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Parental dietary choices and/or nutritional interventions in
the offspring are critical to early life development, especially
during the periods of active developmental plasticity in the
offspring. Exposure to a high-fructose, high-fat diet during
the fetal or neonatal period predisposes the affected individu-
als to the development of one or more features of metabolic
syndrome, such as dyslipidemia, insulin resistance, diabetes,
and associated cardiovascular diseases, later in their life.
Owing to the increasing global prevalence of metabolic syn-
drome and multiple side effects that accompany conventional
medicines, much attention is directed towards medicinal
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phytochemicals, plant extracts plants and phytochemicals as alternative interventions. Sev-

eral studies have investigated the potential of natural agents
to prevent programmed metabolic syndrome. This present re-
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such disorder that could arise from early life perturbations is
metabolic syndrome (MetS). MetS is a complex, multifactorial
The environment modifies the functions of biological systems. Ex-  cluster of physiological and metabolically related factors, such as
posure of the offspring to stressful conditions such as poor mater-  obesity, insulin resistance, and dyslipidemia, that collectively in-
nal diet during embryonic and/or fetal development exerts signif-  crease the risk of developing non-alcoholic fatty liver disease
icant effects on the health of the affected individual [1]. Otheren-  (NAFLD), type 2 diabetes mellitus, hypertension, and other car-
vironmental factors such as physical, social, psychological, occu-  diovascular diseases [3-5]. Globally, about two-thirds of deaths
pational, or lifestyle stressors could equally program the individu-  arising from noncommunicable diseases are mainly caused by
al for the risk of metabolic disorders later in adulthood [2]. One  MetS and related disorders [6]. Given the rising cases of obesity
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and being overweight worldwide, MetS is considered to be a prin-
cipal nutritional problem and one of the most extensively studied
disorders associated with early life programming [7]. Obesity con-
fers a significant risk for the development of MetS [8]. According
to a recent report by the World Health Organization (WHO), over
1.9 billion adults aged 18 and above were estimated to be over-
weight worldwide, with about 650 million obese adults [9]. De-
spite recent therapeutic advances, the alarming increase in the
global prevalence of MetS [10] constitutes a huge public health
concern.

The concept of the developmental origins of health and dis-
ease provides a broader definition of the period of developmental
plasticity to include the entire developmental period and not just
the prenatal period [11,12]. This period of developmental plasti-
city offers unique opportunities for prophylactic interventions to
reverse the effects of programmed responses to an adverse envi-
ronment in early life, a phenomenon known as reprogramming
[13]. A number of studies have examined the potential of natural
products as reprogramming strategies to prevent MetS [14-17].
Here, we review dietary phytochemical agents and plant extracts
with prophylactic potential in programming and reprogramming
against MetS. The authors systematically searched PubMed,
SCOPUS, and Google Scholar for relevant studies until December
2020. The key words were “medicinal plant extracts and metabol-

» o«

ic syndrome in offsprings”, “maternal dietary supplements and

offspring metabolic syndrome”, “metabolic syndrome and phyto-

» o« » o«

chemicals”, “neonatal intake”, “supplement or phytochemicals”,

» o«

“high fat or high fructose induced metabolic dysfunction”, “neo-
natal or fetal programming of metabolic dysfunction”, “phyto-
chemicals and neonatal programming of metabolic syndrome”,
“medicinal plant extracts and phytochemicals in programmed hy-
pertension”, “plant extracts and phytochemicals on non-alcoholic
fatty liver disease”, and “epigenetics and metabolic program-
ming”. The retrieved articles were thoroughly screened for eligi-

bility while non-English papers were excluded.

