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A B S T R A C T

Brainoxidative signalingpathways havebeen identified as important targets for alleviating fooddeprivation-induced
changes in metabolic gate-ways. Previous studies have shown that prenatal and early postnatal malnutrition alters
leptin and ghrelin signaling via oxidative pathways. Thus, it has been hypothesized that agents with antioxidant
properties might be beneficial for the mitigation of prenatal and early postnatal food scarcity-induced oxidative
damage. Quercetin and kaempferol are natural bioflavonoids with proven antioxidant properties. In this study, we
evaluated their effects on prenatal maternal food consumption, maternal and pup weights, biomarkers of orexigenic
and anorexigenic hormones and oxidative stress in rats. Rats were allotted into different treatment groups (n¼ 6) in
three different experiments (prenatal, postnatal food-deprivations or both). Prenatal-food restriction (PrNFR) was
induced by 50% of ad libitum accessible diet during pregnancy till parturition and postnatal-food restriction (PsNFR)
was simulated by litter-enlargement to 16 pups permother frompostnatal day (PND) 2. Rats in each experimentwere
concurrently treated with vehicle (10 mL/kg), quercetin (50, 100 and 200 mg/kg, p.o.) or kaempferol (50, 100 and
200 mg/kg, p.o.) respectively. A third experimental group consisted of both protocols. Quercetin and kaempferol
dose-dependently increased the body weights of pups exposed to PrNFR, PsNFR and PrNFR-PsNFR at PNDs 1–22
respectively. Both compounds increasedmaternal bodyweights but attenuatedmaternal food-intake at prenatal days
7 and 14 due by PrNFR. Quercetin and kaempferol reduced brain malondialdehyde concentrations and increased
glutathione levels in PrNFR, PsNFR and PrNFR-PsNFR-exposed offspring of rats. Importantly, quercetin and
kaempferol significantly (p < 0.05) prevented PrNFR-, PsNFR- or PrNFR-PsNFR-induced alterations in leptin and
ghrelin levels. Cumulatively, quercetin and kaempferol increased pup andmaternalweights and attenuatedmaternal
food-intakeof rats submitted toPrNFR,PsNFRandPrNFR-PsNFR respectively, likely vianutrigenomicmodulations of
orexigenic/anorexigenic hormones and inhibition of brain oxidative stress.
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Fig. 1. Chemical structures of quercetin and kaempferol (Wijdan et al., 2019).
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metabolism in order to maintain availability of nutrients for the fetus
(Engelbregt et al., 2000). Consequently, early malnutrition is known to
change the original programming of organs, especially during develop-
mental phases, which can result in long termmetabolic changes in weight
and growth patterns, as well as feeding behavior (Engelbregt et al., 2000;
Engelbregt et al., 2001). It is well-known that metabolic adaptations to
under-nutrition are linked to changes in endocrine microenvironments as
well as orexigenic and anorexigenic hormones (Gualillo et al., 2012;
Bouret et al., 2004). Ghrelin, which is an orexigenic hormone primarily
expressed in the stomach and hypothalamus, is one of the most
researched gut-derived molecules and is an endogenous ligand for
growth hormone secretagogues and food intake (Gualillo et al., 2012;
Rojas et al., 2011). However, the relationship between metabolic path-
ways with regards to body fat stores and weight within the neuroendo-
crine reproductive system was unclear until the discovery of leptin,
which is the long-sought metabolic key to fat store and puberty (Engel-
bregt et al., 2000; Engelbregt et al., 2001; Nazian & Cameron, 1999).

Mechanistically, peripheral ghrelin and leptin are known to enter into
certain areas of the brain through the blood brain barrier to modulate
cascade of events including signal transduction and activator of
transcription-3 (STAT3) and MAPK pathways, from where they are
known the regulate various “hunger and satiety centres” in the lateral
hypothalamic area, arcuate and paraventricular nuclei (Rojas et al.,
2011; Hu et al., 2003; Sucajtys-Szulc et al., 2010). However, several
studies have shown opposite correlations between human and animal
ghrelin and leptin levels, feeding behavior, body mass and pubertal onset
(Gualillo et al., 2012; Bouret et al., 2004; Quennell et al., 2011). For a
long time, it was hypothesized that ghrelin and leptin played important
roles in the central regulation of body weight and thus, it has been re-
ported that fasting or under-nutrition has significant implication in the
pathophysiology of several metabolic diseases like growth hormone de-
ficiencies, anorexia nerovosa, cachexia, gastrointestinal motility disor-
ders and obesity (Gualillo et al., 2012; Quennell et al., 2011; Cordido
et al., 2009). Previous studies have shown that chronic prenatal and
postnatal food restrictions markedly increased circulating levels of
ghrelin and gastric ghrelin mRNA expression (Gualillo et al., 2012), but
decreased leptin signaling via pleiotropic metabolic mechanisms
involving increased generation of free radicals (Luo et al., 2015). Pre-
clinical investigations in rodent and cell lines studies support the role of
redox balancing in modulating the expression reproductive genes (Tur-
paev, 2002), metabolic functions (Pi et al., 2010) and growth hormones
(Luo et al., 2015). Indeed, oxidative stress, which is a state of increased
free radical generation and reduced protective antioxidant enzymes, is
thought to be central to the pathogenesis of different feeding behaviors
andmental disorders (Gualillo et al., 2012; Quennell et al., 2011; Cordido
et al., 2009; Schiavone et al., 2013). For example, pre and postnatal food
restrictions have been repeatedly linked with several perinatal adverse
conditions including diabetes, preeclampsia, preterm birth, stillbirths,
low birth weight and poor feeding behavior that are predictive of
heightened risk of mental and metabolic diseases in postnatal life
(Schiavone et al., 2013; Agarwal et al., 2005). Since mitochondria are
major hub of metabolic activity, investigations have shown strong cor-
relations between prenatal food deprivation-induced glucose insuffi-
ciency, placental insufficiency, dysregulated mitochondrial homeostasis
in placental samples and altered redox catalytic activity (Swolin-Eide
et al., 2002; Turpin et al., 2015), which can lead to increased vulnera-
bility factor for the onset of neurodevelopmental disorders (Turpin et al.,
2015). Together, oxidative signaling has been established as a common
pathway involved in the metabolic gate-way and brain development (Luo
et al., 2006). Previous studies have shown that supplementations with
flavonoids exhibit strong nutrigenomic potentials and possibly mitigate
various malnutrition-induced neonatal anomalies and neuroendocrine
developmental diseases by modulation of orexigenic and anorexigenic
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hormones via antioxidant pathways (Agarwal et al., 2005; Duhig et al.,
2016).

