observed a positive correlation between variables
(Supplemental Figure 1k). Considering that oxidative stress and FGF21
levels were maintained, concomitantly with a prevention in the devel-
opment of obesity, metabolic dysfunction and steatosis, we hypothe-
sized that central signaling of FGF21 could be preserved.

3.7. Fenofibrate treatment restored BAT sympathetic nervous system
(SNS) activity and hypothalamic expression of FGFR1

SL-F animals had increased BAT sympathetic innervation activity
(Fig. 8a, SL-V 11.77 +£1.79 vs SL-F 20.89 + 2.87 spikes/5 seconds,
p < 0.05), and hypothalamic Fgfr1 expression (Fig. 8b, SL-V 0.46 + 0.09
vs SL-F 1.00 £+ 0.233 A.U., p < 0.05), indicating a restored response to
FGF21, a known activator of BAT sympathetic innervation and activity
[34]. It was observed a trend towards a diminished BAT lipid droplet
area, an indicative of increased mobilization of stored triglycerides in
the BAT (Fig. 8c, SL-V 65.99 + 2.86 vs SL-F 58.1 + 2.87 %, p = 0.08).
No differences were observed on UCP-1 expression and total energy
expenditure, RQ (Fig. 8d, e, f). Yet, a minor, nearly significant,
improvement was observed in SL-F rats during the light cycle, which is
the resting period for rodents and they rely on FFA oxidation.

4. Discussions

Here we found that administering fenofibrate, an PPARa agonist,
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exclusively during lactation, was able to prevent the development of
obesity, insulin resistance, liver microvesicular steatosis and sympa-
thetic autonomic dysfunction associated with postnatal overfeeding. In
the present study, we confirmed that postnatal overfeeding induced
rapid weight gain at childhood, which persisted until adulthood,
increased visceral obesity and insulin resistance, liver steatosis and
increased oxidative stress, upregulation of Fgfr1 expression and reduced
BAT sympathetic nervous activity. Moreover, this model shows
decreased BAT PPAR« levels during lactation, as well as lower AMPK
activity in liver and BAT at PND14. To the best of our knowledge, for the
first time it was shown the dysregulation of the FGF21-FGFR1- SNS axis
in postnatal overfed animals. Our data corroborate with previous studies
showing that litter size reduction is a well-recognized animal model for
childhood obesity, and later development of obesity and metabolic

dysfunction [15,22,35].

Previous studies have shown that metabolic dysfunction in SL ani-
mals would be related to increased accumulation of diacylglycerol
(DAG) within the liver [22]. DAG has been proposed as mechanism
linking liver steatosis to oxidative stress and insulin resistance [36,37].
In the liver DAG is formed by a reaction catalyzed by the enzyme
MOGAT1, which uses monoacylglycerol as a precursor, catalyzes the
binding of an acyl group to the intermediary, forming DAG as product
[36]. It was shown that high DAG levels activate PKC, promoting insulin
resistance and formation of reactive oxygen species and local inflam-
mation [36,37]. Despite not showing marked inflammation, postnatal
overfeeding has been reported to lead to oxidative stress within the liver,
which corroborates to our findings towards an increased trend for
oxidative damage in this tissue [29,35]. In agreement with our findings,
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previous studies have shown that SL animals have increased expression
of MOGAT1 and DAG during lactation, which persists until adulthood,
mechanistically linking it to the development of hepatic steatosis and
insulin resistance later in life[22]. Litter size reduction leads to alter-
ations in breastmilk composition, markedly increased fat content which
is accompanied by increased total milk intake by the pups, thus
increasing fat intake during breastfeeding [38]. This increased flux of
FFA from milk would increase hepatic triacylglycerol and DAG in the
liver early in life [22]. The intracellular metabolism and oxidation,
particularly in the liver is dependent of the transcription factor PPARa
which is activated by lipids and which increases the expression of key
enzymes in fatty acid oxidation, including CPT1a, Acox1 and Acadm
[17]. In humans breastfeeding was associated with increased PPARx
expression in blood cells [39]. We have observed that postnatal fenofi-
brate administration prevented several disturbances related to lipid
metabolism such as visceral obesity, dyslipidemia, liver steatosis and
insulin resistance. Fenofibrate is a well-known PPARa agonist, which
promotes lipid oxidation [17,40]. In Dahl salt-sensitive leptin receptor
mutant rats (SSLepRmutant), an animal model of
childhood/pre-pubertal obesity, it was observed that adulthood treat-
ment with Gemfibrozil, a fibrate, at adulthood, was able improve
hypertriglyceridemia, renal injury and kidney ectopic lipid accumula-
tion [41,42]. Also, in a study with animal model of glycogen storage
disease type Ia, which leads to severe hepatic steatosis during lactation,
have shown that fenofibrate treatment during five days was able to
significantly reduce hepatic steatosis by increasing mitochondrial fatty
acid oxidation [21]. This effect was attributed to decreased levels of
plasmatic acyl-carnitine and increased expression of genes related to
lipid oxidation in the liver [21].