Experimental and Epidemiological Evidence
for the Developmental Origins of Metabolic
Syndrome

Accumulating epidemiological and experimental studies provide
compelling evidence for the developmental origins of MetS [18].
Epidemiological reports have associated adverse prenatal and
postnatal environmental exposure to the development of MetS in
adult life. Most of these epidemiological reports came from natu-
ral and man-made disasters, such as famine, which provided
unique opportunities to study developmental programming in
human populations [19, 20]. The Dutch famine (1944-1945) rep-
resents principal evidence for the developmental origins of MetS
and is the most studied. Intrauterine exposure to poor nutrition
due to the Dutch famine has been consistently associated with im-
paired metabolic phenotypes such as dyslipidemia, raised body
mass index, obesity, and cardiovascular diseases [21-23]. Find-
ings similar to those of the Dutch famine were also established in
populations of other countries with data obtained from affected

populations of the Austria famine [24], the Great Ukrainian fam-
ine (Holodomor) [25], Leningrad Siege [26], Chinese Great Leap
Forward famine [27], Nigeria’s Biafran war famine [28], Europe’s
Holocaust [29], and seasonal malnutrition in Spain [30], all of
which occurred in the 20th century. In most of these studies, the
initial exposure to poor nutrition in early life, as a result of the fam-
ine, was associated with the development of obesity, dys-
lipidemia, diabetes, hypertension, and other cardiovascular disor-
ders in later life when compared to their control counterparts who
were not exposed.

Furthermore, owing to the difficulties in developing animal
models that present all the features of MetS [31], investigations
into the developmental origin of MetS are done using models that
manifest certain components of the syndrome. For instance, sev-
eral animal studies have associated intrauterine protein and calo-
ric restriction to the development of hypertension in adult off-
spring, as reviewed elsewhere [32]. Since poor nutrition also in-
cludes the intake of excess fat and calories, rodent models of ma-
ternal high-fat feeding during pregnancy have also been linked to
the onset of hyperinsulinemia, glucose intolerance, endothelial
dysfunction, and hypertension in adult offspring [33-35]. Further
evidence came from a study that demonstrated an association be-
tween low-birth-weight neonates that experienced a catch-up
growth and increased risk for the development of cardiovascular
disease, one of the key complications of MetS [36]. These obser-
vations clearly indicate the link between adverse fetal and neona-
tal environments and the risk of developing MetS in adulthood.

Epigenetics and metabolic programming

The advent of epigenetics has provided an avenue for explaining
the mechanisms by which environmental factors influence fetal
and neonatal phenotypes as well as the subsequent development
of diseases. Epigenetics is majorly concerned with heritable
changes in DNA in the absence of structural modifications to the
nucleotide sequence, enabling prompt regulation of gene expres-
sion in numerous cell types [37]. The developmental period is a
time when the growing fetuses and neonates are prone to mater-
nal and environmental stress that results in programmed mor-
phological alterations, cellular responses, and gene expression
that affect the metabolism and physiology of the offspring. The
outcome of developmental programming may appear instantly,
for instance, abnormal organ development or, later in adulthood,
as impaired organ function [38]. A primary background that may
form the basis of the latter scenario is traceable to the concept of
the double hit hypothesis. The hypothesis states that a prelimi-
nary intervention usually regarded as “first hit” may sensitize an
organ to produce physiological alterations [39,40]. These altera-
tions may manifest immediately, resulting in malfunctioned or-
gans and eventual disease development or may be suppressed
[41-44]. A second intervention (second hit) may unmask the sup-
pressed effects or exacerbate the existing effects of the “first hit”
[45,46)].

Suboptimal nutrition during the critical periods of develop-
mental plasticity may alter gene expression via three different
epigenetic mechanisms: (i) modification of the chromatin archi-
tecture and lysine and/or arginine residue at the N-terminal tails
of histone [47], (ii) alteration in the availability of methyl groups
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by distorting the activities of methyltransferase and DNA demeth-
ylation [48], and (iii) modification of expression levels of miRNA
involved in regulating the principal proteins in the folate-mediat-
ed carbon metabolism pathway, which is known to regulate the
metabolism of methionine, homocysteine, vitamin B complex,
proteins, and histones as well as DNA and ribonucleic acid (RNA)
[49-51].

The mechanisms of epigenetics include DNA methylation,
modification of histones, packaging of chromatin, and alteration
in non-coding RNA expression [52]. Adverse intrauterine milieu is
translated into epigenetic modifications during gametogenesis
and fetal development and are steadily preserved until adulthood
[53]. These epigenetic modifications alter the expression of genes
and hence the metabolic phenotype, producing diseases in adult-
hood.