Quercetin (2-(3,4-hihydroxyphenyl)3,5,7-trihydroxy-4H-chromen-4-
one)) and kaempferol (3,5,7-trihydroxy-2-(4-hydroxyphenyl)-4H-1-benzo-
pyran-4-one) [Fig. 1] are polyphenol antioxidants commonly distributed in
different plants such as Curcuma domestica valeton, Cuscuta reflexa, Daucus
carota, and Emblica officinalis (Wijdan&Marra, 2019). They are also found
in large quantities in fruits and vegetables including apple, grape, orange,
wild garlic, onion, red wine, black tea, broccoli, endive and wild leeks
(Wijdan&Marra, 2019; Makris et al., 2006). Increasing bodies of evidence
have shown that quercetin and kaempferol have gained international rec-
ognitionsas safeessential componentsof ourdailydietary lifebasedon their
antioxidant activities (Wijdan & Marra, 2019; Makris et al., 2006). Also,
comprehensive toxicological studies have shown that quercetin (Wijdan&
Marra, 2019) and kaempferol (Makris et al., 2006) supplementation for 12
weeks via different routes of administration were associated with marked
beneficial effects without observable adverse effects on rodents and
humans. Accordingly, various reports have shown diverse pharmacological
activities of quercetin and kaempferol to include but not limited to
anti-inflammatory (Devi et al., 2015), antioxidant (Ozgen et al., 2016),
anticancer (Kashyapetal., 2017;Hashemzaeietal., 2017), antihypertensive
(Wijdan & Marra, 2019; Marcin et al., 2018), antidiabetic (Khalid et al.,
2015; Prabhu et al., 2018) and neuroprotective (Do�gan et al., 2015; Costa
et al., 2016) effects.Also, it hasbeen reported that quercetin andkaempferol
enhance reproductive functionality (Trivedi et al., 2009; Jamalan et al.,
2016). Importantly, quercetin and kaempferol improve bone mineraliza-
tion, bone microstructure and osteoblast function in estrogen
deficiency-induced bone loss and ovariectomized rats (Trivedi et al., 2009).
Different studies onwhole animal andculturedhumanendothelia cellshave
also reported that quercetin and kaempferol attenuate some metabolic
syndromes associated with prenatal and early postnatal stress via mecha-
nisms linked to inhibition of oxidative stress and inflammatory processes
(Wijdan & Marra, 2019; Crespo et al., 2008). Clinical studies on hyperten-
sive and diabetic conditions conducted showed that quercetin and kaemp-
ferol exhibit profound beneficial activities (Wijdan & Marra, 2019; Dower
et al., 2015; Brüll et al., 2017). Additionally, quercetin and kaempferol
prevented pregnancy-induced cardiovascular dysfunctions in humans and
experimental animals (Wijdan&Marra, 2019;Adam-Vizi&Seregi,1982)as
well as protect against the adverse effects of chemotherapeutic treatments
duringpregnancy (Do�ganetal., 2015).Hence, thesefindings further suggest
their potential benefits in conditions associated with prenatal and early
postnatal under-nutrition, whose pathological abnormality is strongly
associated with oxidative stress. As part of our on-going studies on the ef-
fects of quercetin and kaempferol on prenatal and postnatal food depriva-
tion, this present study was further aimed at investigating the protective
effects of quercetin and kaempferol on prenatal and early postnatal food
deprivation-induced alterations in maternal food consumption, maternal
and fetal weights, estimation of leptin and ghrelin hormonal levels, as well
as measurement of oxidative stress in the brains of rats.
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2. Materials and methods

2.1. Experimental animals

Male and female Wistar rats (170–200 g; 12–16 weeks old) were
obtained from the Animal House Facility of the Faculty of Basic Medical
Sciences, Delta State University, Abraka, Nigeria. Animals were accom-
modated in plastic cage (27 � 30 � 42 cm) in a 25 � 1 �C environment
with light/dark cycle of 12:12. Animals were fed with standard animal
pellets and water at free will throughout the experiments. Animals were
acclimatized for a period of 7 days prior to the start of experiments. Af-
terward, each animal was randomly distributed to various treatment
groups. Six (6) animals or pups were approved based on ethical consid-
erations. Guide from National institutes of Health Guide for Care and Use
of Laboratory Animals (Publication No. 85–23, revised 1985) in accor-
dance with the animal rights laws of the Delta State University (REC/
FBMS/DELSU/19/078) were strictly followed.

2.2. Drugs and chemicals

Quercetin – QCET (50, 100 and 200 mg/kg), kaempferol – KFAM (50,
100 and 200 mg/kg) were procured from Sigma–Aldrich, St. Louis, USA.
They were dissolved in dimethyl sulfoxide (DMSO) (0.1 M) and admin-
istered orally (p.o.) by gavage. The DMSO (10 mL/kg, p.o.) (0.1 M) so-
lution was also administered orally in a volume of 10 mL/kg per body
weight, as a control. The doses of quercetin (Prabhu et al., 2018) and
kaempferol (Khalid et al., 2015) used in this study were based on results
obtained from preliminary and previous investigations.

2.3. Experimental design

2.3.1. Experiment 1: Prenatal food deprivation
Constant patterns of vaginal cyclic period of female Wistar rats were

established during the last 10 days baseline period. Rats were accom-
modated individually in a standard rat cage with wood shavings as
bedcovers with free access to water. Programmed mating was carried out
by monitoring the oestrus cycle of the rats before the introduction of the
male Wistar rats. Day 1 of pregnancy was confirmed by the presence of
spermatozoa after a vaginal smear. Thereafter, the animals were
randomly distributed into various treatment groups (n ¼ 6). Group 1,
which served as control was fed ad libitumwith a standard rodent diet for
21 days; however, rats in group 2 were food deprived for 21 days and
served as negative control. Groups 3–5 rats were food deprived and
treated with quercetin (50, 100 and 200 mg/kg, p.o.). Animals in groups
6–8 were food deprived and but received kaempferol (50, 100 and 200
mg/kg, p.o.) consecutively till date of delivery (days 21–22). Prenatal
Scheme 1. Experim
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food restriction (PrNFR) was simulated as previously described but with
minor modifications (Gualillo et al., 2012), including 50% reduction in
the quality and quantity of rodent pellets ad libitum. This was estimated
by the quantity of food consumed by the control group on the preceding
days from day 1 of gestation onward to delivery date (days 21–22).
Nevertheless, the control group was fed ad libitumwith a standard rodent
diet for 21 days without any form of prenatal starvation. Maternal food
consumption was measured by weighing the left-over of the original
quantity of food served across all treatment groups at prenatal days 7 and
14 (Engelbregt et al., 2000). Also, maternal/dam weights were measured
across all treatment groups at prenatal days 7 and 14. Pups (number of
stillbirths, 6–10 litters, litter size (4–8 cm), sex ratio per litter etc) were
delivered naturally between days 21–22 (Anachuna et al., 2020). Litters
were housed three males or three females per cage with dam, and dams
were fed with standard diet. Mean litter weights were measured at
postnatal days (PNDs) 1, 7, 14, 22 and at puberty (Scheme 1). The litters
(brothers and sisters) were housed together with the mothers in standard
rat cages enriched with wood shavings as bedcovering with food and
water ad libitumwith standard temperature and 12 h light and dark cycle.

2.3.2. Experiment 2: Postnatal food deprivation
Postnatal food restriction (PsNFR) was induced by cross fostering and

increasing the litters to 16 pups per mother from PND 2 till weaning (day
24), for a total period of 22 days of postnatal under nutrition (Anachuna
et al., 2020). Postnatal food deprived rats were collected into various
experimental groups, each holding 6 rats (3 males and 3 females) per
group. Animals in group 1 were fed through one mother (i.e., 6 pups per
mother) ad libitum until weaning (22 days) which served as the normal
control. Group 2 was postnatally food deprived (among 16 pups per
maternal mother) and served as the negative experimental control.
Groups 3–5 were food deprived postnatally (among 16 pups per maternal
mother) but received quercetin (50, 100 and 200 mg/kg, p.o.), while
groups 6–8 were food deprived postnatally (among 16 pups per maternal
mother) and received kaempferol (50, 100 and 200 mg/kg, p.o.)
consecutively until weaning (Scheme 1).