Therefore, despite not being addressed in our study, its plausible to
hypothesize that fenofibrate may have prevented hepatic steatosis in the
neonatal liver in a similar mechanism, which in turn would prevent lipid

10

accumulation and insulin resistance at adulthood. Also, considering the
beneficial effects of fenofibrate on diet induced obesity, we speculate
that adulthood treatment with fenofibrate in small litter could also
ameliorate obesity and metabolic dysfunction [43,44].

We have observed that SL-V animals had increased liver Fgfrl
expression, which was prevented by PPARa activation early in life.
Clinical and pre-clinical studies have shown that hepatic steatosis is
accompanied by upregulation of Fgfl expression [45,46]. FGF21 is an
hepatokine secreted mainly by the liver in stressful conditions, but also
by other tissues, such as muscle, white adipose tissue, BAT and pancreas
[33]. We have observed that postnatal overfeeding leads to steatosis and
a trend towards oxidative damage, which in turn may be triggering
Fgf21 expression. Increased Fgf21 expression has protective effects in
metabolism, by promoting insulin sensitivity, VAT browning and BAT
thermogenesis and fatty acid oxidation, while decreasing inflammation
[47,48].

Similarly, to our findings, despite having increased FGF21 expres-
sion, different models of obesity and hepatic steatosis are not protected
against the development of obesity and insulin resistance [46]. FGF21 is
a polypeptide that binds to a membrane receptor, FGFR1, and its
co-receptor p-klotho. Therefore, it has been proposed that obesity and
hepatic steatosis reassembles a FGF21 resistant state, where the hor-
mone is not able to promote their effects within the cells [49,50]. Pre-
vious studies have shown that diet induced obesity leads to an FGF21
resistant state, by decreased expression of FGFR1 in peripheral tissues
such as liver and VAT. However, in that model a causal relationship
between FGF21 and obesity was not established since knockout for Fgf21
did not develop increased obesity when fed a high-fat diet [49]. In
postnatal overfed animals, increased metabolic and oxidative stress
within the liver may be triggering increased Fgf21 expression, which is
prevented by PPAR« activation. However, this may also be related to an
FGF21 resistant state, since the expression of its receptor, FGFR1, is
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nonparametric data (in grey). *p < 0.05.

decreased in the hypothalamus.

Postnatal overfeeding leads to decreased sympathetic nervous ac-
tivity which was accompanied by decreased Fgfrl expression in the
hypothalamus. Beyond their peripheral effects, FGF21 was shown to
have central effects in the hypothalamus, by promoting increased sym-
pathetic nervous system activity and thermogenesis in BAT [34,51].
Regarding epigenetic programming, some studies have found a link
between Fgf21 expression and protection against the development of
obesity and metabolic dysfunction later in life. Metabolic programming
for disease during the critical phases of development have been
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proposed as an important factor for disease development later in life [52,
53]. In fact, several studies explain these effects by alterations in gene
expression modulated by epigenetic marks, such as DNA methylation,
histone modification and mi-RNAs [54,55]. Maternal perinatal admin-
istration of an PPARa agonist, was able to confer protection against
diet-induced obesity and metabolic dysfunction later in life, being
observed a reduced degree of repressive methylation on Fgf21 promoter
gene, which persisted until adulthood [56].

In our study an increased PPAR« activity, induced by direct admin-
istration of an agonist to the pup was able to prevent the long-term
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metabolic dysfunction induced by postnatal overfeeding, despite also
downregulating Fgf21 expression, showing that the protective effect
may be related to a different mechanism. An animal study has found that
delayed weaning was able to confer this protection by increasing Fgf21
levels in the offspring when fed a HFD [57]. Also, it was found that the
hypothalamic signaling via FGF21-d2r-expressing GABAergic neurons in
the hypothalamus, was necessary to the observed effect [57]. We have
observed that SL animals show decreased sympathetic nervous activity
which was accompanied by decreased Fgf21 expression in the hypo-
thalamus. Despite the increased Fgf21 expression in the liver, which in
turn would be associated with increased sympathetic activity, SL-V an-
imals show decreased BAT sympathetic activity, which could be caused
by a central resistance to FGF21 effects.

Our study has some limitations since we were not able to measure the
effect of fenofibrate treatment on liver DAG levels, or the expression of
FGFR1 in peripheral tissues such as BAT, VAT and liver. Central FGF21
resistance could also be tested through an intracerebroventricular in-
jection of an analogue. Even with some limitations, to the best of our
knowledge, for the first time it was shown the dysregulation of the
FGF21-FGFR1-sympathetic axis in an animal model of childhood
obesity. Also, we provide preclinical evidence that adipose tissue and
liver associated metabolic dysfunction, induced by childhood obesity at
adulthood, could be prevented by early in life treatment with a PPARx
agonist.

5. Conclusions

Fenofibrate treatment during lactation prevented visceral obesity,
BAT autonomic sympathetic hypoactivity, liver microvesicular steatosis,
and associated metabolic dysfunction, long-term programed in an ani-
mal model of childhood obesity. These effects could be mediated
through activation of PPARa during early life. Despite the beneficial
effects observed in this study, the translational implications of this
treatment for humans must be further investigated, considering safety
concerns related to fibrate use in neonates or individuals with
compromised hepatic or renal function.
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