Potential mechanism by which natural products
reprogram against metabolic syndrome of
developmental origin

The mechanism by which natural products offer protection
against developmentally programmed MetS is poorly understood.
Epigenetic mechanisms have been shown to play an important
role in the regulation of cellular functions and are critical to the
development of complex diseases, including MetS [54]. Epigenet-
ic modification is a reversible process and can be achieved by diet,
environment, and lifestyle choices [55]. Hence, epigenetic modi-
fication is suggested to play a role in the prophylactic effects of
dietary phytochemicals [56]. The exact mechanism by which plant
extracts and phytochemicals interact with the epigenome to
modulate the expression of genes to protect against certain meta-
bolic disorders has not been fully elucidated.

Several bioactive compounds derived from plants are epige-
netic modulators [57]. For instance, polyphenols contained in
green tea have been shown to improve the metabolism of off-
spring born to undernourished dams by modulating the expres-
sion of enzymes that influence epigenetic marks [58]. Although
epigenetic modifications are rarely studied as potential preventive
mechanisms that relate to the reprogramming effects of phyto-
chemicals with the development of MetS, they have been impli-
cated as a mechanism of prevention in non-programming models
of some metabolic disorders [57]. Resveratrol protected the dia-
betic rat aorta from macroangiopathy by influencing DNA methyl-
ation [59]. Also, curcumin reportedly suppresses the hyperglyce-
mia-induced inflammatory response via the modulation of his-
tone acetylase and histone deacetylase activity [60]. In addition,
phytochemicals have also been shown to improve metabolism by
regulating the expression of microRNAs. Joven et al. [61] linked
the inhibition of miR-103/107 by polyphenols from Hibiscus
sabdariffa (HS) to improved glucose and lipid metabolism in hy-
perlipidemic mice. Similarly, quercetin and polyphenol extracts
from HS and coffee prevented high-fat diet (HFD)-induced liver
steatosis in mice via the upregulated expression of miR-122 [62].

Therefore, epigenetic mechanisms may explain the modifica-
tion of gene expression by phytochemicals or medicinal extracts
during the fetal and neonatal period of metabolically challenged
rodents to protect against the development of MetS in adulthood.
A potential mechanism by which medicinal plants and phyto-

chemicals act during critical periods of developmental plasticity
may modulate biological systems to prevent the development of
MetS is summarized in » Fig. 1 below.

Phytochemicals and their classification

Phytochemicals are plant-sourced medicinal agents with fewer
side effects compared to synthetic compounds [63]. They are
broadly classified into phenolic compounds, terpenoids, and alka-
loids including other nitrogen-containing plant constituents [64].

The phenolic compounds are the most abundant group of phy-
tochemicals and are readily available in most plants. They include
anthocyanins, anthochlors, benzofurans, chromones, coumarins,
minor flavonoids, flavonones and flavonols, isoflavonoids, lig-
nans, phenols and phenolic acids, phenolic ketones, phenylpropa-
noids, quinonoids, stilbenoids, tannins, and xanthones. Among
these, flavonoids, phenolic acids, and polyphenols are the three
major categories of dietary phenolics [65].

On the other hand, the terpenes (terpenoids), otherwise re-
ferred to as isoprenoids [66], are a class of natural products
formed from five-carbon isoprene units. They include phytoster-
ols (including S sitosterol), sesquiterpenes, monoterpenoids,
hemiterpenoids, diterpenoids, triterpenoids, and saponins [67].
The third group, alkaloids, includes peptide, pyrrolidine and
piperidine, pyrrolizidine, quinoline, betalain, indole, isoquinoline,
lycopodium, quinolizidine, and tropane compounds. Other nitro-
gen-containing constituents include purines and pyrimidines,
non-protein amino acids, and amines [67]. Most phytochemicals
are sourced from fruits and vegetables and are classified accord-
ing to their corresponding constituents as indicated in » Table 1
below. These phytochemicals have been investigated for their
potential prophylactic activity against developmentally pro-
grammed MetS.