2.3.3. Experiment 3: Prenatal and postnatal food deprivations
Scheduled mattings were carried out in the Wistar rats by monitoring

the oestrus cycle of the rats before the introduction of the male Wistar rats
as described in experiment 1. Day 1 after confirmation of pregnancy by the
presence of spermatozoa, prenatal food deprivation (50% reduction in the
quality and quantity of rodent pellets ad libitum) was initiated according to
previously described model but with minor modifications (Engelbregt
et al., 2000). This was based on the amount of food consumed by the
control group on the previous days, from day 1 of gestation onward to the
end of gestation (days 21–22). At day 21–22, pups were delivered
ental protocols.
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spontaneously. Immediately, postnatal food deprivation was initiated by
expanding the numbers of litters to 16 pups per mother from PND 2 until
weaning (day 24), as previously described above. The prenatal and post-
natal food deprived (PrNFR-PsNFR) rats (male and female) were grouped
into different treatment groups (n¼ 6; 3 males and 3 females). Litters were
housed three males and three females per cage. The PrNFR-PsNFR animals
in group 1 were fed by one mother (consisting of 6 pups per mother) ad
libitum until weaning (22 days) and served as the normal control.
PrNFR-PsNFR group 2 was given 10 mL/kg of vehicle and was used as the
negative control. PrNFR-PsNFR groups 3–5 received quercetin (50, 100
and 200mg/kg, p.o.), whereas PrNFR-PsNFR groups 6–8were treatedwith
kaempferol (50, 100 and 200 mg/kg, p.o.). Mean litter weights were
measured at postnatal days (PNDs) 1, 7, 14, 22 and at puberty (Scheme 1).
The litters (brothers and sisters) were housed together with the mothers in
standard rat cages enriched with wood shavings as bedcoverings, with
food and water ad libitum (Engelbregt et al., 2000; Anachuna et al., 2020).

2.4. Animal measurements, euthanization and tissue collection

Prenatal maternal weights were measured on weekly basis. Following
natural birth, litter sizes were measured at PND 1 across all treatment
groups. Onward, the litter sizes were measured (in both the males and
females) at PNDs 7, 14, 22 and at puberty with a digital weighing balance
(DIGI 520, Japan) (Anachuna et al., 2020). Thereafter, male and female
animals were decapitated and blood where collected through intracardiac
puncture. Blood serum were collected and stored at �20 �C for the
determination of serum leptin and ghrelin concentrations. Also, the whole
brain was immediately dissected on a flat ice tray, weighed, homogenized
with 10% w/v sodium phosphate buffer (0.1 M, pH 7.4) and centrifuged
3000 rpm for 10 min for biochemical assays of brain glutathione (GSH)
and malondialdehyde (MDA) levels and were expressed as nmol/g tissue.

2.5. Estimation of serum leptin and ghrelin concentrations

Serum concentrations of leptin (Sigma Aldrich) and ghrelin (Sigma
Aldrich) of offspring were measured using enzyme-linked immunosor-
bent assays according to manufacturer's protocols. Thereafter, the con-
centrations of leptin and ghrelin were expressed in ng/mL.

2.6. Measurements of brain oxidative stress markers of offspring

Brain lipid peroxidation (MDA) of offspring was assayed using pre-
vious protocol with thiobarbituric acid (TBA) and trichloroacetic acid
(TCA) (Adam-Vizi & Seregi, 1982). Briefly, 0.1 mL of the brain super-
natants of rats were diluted 20 times using 0.15 M Tris-KCl buffer and
mixed with TCA (0.5 mL, 30%) and thiobarbituric acid (0.5 mL, 0.75%).
The mixture was heated for 45 min in a water bath at 80 �C. The reaction
mixture was cooled, centrifuged for 5 min at 4000 rpm and the absor-
bance of the supernatant was read at 532 nm with spectrophotometer.
MDA concentrations were calculated from the molar extinction coeffi-
cient (1.56 � 105/M/cm) and the absorbance index, and expressed as
nmol MDA/g tissue.

Reduced glutathione concentration of brains of rats was assayed in
the supernatants as established by Moron et al., (Moron et al., 1979).
Brain supernatant was diluted (10x) and 20% of TCA was used to
deproteinize the tissue. The end product was centrifuge at 4000 rpm for
10 min at 4 �C and the final supernatant was reacted in fresh test tubes
with 51, 51-Dithiosnitrobenzoic acid (0.0006 M). The absorbance was
read spectrophotometrically at 412 nm within 10 min, and the final
concentrations of GSH was extracted from a standard curve of GSH and
expressed as nmol GSH/g tissue.

2.7. Statistical analysis

Data were expressed as Mean � S.E.M. (standard error of mean)
after normality check. All data were analyzed using one-way analysis of
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variance (ANOVA) followed by Bonferroni post-hoc test for multiple
comparisons where appropriate. Data were processed by Graph Pad
Prism software version 5 (GraphPad Software, Inc. La Jolla, CA 92037
USA). A level of p < 0.05 was considered as statistically significant for
all tests.

3. Results

3.1. Effects of quercetin and kaempferol on maternal food consumption in
rats exposed to prenatal food restriction

The effects of quercetin and kaempferol on maternal food consump-
tion in rats exposed to prenatal food restriction at prenatal days 7 and 14
are shown in Fig. 2a and b. One-way ANOVA revealed significant dif-
ferences in maternal food consumption in the various treatment groups at
prenatal days 7 [F (7,40) ¼ 16.26, p < 0.0001] (Fig. 2a) and 14 [F (7,40)
¼ 24.88, p < 0.0001] (Fig. 2b). Accordingly, PrNFR caused a significant
(p < 0.001) increase in maternal food consumption relative to vehicle
control respectively at prenatal days 7 and 14. Quercetin (100 and 200
mg/kg, p.o.) and kaempferol (50, 100 and 200 mg/kg, p.o.) significantly
(p < 0.001) decreased maternal food consumption at day 7 in a dose-
dependent manner when compared with PrNFR control group
(Fig. 2a). Similarly, quercetin (50, 100 and 200 mg/kg, p.o.) and
kaempferol (50, 100 and 200 mg/kg, p.o.) significantly (p < 0.001)
decreasedmaternal food consumption at prenatal day 14when compared
with PrNFR control group (Fig. 2b). Collectively, there were no signifi-
cant difference between the effects of 100 and 200 mg/kg of quercetin
and kaempferol treatment groups at prenatal days 7 and 14 respectively.
However, kaempferol (50 mg/kg, p.o.) significantly decreased maternal
food consumption at prenatal days 7 and 14 when compared with
quercetin (50 mg/kg, p.o.) groups.

3.2. Both quercetin and kaempferol increase maternal weights of rats
exposed to prenatal food restrictions

One-way ANOVA revealed that PrNFR significantly reduced maternal
weight (g) of rats at day 7 (p < 0.01) [F (7,40) ¼ 5.587, p ¼ 0.0002]
(Fig. 3a) and day 14 (p < 0.001) [F (7,40) ¼ 12.29, p < 0.0001] (Fig. 3b)
when compared with control groups. Conversely, treatments with quer-
cetin (200 mg/kg, p.o.) and kaempferol (50 and 200 mg/kg, p.o.)
significantly (p < 0.05) increased maternal weight at prenatal days 7 and
14 when compared with PrNFR control groups respectively (Fig. 3a).
Also, quercetin (50, 100 and 200 mg/kg, p.o.) and kaempferol (50, 100
and 200 mg/kg, p.o.) significantly (p < 0.05) increased maternal weight
at day 14 relative to PrNFR-exposed group (Fig. 3b). There were no
marked significant differences between the various dose levels of 50, 100
and 200 mg/kg of quercetin when compared with 50, 100 and 200 mg/
kg of kaempferol treatments groups at prenatal days 7 and 14 respec-
tively (Fig. 3a and b).

3.3. Effects of quercetin and kaempferol on the weights of pups of rats
exposed to prenatal food restriction

The effects of quercetin and kaempferol on the weights of pups of rats
exposed to prenatal food restriction are shown in Table 1. One-way
ANOVA showed that PrNFR significantly (p < 0.05) decreased the
weights of pups of rats at PND 1 [F (7,40) ¼ 5.503, p ¼ 0.0002], PND 14
[F (7,40) ¼ 3.925, p ¼ 0.0024] and PND 22 [F (7,40) ¼ 3.896, p ¼
0.0024] when compared with vehicle control groups respectively. But no
significant effect was observed in weight at puberty [F (7,40) ¼ 1.454, p
¼ 0.2115] when compared with vehicle control group. Quercetin (50,
100 and 200 mg/kg, p.o.) and kaempferol (50, 100 and 200 mg/kg, p.o.)
significantly increased the weights of pups at PNDs 1 and 14 in com-
parison with PrNFR control groups (Table 1). Furthermore, quercetin
(200 mg/kg, p.o.) and kaempferol (100 and 200 mg/kg, p.o.) also
significantly increased the weights of pups at PND 22 when compared



Fig. 2. Effect of quercetin and kaempferol on prenatal food restriction-induced alteration in maternal food consumption at prenatal days 7 (a) and 14 (b). Bars
represent the mean � SEM of 6 animals per group. #P < 0.05 compared to vehicle group; *P < 0.05 compared to PrNFR control group; aP < 0.05 compared to
Quercetin (50 mg/kg) group (One-way ANOVA followed by Bonferroni's post-hoc test). PrNFR ¼ Prenatal food restriction, QCET ¼ Quercetin, KFAM ¼ Kaempferol.
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with PrNFR control group. Notably, no changes were produced by all
doses of quercetin and kaempferol at pubertal period relative to PrNFR
groups. Comparatively, no statistically significant effects were observed
in the weights of pups exposed to PrNFR between the various dose levels
of 50, 100 and 200 mg/kg of quercetin when compared with 50, 100 and
200 mg/kg of kaempferol treatments groups at PND 1, 14, 22 and at
puberty respectively (Table 1).

3.4. Effects of quercetin and kaempferol on the weights of pups of rats
exposed to postnatal food restriction

Table 2 shows the effects of quercetin and kaempferol on the weights
of pups of rats exposed to postnatal food restriction. Analysis with one-
way ANOVA showed that there were significant differences between
various treatment groups in the weights of pups at PND 14 [F (7,40) ¼
4.600, p ¼ 0.0008], PND 22 [F (7,40) ¼ 6.800, p < 0.0001] and at pu-
berty [F (7,40) ¼ 4.573, p ¼ 0.0008], but not at PND 1 [F (7,40) ¼
0.3115, p ¼ 0.9445]. Chronic postnatal food restriction (PsNFR) signif-
icantly (p < 0.05) decreased the weights of pups of rats at PNDs 14, 22
and at puberty but not at PND 1, when compared with vehicle control
groups respectively. At PND 1, no significant effects were observed
following treatments with quercetin (50–200 mg/kg, p.o.) and kaemp-
ferol (50–200 mg/kg, p.o.) when compared with PsNFR control group.
Meanwhile, high doses of quercetin (200 mg/kg, p.o.) and kaempferol
(200 mg/kg, p.o.) significantly (p< 0.001) increased the weights of pups
of rats when compared with PsNFR control groups at PND 14 (Table 2).
Moreover, at PND 22 and at puberty, quercetin (100 and 200 mg/kg,
p.o.) and kaempferol (100 and 200 mg/kg, p.o.) significantly (p< 0.001)
raised the weights of pups of rats subjected to PsNFR relative to PsNFR
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control groups respectively. There were no significant differences in the
weights of pups exposed to PsNFR between the various dose levels of
quercetin (50, 100 and 200 mg/kg, p.o.) when compared with kaemp-
ferol (50, 100 and 200 mg/kg, p.o.) treatments groups at PND 1, 14, 22
and at puberty respectively (Table 2).

3.5. Effects of quercetin and kaempferol on the weights of pups of rats
exposed to both prenatal and postnatal food restrictions

Analysis with one-way ANOVA markedly showed that there were
significant differences between various treatment groups in the weights
of pups at PND 1 [F (7,40) ¼ 12.63, p < 0.0001], PND 14 [F (7,40) ¼
10.84, p < 0.0001], PND 22 [F (7,40) ¼ 11.45, p < 0.0001] and at pu-
berty [F (7,40) ¼ 15.62, p < 0.0001]. PrNFR-PsNFR significantly (p <

0.001) reduced the weights of pups of rats at PNDs 1, 14, 22 and at pu-
berty, when compared with vehicle control groups respectively. How-
ever, at PND 1, Bonferroni post-hoc test showed that quercetin (50, 100
and 200 mg/kg, p.o.) and kaempferol (50, 100 and 200 mg/kg, p.o.)
significantly increased the weights of pups of rats exposed to both PrNFR-
PsNFR (Table 3). Also, quercetin (200 mg/kg, p.o.) and kaempferol (100
and 200 mg/kg, p.o.) significantly (p < 0.001) increased the weights of
pups at PNDs 14 and 22 when compared with PrNFR-PsNFR control
group (Table 3). Additionally, Bonferroni post-hoc test showed only the
highest doses of quercetin (200 mg/kg, p.o.) and kaempferol (200 mg/
kg, p.o.) significantly (p< 0.001) elevated the pubertal weights of pups of
rats submitted to both PrNFR-PsNFR when compared with PrNFR-PsNFR
control group. Furthermore, there were no significant differences in the
weights of pups exposed to both PrNFR-PsNFR between the various dose
levels of 50, 100 and 200 mg/kg of quercetin when compared with



Fig. 3. Effects of quercetin and kaempferol on prenatal food restriction-induced alteration in maternal weights (g) of rats at postnatal day 1 (a) and postnatal day 22
(b). Bars represent the mean � SEM of 6 animals per group. #P < 0.05 compared to vehicle group; *P < 0.05 compared to PrNFR control group (One-way ANOVA
followed by Bonferroni’s post-hoc test). PrNFR ¼ Prenatal food restriction, QCET ¼ Quercetin, KFAM ¼ Kaempferol.

K.K. Anachuna et al. Current Research in Pharmacology and Drug Discovery 1 (2020) 39–52
kaempferol (50, 100 and 200 mg/kg, p.o.) treatments groups at PND 1,
14, 22 and at puberty respectively (Table 3).

3.6. Quercetin and kaempferol attenuate prenatal food restriction-induced
alterations on leptin and ghrelin concentrations in rats

Bonferroni post-hoc analysis showed that PrNFR significantly (p <

0.05) decreased the levels of leptin [F (7,40) ¼ 8.913, p < 0.0001]
(Fig. 4a) but not ghrelin [F (7,40) ¼ 8.518, p < 0.0001] (Fig. 4b) when
compared with vehicle control groups. Quercetin (200 mg/kg, p.o.) and
kaempferol (100 and 200 mg/kg, p.o.) induced a significant (p < 0.05)
increase in leptin levels of rats when compared with PrNFR control group
(Fig. 4a). Furthermore, quercetin (50–200 mg/kg, p.o.) and kaempferol
(50 and 100 mg/kg, p.o.) did not produce any significant (p > 0.05)
changes in the ghrelin levels when compared with PrNFR control,
Table 1
Effects of quercetin and kaempferol on the weights of pups of rats exposed to prenat

Treatment Weight (g) at PND 1 Weight (g

Vehicle (10 mL/kg) 5.60 � 0.42 31.78 � 2
PrNFR Control 3.30 � 0.22# 19.92 � 1
PrNFR þ QCET (50 mg/kg) 4.08 � 0.23 28.60 � 2
PrNFR þ QCET (100 mg/kg) 5.08 � 0.39* 29.84 � 1
PrNFR þ QCET (200 mg/kg) 5.18 � 0.32* 30.98 � 1
PrNFR þ KFAM (50 mg/kg) 5.17 � 0.33* 33.20 � 2
PrNFR þ KFAM (100 mg/kg) 4.82 � 0.31* 30.25 � 1
PrNFR þ KFAM (200 mg/kg) 5.18 � 0.27* 30.23 � 2

Values represent the mean� SEM (n¼ 6). #P< 0.05 compared to vehicle group; *P< 0
post-hoc test). PrNFR ¼ Prenatal food restriction, QCET ¼ Quercetin, KFAM ¼ Kaem
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although high dose of kaempferol (200 mg/kg, p.o.) significantly (p <

0.05) decreased the levels of ghrelin when compared with PrNFR control
(Fig. 4b). By comparison, there were no significant differences in leptin
levels between 50, 100 and 200 mg/kg of quercetin in comparison with
50, 100 and 200 mg/kg of kaempferol treatment groups (Fig. 4a).
Although there were no significant differences in leptin concentrations
between 50 and 100 mg/kg dose levels of quercetin and kaempferol, 200
mg/kg of kaempferol significantly (p < 0.05) reduced leptin levels when
compared with quercetin (200 mg/kg) (Fig. 4b).