Beneficial Effects of Phytochemicals and
Plant Extracts against Principal Features
of Metabolic Syndrome

Dyslipidemia

Dyslipidemia is one of the hallmarks of MetS. It is characterized by
abnormal lipid levels, usually presenting as an increased plasma
concentration of low-density lipoprotein cholesterol (LDL-C) and
triglycerides, coupled with low levels of high-density lipoprotein
cholesterol (HDL-C) [68]. Reports from several experimental stud-
ies have improved the understanding of natural products and
their mechanisms of action towards dyslipidemia. From existing
studies (» Table 2), it is apparent that natural products offer
long-term protection against MetS by targeting dyslipidemia, es-
pecially when introduced during the early periods of develop-
ment. » Table 2 shows animal studies reporting on the beneficial
effects of phytochemicals or plant extracts on lipid metabolism
following a high-fructose (HF) diet or HFD [69-72].

The biosynthesis of lipids is a tightly requlated process. Sterol
regulatory element binding transcription factor 1 (SREBP-1), per-
oxisome proliferator-activated receptor delta, and peroxisome
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» Fig. 1 Influence of medicinal plants and phytochemicals on metabolic programming. The figure illustrates the epigenetic mechanisms by which
phytochemicals or extracts of medicinal plants may upregulate or downregulate the expression of genes associated with metabolism or its control,
thereby preventing the development of MetS induced by a high-fructose or high-fat diet. HFRT = high fructose, HF = high fat, RNA = ribonucleic

acid.

> Table 1 Selected phytochemicals and their dietary sources.

Phytochemicals Class Subclass Sources

Phytosterol Terpenes

Vegetable oils (rapeseed oil), cereals, vegetables, fruits

Ursolic acid Terpenes Triterpenes Apples, bilberries, peppermint, cranberries, elder flower,

rosemary, lavender, thyme, hawthorn, oregano, prunes

Oleanolic acid Terpenes Triterpenes Olives

Resveratrol Phenolic compounds Polyphenols Grapes, wine, peanuts, soy
Curcumin Phenolic compounds Polyphenols Tumeric, mustard

Quercetin Phenolic compounds Flavonoids Cranberries, apples, onions, beans
Genistein Phenolic compounds Isoflavones Soybean, fava beans, coffee, lupin
S-allyl cysteine Nitrogen-containing compounds Organosulphur Garlic

Citrulline Nitrogen-containing compounds a-amino acid Watermelon, legumes, nuts

proliferator-activated receptor gamma are key regulators of lipo-
genesis [73]. Fatty acid synthase (FAS), acetyl-coenzyme A
carboxylase (ACC), adenosine triphosphate citrate lyase, and
stearoyl-CoA desaturase-1 are the target genes of SREBP-1c in

the lipogenic pathway [74]. Conversely, proliferator-activated re-
ceptor gamma coactivator 1-alpha (PGC1a) and fibroblast growth
factor 21 (FGF21) promote fatty acid oxidation and regulate lipid
metabolism [75,76]. Maternal supplementation of bitter melon
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extract to HF-fed dams protected adult offspring against dys-
lipidemia via inhibition of lipogenesis and promotion of fatty acid
oxidation [77]. The study by Ching et al. [77] demonstrated that
this extract improved lipid metabolism via the downregulation of
Srebp1, Acc2, and Fas expression levels and upregulated expres-
sion of PgcTa and Fgf21.

In addition, adenosine monophosphate-activated protein ki-
nase (AMPK) is a principal cellular regulator of metabolism known
to activate catabolic pathways like S-oxidation and inhibit lipo-
genesis by modulating the expression of genes in the affected
pathway [78,79]. The administration of oleanolic acid (OA) in the
neonatal period is believed to prevent dyslipidemia in adulthood
through increased expression of Ampk [80]. These results suggest
that plant extracts or phytochemicals acting during the critical
window of developmental plasticity may target multiple genes in-
volved in the biosynthesis and oxidation of fatty acids, thus facili-
tating improved lipid metabolism.