3.7. Quercetin and kaempferol reverse the effects of postnatal food
restriction on leptin and ghrelin concentrations of rats

The effects of quercetin and kaempferol on leptin and ghrelin con-
centrations of rats exposed to postnatal food restriction are shown Fig. 5a
al food restriction at postnatal days (PNDs) 1, 14, 22 and at puberty.

) at PND 14 Weight (g) at PND 22 Pubertal weight (g)

.41 37.73 � 1.23 89.27 � 1.54

.50# 28.35 � 1.76# 87.30 � 1.94

.37 35.92 � 2.12 90.53 � 1.14

.65* 36.58 � 0.88 96.47 � 4.14

.89* 39.13 � 2.91* 97.45 � 4.90

.80* 35.87 � 1.11 89.02 � 1.99

.03* 39.32 � 1.89* 90.55 � 3.19

.14* 38.13 � 1.45* 92.91 � 3.09

.05 compared to PrNFR control group (One-way ANOVA followed by Bonferroni's
pferol.



Table 2
Effects of quercetin and kaempferol on the weights of pups of rats exposed to postnatal food restriction at postnatal days (PNDs) 1, 14, 22 and at puberty.

Treatment Weight (g) at PND 1 Weight (g) at PND 14 Weight (g) at PND 22 Pubertal weight (g)

Vehicle (10 mL/kg) 4.85 � 0.25 31.83 � 2.20 37.17 � 1.07 98.48 � 2.50
PsNFR Control 4.78 � 0.13 15.86 � 1.41# 19.13 � 0.55# 64.98 � 4.33#

PsNFR þ QCET (50 mg/kg) 4.78 � 0.22 23.43 � 2.68 26.29 � 2.47 84.87 � 2.37
PsNFR þ QCET (100 mg/kg) 4.88 � 0.13 24.52 � 2.55 32.77 � 3.10* 99.58 � 7.19*
PsNFR þ QCET (200 mg/kg) 4.75 � 0.20 27.98 � 2.07* 32.10 � 2.86* 98.97 � 5.43*
PsNFR þ KFAM (50 mg/kg) 5.02 � 0.08 23.15 � 1.74 23.52 � 0.73 83.53 � 4.12
PsNFR þ KFAM (100 mg/kg) 4.68 � 0.25 20.18 � 2.35 34.21 � 2.55* 87.01 � 8.02
PsNFR þ KFAM (200 mg/kg) 4.87 � 0.10 27.77 � 3.10 * 34.83 � 3.79* 94.62 � 5.06*

Values represent the mean� SEM of 6 animals per group. #P< 0.05 compared to vehicle group; *P< 0.05 compared to PsNFR control group (One-way ANOVA followed
by Bonferroni's post-hoc test). PsNFR ¼ Postnatal food restriction, QCET ¼ Quercetin, KFAM ¼ Kaempferol.
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and b. PsNFR significantly (p < 0.05) decreased the levels of leptin
concentration [F (7,40) ¼ 3.786, p ¼ 0.0031] (Fig. 5a) and increased
ghrelin [F (7,40) ¼ 3.757, p ¼ 0.0032] (Fig. 5b) levels when compared
with the PsNFR control group. Administration of quercetin (200 mg/kg,
p.o.) and kaempferol (100 and 200 mg/kg, p.o.) induced a significant (p
< 0.05) increase in the concentration of leptin of rats when compared
with PsNFR control group (Fig. 5a). Similarly, quercetin (200 mg/kg,
p.o.) and kaempferol (50, 100 and 200 mg/kg, p.o.) produced a signifi-
cant (p < 0.05) decrease in the concentration ghrelin of rats when
compared with PsNFR control group (Fig. 5b). Interestingly, treatment
with lower doses of quercetin (50 and 100 mg/kg, p.o.) did not prevent
the effect of PsNFR on ghrelin concentration when compared with PsNFR
group (Fig. 5b). There were no significant differences in leptin and
ghrelin concentrations between the dose levels of 50, 100 and 200mg/kg
of quercetin in comparison with 50, 100 and 200 mg/kg of kaempferol
respectively (Fig. 5a and b).

3.8. Quercetin and kaempferol mitigate the effects of both prenatal and
postnatal food restrictions on leptin and ghrelin concentrations of rats

Fig. 6a and b show the effects of quercetin and kaempferol on both
prenatal and postnatal food restrictions-induced changes in leptin and
ghrelin concentrations of rats. One-way ANOVA showed that the combi-
nation of PrNFR and PsNFR protocols significantly (p < 0.001) decreased
the levels of leptin [F (7,40) ¼ 6.854, p < 0.0001] (Fig. 6a) and increased
ghrelin concentrations [F (7,40) ¼ 4.373, p ¼ 0.0011] (Fig. 6b) when
compared with PrNFR-PsNFR control groups. But, Bonferroni post-hoc test
indicated that treatment with the highest doses of both quercetin (200mg/
kg, p.o.) and kaempferol (200 mg/kg, p.o.) significantly (p < 0.05)
increased the concentration of leptin of rats unlike the lower doses (50 and
100 mg/kg) when compared with PrNFR-PsNFR control groups (Fig. 6a).
Also, quercetin (100 and 200 mg/kg, p.o.) and kaempferol (50, 100 and
200 mg/kg, p.o.) decreased the concentration of ghrelin of rats when
compared with PrNFR-PsNFR control groups. Interestingly, there were no
significant differences in leptin and ghrelin concentration between the
dose levels of 50, 100 and 200 mg/kg of quercetin in comparison with 50,
100 and 200 mg/kg of kaempferol respectively (Fig. 6a and b).
Table 3
Effects of quercetin and kaempferol on the weights of pups of rats exposed to both p
puberty.

Treatment Weight (g) at PND 1 Weig

Vehicle (10 mL/kg) 4.92 � 0.11 29.8
PrNFR þ PsNFR Control 3.18 � 0.20# 12.0
PrNFR þ PsNFR þ QCET (50 mg/kg) 4.85 � 0.11* 10.9
PrNFR þ PsNFR þ QCET (100 mg/kg) 4.95 � 0.07* 19.6
PrNFR þ PsNFR þ QCET (200 mg/kg) 4.63 � 0.18* 25.2
PrNFR þ PsNFR þ KFAM (50 mg/kg) 4.67 � 0.23* 15.9
PrNFR þ PsNFR þ KFAM (100 mg/kg) 4.70 � 0.23* 24.8
PrNFR þ PsNFR þ KFAM (200 mg/kg) 4.93 � 0.10* 26.1

Values represent the mean � SEM (n ¼ 6). #P < 0.05 compared to vehicle group; *P
Bonferroni's post-hoc test). PrNFR ¼ Prenatal food restriction, PsNFR ¼ Postnatal foo
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3.9. Effects of quercetin and kaempferol on prenatal food restriction-
induced changes on brain oxidative stress of rats

Bonferroni post-hoc analysis showed that PrNFR significantly
decreased the brain levels of GSH (p < 0.05) [F (7,40) ¼ 4.325, p ¼
0.0012] (Fig. 7a) and increased MDA (p > 0.05) [F (7,40) ¼ 5.972, p <

0.0001], although not significantly (Fig. 7b) when compared with
vehicle control groups, suggesting increased oxidative stress. Quercetin
(100 mg/kg, p.o.) and kaempferol (200 mg/kg, p.o.) significantly (p <

0.05) increased brain GSH concentrations of rats when compared with
PrNFR control group (Fig. 7a). Also, quercetin (100 mg/kg, p.o.) and
kaempferol (100 and 200 mg/kg, p.o.) significantly (p < 0.05) decreased
the levels of MDA when compared with PrNFR control (Fig. 7b). By
comparison, there were no significant differences in GSH and MDA
concentrations between 50, 100 and 200 mg/kg of quercetin in com-
parison with 50, 100 and 200 mg/kg of kaempferol treatment groups,
respectively (Fig. 7a and b).

3.10. Quercetin and kaempferol attenuate postnatal food restriction-
induced brain oxidative stress of rats

The effects of quercetin and kaempferol on brain GSH and MDA
concentrations of rats exposed to postnatal food restriction are shown
Fig. 8a and b. PsNFR significantly (p < 0.05) decreased brain levels of
GSH concentration [F (7,40)¼ 4.706, p¼ 0.0006] (Fig. 8a) and increased
MDA [F (7,40) ¼ 9.692, p ¼ p < 0.0001] (Fig. 8b) levels when compared
with the PsNFR control group. No effect was observed with 50 mg/kg of
quercetin in comparison with PsNFR control (Fig. 8a). Administration of
quercetin (100 and 200 mg/kg, p.o.) and kaempferol (50, 100 and 200
mg/kg, p.o.) produced a significant (p< 0.05) increases in brain levels of
GSH when compared with PsNFR control group (Fig. 8a). Similarly,
quercetin (50, 100 and 200 mg/kg, p.o.) and kaempferol (50, 100 and
200 mg/kg, p.o.) elicited significant (p < 0.05) decreases in brain levels
of MDA of rats when comparedwith PsNFR control group (Fig. 8b). There
are no significant differences in GSH and MDA concentrations between
the dose levels of 50, 100 and 200mg/kg of quercetin in comparison with
50, 100 and 200 mg/kg of kaempferol respectively (Fig. 8a and b).
renatal and postnatal food restrictions at postnatal days (PNDs) 1, 14, 22 and at

ht (g) at PND 14 Weight (g) at PND 22 Pubertal weight (g)

9 � 1.53 37.37 � 2.85 91.12 � 0.83
1 � 1.52# 17.30 � 1.19# 55.25 � 4.45#

2 � 0.95 20.31 � 1.27 59.24 � 2.71
4 � 1.49 24.15 � 2.20 64.38 � 2.04
8 � 2.77* 29.58 � 3.04* 84.16 � 7.04*
5 � 3.04 19.88 � 0.48 59.68 � 0.94
0 � 2.04* 34.52 � 2.10* 73.66 � 6.55
0 � 2.77* 33.89 � 3.35* 102.0 � 4.96*

< 0.05 compared to PrNFR-PsNFR control group (One-way ANOVA followed by
d restriction, QCET ¼ Quercetin, KFAM ¼ Kaempferol.



Fig. 5. Effects of quercetin and kaempferol on leptin (a) and ghrelin (b) concentrations of rats exposed to postnatal food restriction. Bars represent the mean � SEM of
6 animals per group. #P < 0.05 compared to vehicle group; *P < 0.05 compared to PsNFR control group (One-way ANOVA followed by Bonferroni's post-hoc test).
PsNFR ¼ Postnatal food restriction, QCET ¼ Quercetin, KFAM ¼ Kaempferol.

Fig. 4. Effects of quercetin and kaempferol on leptin (a) and ghrelin (b) concentrations of rats exposed to prenatal food restriction. Bars represent the mean � SEM of 6
animals per group. #P < 0.05 compared to vehicle group; *P < 0.05 compared to PrNFR control group; cP < 0.05 compared to Quercetin (200 mg/kg) group (One-way
ANOVA followed by Bonferroni's post-hoc test). PrNFR ¼ Prenatal food restriction, QCET ¼ Quercetin, KFAM ¼ Kaempferol.
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Fig. 6. Quercetin and kaempferol mitigate the effects of both prenatal and postnatal food restrictions on leptin (a) and ghrelin (b) levels in rats. Bars represent the
mean � SEM (n ¼ 6). #P < 0.05 compared to vehicle group; *P < 0.05 compared to PrNFR-PsNFR control group (One-way ANOVA followed by Bonferroni's post-hoc
test). PrNFR ¼ Prenatal food restriction, PsNFR ¼ Postnatal food restriction, QCET ¼ Quercetin, KFAM ¼ Kaempferol.
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3.11. Quercetin and kaempferol attenuate prenatal and postnatal food
restriction-induced alteration on brain oxidative stress of rats

The effects of quercetin and kaempferol on both prenatal and post-
natal food restrictions-induced brain oxidative stress is shown Fig. 9a and
b. One-way ANOVA showed that the combination of PrNFR and PsNFR
stress significantly (p < 0.001) decreased both brain levels of GSH [F
(7,40) ¼ 6.845, p < 0.0001] (Fig. 9a) and increased MDA concentrations
[F (7,40) ¼ 6.700, p ¼ 0.0011] (Fig. 9b) when compared with PrNFR-
PsNFR control groups. Bonferroni's post-hoc test showed that treatment
with both quercetin (100 and 200 mg/kg, p.o.) and kaempferol (50, 100
and 200 mg/kg, p.o.) significantly (p < 0.05) increased the brain con-
centration of GSH of rats when compared with PrNFR-PsNFR control
group (Fig. 9a). However, quercetin (50mg/kg, p.o.) did not produce any
significant effect. Furthermore, quercetin (100 and 200 mg/kg, p.o.) and
kaempferol (100 and 200 mg/kg, p.o.) decreased the brain concentra-
tions of MDAwhen compared with PrNFR-PsNFR control group (Fig. 9b).
However, there were no significant differences in GSH and MDA levels
between the various dose levels (50, 100 and 200 mg/kg) of quercetin
and kaempferol respectively (Fig. 9a and b).

4. Discussion

In this study, we focused on evaluating the protective effects of
quercetin and kaempferol on prenatal and early postnatal food
deprivation-induced alterations in maternal and fetal weights, changes in
orexigenic and anorexigenic hormones, as well as, brain oxidative status.
Our data showed that the decreased body weights of pups at PNDs 1, 14,
22 and pubertal period due to prenatal food restriction (PrNFR)-, post-
natal food restriction (PsNFR)- or the combination of PrNFR and PsNFR
were significantly reversed by both quercetin and kaempferol in a dose-
dependent manner. Also, both quercetin and kaempferol offered pro-
tection against prenatal food restriction-induced decrease in maternal
weights, suggesting maternal protection. Importantly, we also showed
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that quercetin and kaempferol significantly prevented the suppression of
leptin levels in rats submitted to PrNFR, PsNFR or both PrNFR-PsNFR
stresses. Additionally, quercetin and kaempferol also reversed the
negative effects of prenatal food restriction, postnatal food restriction or
both PrNFR-PsNFR on ghrelin concentration of rats. Interestingly, quer-
cetin and kaempferol decreased maternal food consumption at prenatal
days 7 and 14, as evidenced by the remainder of food served. Further-
more, our study showed that quercetin and kaempferol mitigated PrNFR-
, PsNFR- or both (PrNFR-PsNFR)-induced oxidative stress in the brains of
rats, as evidenced by increased glutathione concentrations and decreased
malondialdehyde levels.