Furthermore, Zhou et al. [70] demonstrated that genistein, a
phytochemical, prevents against hypertriglyceridemia and in-
creases HDL-C levels in mice offsprings. Genistein also inhibited
HFD-induced gut microbial dysbiosis. Certain intestinal bacteria
such as Alloprevotella odoribacter and Clostridium XIVa have been
established as being present in low quantities in mice or humans
with type 2 diabetes or those presenting with obesity [81-83].
These bacteria are known to synthesize short-chain fatty acids
(SCFAs), which are known for their roles in the regulation of glu-
cose and insulin levels, probably through inhibition of lipolysis in
the hepatocytes, skeletal muscle, and adipose tissue [84]. SCFAs
may also function by triggering anti-inflammatory Treg cells or
by lowering cytokine levels [85]. Increased quantities of SCFA-pro-
ducing bacteria offer a beneficial effect in protecting the offspring
against HFD-induced metabolic dysfunction [70]. This study sug-
gests that natural products may not only act via the modulation of
gene expression but also by restoring balance in the gut microbial
composition of diet-induced animal models of MetS, athough, the
mechanism by which this occurs has not been fully established.

Phytochemicals such as phytosterol, OA, ursolic acid (UA), and
genistein have also proven effective in lowering serum or hepatic
triglyceride (TG) levels and/or LDL-C levels, or increasing the levels
of HDL-C, hence preventing dyslipidemia [15,69-71]. A group of
researchers [16] reported a marked decrease in the serum, liver,
and muscle TG levels, including serum cholesterol and free fatty
acid (FFA) of adult male offspring of green tea extract (GTE) sup-
plemented HFD-fed dams. Consistent with these findings, grape
skin extract (GSE) was effective at reducing plasma TG levels in
adult offspring [17]. Although these studies did not investigate
the detailed mechanisms of action by which these extracts or phy-
tochemicals prevented the development of dyslipidemia in adult
offspring, they did, however, established lipid-lowering effects in
maternal or neonatal HF- or HFD-induced animal models. Further
studies are therefore warranted to delineate the possible mecha-
nism of the lipid-lowering effects of phytochemicals and plant ex-
tracts.

Phytosterol administration in hamster dams resulted in a 71%
reduction in total cholesterol in the offspring. Similarly, significant
decreases of 81, 50, and 36% in non-HDL-C, HDL-C, and TG levels
were observed, respectively, in the progeny of high-cholesterol-

fed dams [71]. Based on this analysis, phytosterol administration
appears to cause a drop in HDL-C levels, however, this level is still
within an acceptable range. Dietary intake of GTE by rat dams has
also been shown to reduce offspring serum TG levels in adulthood
from 122.9 mg/dL in the HFD controls to 88.8 mg/dL at 7.5 g/kg
GTE and 78.7 mg/dL at 10 g/kg GTE [16]. Two studies on genistein
reported its beneficial health effects. One of the studies investi-
gated the influence of genistein on some features of MetS [70],
while the other focused on its effect on NAFLD [86]. In the study
by Zhou et al. [70], no significant changes were observed in the
serum levels of total cholesterol, LDL-C, and FFA in the offspring
as a result of maternal genistein intake. It was however estab-
lished that genistein administration in dams increased offspring
HDL-C levels by 7.8%. Although Huang et al. [86] reported a
downregulated expression of lipogenic genes, the serum lipid
profile was not accounted for but instead showed that genistein
prevented hepatic lipid accumulation in the offspring.

Oral administration of 60 mg/kg OA to female neonatal rats
challenged with a double hit of an HF diet reduced plasma TG
and cholesterol levels by 40 and 20%, respectively [15]. However,
the plasma lipid profiles of their male counterparts were not sig-
nificantly different. A higher dose of OA might have produced a
statistically significant change in the plasma lipid profile of the
male rats. Although the authors assayed the total concentration
of cholesterol across the various treatment groups in their work,
they, however, did not consider the concentrations of its different
subtypes, unlike the studies conducted on phytosterol and genis-
tein as discussed above. Neonatal administration of UA was re-
ported to have no significant impact on plasma TG and cholester-
ol levels of HF-fed rats [87].

In another study, HS aqueous extract had sex-specific actions
in rats. In males, it reduced cholesterol level by 19% while in fe-
males, it lowered TG levels by 13% [72]. Similarly, maternal con-
sumption of GSE in rats prevented a rise in TG levels in 90- and
180-day-old offspring, however, it had no significant effect on to-
tal cholesterol levels [17]. On the contrary, in a low-birth-weight
and HF diet-induced model of metabolic dysfunction, a citrulline
supplement given to neonates of protein-restricted dams in-
creased liver TG content and lowered the hepatic cholesterol
level, but did not alter plasma TG and HDL as well as glucose me-
tabolism at post-natal day 90 in rats [88]. This can be explained in
part by the action of citrulline in the upregulation of Fas and
Srebp1, which promotes lipogenesis, as reported in this study.
Conversely, previous studies in a curative approach suggested
that citrulline downregulates Srebp1 [89] and prevents hypertri-
glyceridemia induced by HF intake [90]. Of course, a number of
factors may account for the disparity in observations in response
to citrulline supplementation. A lower dose of fructose (10%) for
8 weeks adopted by Tran et al. [88] compared to a higher dose of
fructose (60%) for 8 weeks [89] is not likely to be responsible for
increased hepatic TG levels in response to citrulline supplement as
reported by Tran et al. [88]. The dosage and duration of both
studies are also far apart. So, a higher dose of citrulline (2 g/kg)
adopted by Tran et al. [88] compared to 0.15-1 g/kg used in pre-
vious studies [89,90] may have contributed to the discrepancies
in these studies. This suggests that citrulline at a higher dose
may negatively impact TG metabolism.
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Based on the available evidence, an insight into both the mo-
lecular mechanism and gut bacteria-associated activity of natural
products would enable a proper grasp of their ability to program
against MetS. In addition, harmonizing the doses of plant extracts
and phytochemicals in experimental studies, with very minimal
variation in experimental design, is crucial to making reasonable
comparisons between different studies and would help improve
our understanding of their roles and mechanism of action.

Insulin resistance and glucose metabolism

Insulin resistance is a condition characterized by an inability of in-
sulin to act on target tissues [91]. In this condition, insulin is
present at a normal concentration, but the tissues are unrespon-
sive to its stimulation and as a result, more insulin is secreted,
thereby leaving fasting plasma insulin at high levels [92,93]. It
usually results from a disrupted metabolism. Insulin resistance is
a component of MetS and a risk factor for cardio-metabolic disor-
ders [94].

With respect to insulin resistance, certain phytochemicals and
plant extracts have demonstrated a protective effect (> Table 1).
Some plant extracts and phytochemicals have been shown to
lower insulin resistance, thereby improving insulin action on tar-
get tissues. The resultant effect is the normalization of blood glu-
cose levels, although some studies reported that some of these
phytochemicals or plant extracts exert no significant effect on
glucose levels and insulin sensitivity [72,88]. Two studies on GTE
have given conflicting reports on the glucose profile and insulin
sensitivity [ 16, 69]. Decreases in the serum insulin level and insulin
resistance index were observed in offspring of high-fat-fed dams
supplemented with GTE compared to those fed an HFD only [16].
GTE was shown to affect serum glucose levels in a dose-depen-
dent manner, where 10 g/kg of GTE lowered the blood glucose
concentration, but a dose of 7.5g/kg produced no significant
change in the glucose levels. Additionally, the same study re-
corded that post-weaning intake of GTE in rats born to high-fat-
fed dams did not result in a decrease in insulin and the insulin re-
sistance index value [16]. This constitutes yet another evidence of
metabolic programming, which suggests that GTE acted during
pregnancy or lactation or both to bring about its effect.

Also, maternal GTE consumption lowered basal glucose levels
but had no effect on the HFD-induced increase in insulin levels in
rat offspring [69]. Interestingly, both studies on GTE reported its
beneficial effect in reducing serum cholesterol levels. The discrep-
ancy in the effect of GTE on glucose metabolism in these studies
may be dose related as the dose adopted by Li et al. [16] was
higher than that used by Hachul et al. [69], even though both
had a similar duration of intervention.