Numerous investigations have shown that low birth weight is one of
the prominent features that is known to be associated with prenatal food
deprivation (Engelbregt et al., 2001). It has been hypothesized that
weight plays an important role in the central regulation of puberty and it
has therefore been suggested that in females, a critical weight is needed
for menarche to occur (Engelbregt et al., 2000; Engelbregt et al., 2001).
Consequently, previous studies have demonstrated that underfeeding
during pregnancy resulted in growth retardation and a delayed onset of
puberty (Engelbregt et al., 2000). Although earlier studies have proposed
that more than weight, an appropriate body composition or a certain
percentage of fat is needed to start puberty in rats (Bouret et al., 2004;
Frisch & Revelle, 1971). Therefore, it is plausible to speculate that a low
percentage of fat or low birth weight might delay the onset of certain
developmental features including puberty and neurocognitive functions
(Bouret et al., 2004; Frisch & Revelle, 1971). The relationship between
metabolic pathway with regards body fat stores and weight and the
neuroendocrine reproductive system was unclear until the discovery of
leptin, which is a critical component of the metabolic gate-way to pu-
berty (Engelbregt et al., 2001; Nazian& Cameron, 1999). Indeed, several
studies have reported positive correlations between human and animal
leptin levels, feeding behavior, body mass and pubertal onset (Engelbregt
et al., 2001; Bouret et al., 2004; Quennell et al., 2011). A widely known
theory suggests that continued reproductive function depends on



Fig. 7. Effects of quercetin and kaempferol on prenatal food restriction-induced alterations on brain oxidative stress: (a) glutathione, GSH and (b) malondialdehyde,
MDA. Bars represent the mean � SEM (n ¼ 6). #P < 0.05 compared to vehicle group; *P < 0.05 compared to PrNFR control group (One-way ANOVA followed by
Bonferroni's post-hoc test). PrNFR ¼ Prenatal food restriction, QCET ¼ Quercetin, KFAM ¼ Kaempferol.
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maintaining a particular body fat composition or fat-to-lean ratio (Soli-
man et al., 2014; Engelbregt et al., 2000). This hypothesis is very much
parallel to a set-point model postulated to explain the regulation of body
weight. According to the set-point paradigm, rodents will defend a
particular body weight by adjusting behavioral and physiological needs
(Soliman et al., 2014; Frisch & Revelle, 1971). Of note, the level of
consummatory behavior and metabolic processes are believed to be
determined by a mechanism that compares the current level of body
weight to a particular set point (Quennell et al., 2011; Sloboda et al.,
2009). Thus, survival during extreme energetic challenges such as pre-
and postnatal food deprivations require that mobilization and oxidation
of free fatty acids from adipose tissue takes precedence over defense of a
particular body fat content and weight (Sloboda et al., 2009).

In this study, PrNFR was found to cause markedly decreased body
weight at PNDs 1, 14 and 22, except at pubertal period, which is in
agreement with previous investigations (Imbesi & Castrogiovanni,
2008). The shift in body weight at puberty may represent a life course
strategy intended to preserve fitness by reducing the risk of death before
reproducing, or by allowing a greater number of successful reproductive
episodes before death (Sloboda et al., 2009). Intriguingly, Engelbregt
et al. (Engelbregt et al., 2000) showed that there was no significant dif-
ference in the BMI and body fat composition in rats exposed to
intra-uterine growth retardation at puberty. Thus, it is possible to
postulate that the well-reported phenomenon of metabolic programming
as a result of poor prenatal nutrition might be a secondary outcome of a
life history strategy to accelerate maturation. On the other hand, we
showed that postnatal food deprivation decreased body weight at pu-
berty as well as at PNDs 14 and 22, although no significant effect was
observed at PND 1 as expected. Again, this observation led to the sug-
gestion that the effect of food deprivation on body weight depends on the
phase of development and growth. Accordingly, the combinational
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effects of both protocols, PrNFR-PsNFR was found to produce a more
profound decrease in body weights. Interestingly, the repeated treat-
ments with quercetin and kaempferol significantly reversed the adverse
effects of prenatal, postnatal food restrictions or the combined effects on
body weights. Fetal nutrition is determined by size and composition of
the mother's body and by her diet. The nutritional need of the fetus de-
pends on the intake of nutrients of the mother, and their distribution
through maternal circulation and the placental transport mechanisms
(Castrogiovanni & Imbesi, 2017). Indeed, malnourished mothers may be
limited in their ability to adequately support the fetus. Clinically, there is
mounting evidence showing that maternal nutritional status programs
the risk of disease in the progeny as a result of low maternal weight, high
levels of maternal oxidative stress and rapid cell aging (Curhan et al.,
1996). In the present study, PrNFR induced a significant decrease in
maternal weight at prenatal days 7 and 14 respectively. However, several
studies have suggested that maternal antioxidant therapy reverses some
of the deleterious effects suffered during prenatal food deprivation
(Castrogiovanni & Imbesi, 2017). Thus, the ability of quercetin and
kaempferol to increased maternal weight of rats exposed to food depri-
vation, suggests the beneficial effect of maternal antioxidant supple-
mentation during food deprivation during pregnancy (Castrogiovanni &
Imbesi, 2017).

Several studies have strongly implicated the role of leptin as a
permissive regulatory factor for the onset of puberty and feeding
behavior (Engelbregt et al., 2001; Castrogiovanni & Imbesi, 2017).
Leptin, which is an anorexigenic peptide hormone synthesized by white
adipose tissues, synchronizes growth and fertility based on food avail-
ability (Sloboda et al., 2009), via positive modulation of
gonadotropin-releasing hormone including the kisspeptin (Iwasa et al.,
2015). Overall, a reduction in fat volume or body weight triggers the fall
in peripheral leptin concentration with corresponding increase in food



Fig. 8. Quercetin and kaempferol attenuate postnatal food restriction-induced brain oxidative stress: (a) glutathione, GSH and (b) malondialdehyde, MDA. Bars
represent the mean � SEM (n ¼ 6). #P < 0.05 compared to vehicle group; *P < 0.05 compared to PrNFR control group (One-way ANOVA followed by Bonferroni's
post-hoc test). PsNFR ¼ Postnatal food restriction, QCET ¼ Quercetin, KFAM ¼ Kaempferol.
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intake (Engelbregt et al., 2001). On the other hand, an increase in fat
volume or body weight causes an upsurge in peripheral leptin levels and
reduced food intake (Quennell et al., 2011; Iwasa et al., 2015). Leptin is
generally known as one of the upstream ligands for malonyl-CoA
signaling pathway in the hypothalamus, and the concentration of hypo-
thalamic malonyl CoA regulates the expressions of neuropeptides and
food intake (Sucajtys-Szulc et al., 2010). Recently, it was reported that
prolong fasting resulting from prenatal and postnatal food deprivations
alters hypothalamic leptin levels and malonyl-CoA expression (Engel-
bregt et al., 2001; Iwasa et al., 2015). Also, studies have reported that
prenatal under-nourishment causes drastic reduction of postnatal hypo-
thalamic leptin surge, decrease malonyl-CoA expression (Delahaye et al.,
2008) and retard pubertal programming and brain developments
(Sucajtys-Szulc et al., 2010; Delahaye et al., 2008). Remarkably, previous
investigation has shown that intravenous injection of leptin increased
hypothalamic STAT3 phosphorylation and attenuated activation of
AMPK and acetyl-CoA carboxylase, with associated increase in
malonyl-CoA level and a decrease in feeding behavior (Sucajtys-Szulc
et al., 2010). Accordingly, leptin, similarly to insulin, is destined to stop
eating behavior and food intake once energy stores have been filled
throught: activation of “satiety centre” including proopiomelano-
cortin/cocaine and amphetamine-regulated transcription neurons
(POMC/CART) pathways and deactivation of the “hunger centre” in the
lateral hypothalamic area, arcuate and paraventricular nuclei (Rojas
et al., 2011; Sucajtys-Szulc et al., 2010). Thus, leptin-deficient rodents
have been reported to demonstrate significantly reduction in weight,
poor brain development as well as delayed pubertal onset and repression
of fertility in adulthood through down-regulation of kisspeptin and
antioxidant pathways (Quennell et al., 2011; Schiavone et al., 2013;
Swolin-Eide et al., 2002).

Herein, we observed that prenatally and postnatally food deprived
rats displayed lowered leptin levels, which is in agreement with previous
findings (Engelbregt et al., 2001; Quennell et al., 2011; Iwasa et al.,
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2015). Moreover, the combinational effects of the two-hit factor of pre-
natal and postnatal food restriction caused a more significant drop in the
leptin concentration. This finding further supports previous in-
vestigations, which showed that the combined effect of intrauterine
growth retardation and postnatal food deprivation causes leptin deple-
tion in rodents (Engelbregt et al., 2001). Remarkably our study showed
that quercetin and kaempferol at different doses significantly increased
serum leptin concentrations of rats exposed to prenatal, postnatal and/or
prenatal-postnatal food restrictions. Studies have shown that supple-
mentation with flavonoids enhance food consumption and inhibit
anorexia via antioxidant activity (Schiavone et al., 2013; Swolin-Eide
et al., 2002). This finding further suggests that the protective effects of
quercetin and kaempferol during fasting may be related, in part, to
leptin-mediated suppression of proteins that to play negative role in the
pathology and progression of anorexic disorders. Therefore, this result
further validates the earlier findings which showed that quercetin and
kaempferol attenuate the negative effects of prenatal and postnatal food
restrictions on gestational outcomes and the onset of puberty as reported
elsewhere in our previous study (Anachuna et al., 2020). Correspond-
ingly, prenatal food restriction was also found to induce a significant
increase in prenatal maternal food consumption especially at days 7 and
14. This finding further supports other findings which showed that pre-
natal food deprivation causes increased maternal food consumption,
decreased peripheral leptin concentration and body weight or fat volume
(Engelbregt et al., 2000; Engelbregt et al., 2001; Nazian & Cameron,
1999). Thus, it is noteworthy to remark that the finding that quercetin
and kaempferol decreased maternal food consumption during prenatal
food deprivation, further confirms their beneficial effects in conditions
associated with prenatal food scarcity in rodents.

In addition, ghrelin, a 28-amino-acid peptide, is often called hunger
hormone because of its orexigenic food-intake controlling ability through
increase in gastric motility and acid secretion (Gualillo et al., 2012; Rojas
et al., 2011; Inui, 2001). Evidence has shown that blood levels of ghrelin



Fig. 9. Quercetin and kaempferol reduce the combined effects of prenatal and postnatal food restrictions on brain glutathione (GSH) and malondialdehyde (MDA)
concentrations of rats. Bars represent the mean � SEM (n ¼ 6). #P < 0.05 compared to vehicle group; *P < 0.05 compared to PrNFR control group (One-way ANOVA
followed by Bonferroni's post-hoc test). PrNFR ¼ Prenatal food restriction, PsNFR ¼ Postnatal food restriction, QCET ¼ Quercetin, KFAM ¼ Kaempferol.
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increases during intense hunger before meal, but decreases to baseline
after a meal (Gualillo et al., 2012; Inui, 2001). However, ghrelin levels
have been reported to be inversely proportion to BMI, and also studies
have shown that there is a negative correlation between insulin secretion
and ghrelin levels (Luo et al., 2015; Inui, 2001). Thus, ghrelin has
emerged as an endocrine link between the stomach, hypothalamus and
pituitary in maintaining adequate energy homeostasis and body weight
(Gualillo et al., 2012; Luo et al., 2015). Indeed, exogenous ghrelin in-
jection has been shown to induce positive energy equilibrium in rodents
by reducing fat utilization without marked alteration in energy
disbursement (Tschop et al., 2000; Gil-Campos et al., 2006). Also, ghrelin
is known to enhance AMPK activity in the hypothalamus, reduce
malonyl-CoA reactivity, stimulate palmitoyl transferase-1, induce mito-
chondria fatty acid metabolism, release neuropeptide-Y thereby leading
to the activation of hunger centres (Rojas et al., 2011; Gil-Campos et al.,
2006). Alterations of these pathways especially ghrelin, has been hy-
pothesized as one of the basic patho-mechansims for several metabolic
diseases involving deranged feeding behavior (Cordido et al., 2009).
However, increasing body of evidence gleaned over the past years have
shown that the levels of orexigenic and anorexigenic signals are mostly
based on the nutritional status of the body (Gualillo et al., 2012; Cordido
et al., 2009). Accordingly, although different preclinical and clinical
studies have shown that no changes were observed in ghrelin levels in
pregnant rats with free access to food and water (Gualillo et al., 2012),
several reports have shown that chronic prenatal and postnatal food
deprivations profoundly increased circulating levels of ghrelin and
gastric ghrelin mRNA expression (Gualillo et al., 2012) via pleiotropic
metabolic mechanisms including elevated levels of placental free radical
generations due to hypermetabolism of the mitochondria (Luo et al.,
2015).

Remarkably, oxidative stress again has been associated with several
perinatal adverse conditions including diabetes, preeclampsia, preterm
birth, low birth weight that are predictive of heightened risk of the
50
metabolic syndromes and neurodevelopmental diseases in postnatal life
(Schiavone et al., 2013; Agarwal et al., 2005). Hence, oxidative stress has
long been established as a common pathway involved in the metabolic
gate-way and brain development (Sucajtys-Szulc et al., 2010; Agarwal
et al., 2005). Nevertheless, the result of this study further confirmed
earlier reports that showed that chronic maternal nutritional restriction
during pregnancy and early postnatal food deprivation increase serum
ghrelin levels (Gualillo et al., 2012). It is possible that the prenatal and
postnatal under-nutrition induced increased ghrelin levels as an adaptive
mechanism to encourage pathologic adiposity due to food scarcity
(Gualillo et al., 2012; Tschop et al., 2000). However, the findings that
quercetin and kaempferol reduced ghrelin levels in prenatally and post-
natally food deprived rats further supports the notion that compounds
with antioxidant properties may be useful as adaptogens in providing
resilience against the negative effects of prenatal and postnatal-induced
stress. In addition, it is possible that the attenuating effects of quercetin
and kaempferol on ghrelin levels could be to avoid abnormality in fetal
programming, fetal growth, weight loss, metabolic, cardiovascular
functions and brain damage via decrease in oxidative stress (Luo et al.,
2015).

In this study, investigation of brain oxidative stress markers in rats
exposed to prenatal food restriction, postnatal food restriction or both
showed increased brain lipid peroxidation markers, MDA and decreased
GSH levels, suggesting oxidative stress. Given the important role of GSH
in house-keeping antioxidant activity, neuronal circuitry in brain devel-
opment and neuroprotection (Aoyama et al., 2006), several reports have
shown that neuronal GSH deficiency is associated with increased lipid
peroxidation of brain regions enriched with polyunsaturated fatty acid
tissues (Wood et al., 2009), changes in brain functions including learning
and memory impairments and social deficits (Emokpae et al., 2020),
increased susceptibility to neuropsychiatric diseases (Ben-Azu et al.,
2018), and premature age-dependent neurodegeneration (Aoyama et al.,
2006). Thus, the findings that repeated treatments with quercetin and
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kaempferol ameliorate prenatal and postnatal food restriction or
combinational effects of both factors on brain oxidative stress further
showed their beneficial effects in conditions associated gestational and
early postnatal food starvation-mediated oxidative damages. The find-
ings from this study reinforce the belief that compounds with antioxidant
activity might be beneficial as adaptogens in providing protection against
the negative effects of prenatal and postnatal food scarcity. Interestingly,
our recent study showed that quercetin and kaempferol improved
gestational outcomes and delayed pubertal onset in rats exposed to
prenatal and postnatal food deprivation or/and their combined effects
(Anachuna et al., 2020).

5. Conclusion

Cumulatively, our study identified possible connections between
prenatal and early postnatal food restrictions, altered serum orexigenic/
anorexigenic hormones and increased brain oxidative stress in Wistar
rats, which can be reversed by antioxidant treatments. We showed that
quercetin and kaempferol increased pup weights of rats submitted to
prenatal, postnatal food deprivation or the combined effects via mecha-
nisms related to modulation of leptin and ghrelin levels and antioxidant
pathways. Therefore, quercetin and kaempferol supplementation could
provide important nutritional interventions to combat against prenatal
and early postnatal food scarcity-induced changes in metabolic and brain
functions.
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