Improved insulin sensitivity was also observed in HFD-fed adult
offspring following maternal resveratrol supplementation
(200 mg/kg) during pregnancy and lactation as indicated by en-
hanced glucose tolerance. However, resveratrol did not lower glu-
cose levels in the HFD-fed mice offspring [14]. Consistent with
this finding, maternal quercetin administration enhanced glucose
metabolism and insulin sensitivity in adult offspring of obese
dams [95]. However, a contrary observation was made by Ros et
al. [96], who demonstrated an increased glycemic level in pups
following maternal resveratrol supplementation in HFD-fed dams

(2.5 mg/kg). The disparity in the findings may be partly explained
by the difference in the experimental design. Zou et al. [14] ad-
ministered a high dose of resveratrol and subjected the dams to
11 weeks of HFD, while Ros et al. [96] fed the dams a very low
dose of resveratrol and euthanized the pups and dams immedi-
ately after the suckling period was over. Oral administration of
OA in neonatal rats demonstrated a remarkable degree of protec-
tion from the adverse effects of HF consumption in adulthood. At
60 mg/kg, OA for 7 days normalized fasting blood glucose and
homeostatic model assessment of insulin resistance (HOMA-IR)
in adulthood [15]. OA offered significant protection against the
development of insulin resistance via the upregulation of adipo-
nectin levels by approximately 1.5-fold. Increased adiponectin
levels in neonatal OA-administered rats are indicative of increased
insulin sensitivity, hence, normalizing glucose levels compared to
HFD-fed rats with lower levels of adiponectin [80]. The same ob-
servation was reported for maternal genistein intake on the off-
spring’s glucose profile [70]. The progenies of genistein-supple-
mented dams experienced a pronounced improvement in the
glucose profile. A significant reduction was observed in glycemic
levels and insulin concentrations as well as HOMA-IR of the adult
offspring [70].

Supplementation with GSE to lactating dams also supported
the foregoing assertions regarding the benefits of these natural
products on glucose homeostasis. At days 90 and 180, the study
by Resende et al. [17] showed that while offspring of HFD-fed
dams without supplementation developed considerable resis-
tance to insulin, the reverse was the case for offspring from
HFD-fed dams supplemented with 0.6 g/kg GSE. High-perfor-
mance liquid chromatography analysis of the GSE identified four
different anthocyanins as its major phytochemical composition
responsible for the physiological activity [17]. S-allyl cysteine, ad-
ministered during the neonatal period for 15 days in rats, did not
alter insulin levels [97]. Another study by the same investigators
reported that s-allyl-cysteine produced an insulinotropic effect
immediately after the weaning period in the absence of a second
hit of fructose insult [98], thus demonstrating a time-bound ef-
fect of s-allyl-cysteine. The time-bound effect could also explain
the increased glucose levels observed in the offspring of HFD-fed
dams upon weaning in response to resveratrol intake [96]. In
separate studies, neonatal administration of UA [87] and HS ex-
tract [72] exhibited no prominent effect on the glucose profile
and HOMA-IR. Collectively, these results show that plant extracts
and phytochemicals may improve glucose metabolism by enhanc-
ing the sensitivity of target organs to insulin and the upregulation
of adiponectin levels, hence abating HFD-induced hyperglycemia.

Body weight, fat mass, and adiposity

Increased body weight and adiposity are potential risk factors for
the development of obesity. Since obesity is one of the principal
predisposing factors for MetS, increased consumption of certain
medicinal plants, fruits, vegetables, nuts, vegetable oils, and oth-
er rich sources of phytochemicals by expectant obese mothers
could substantially minimize the vulnerability of their offspring to
obesity in later life. Although limited studies are available to arrive
at this conclusion, some animal studies, as reported in » Table 2,
have established improved body weight and adiposity of offspring
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as well as overall metabolic activity following intervention by phy-
tochemical or medicinal plant extracts in obese dams or neonates.
Developmental events occurring in the neonatal period of altricial
species such as rats and mice are equivalent to the events occur-
ring in the third trimester of precocious species like humans [99].
Hence, neonatal studies in animals are translatable to the critical
window of developmental plasticity in humans.

Phytochemicals that have exhibited a demonstrable impact in
preventing a high-fructose or high-fat diet-induced increase in
body weight include resveratrol, oleanolic acid, quercetin, and ge-
nistein [15,70,95,96]. These phytochemicals were administered
to pregnant or lactating dams and their effects were subsequently
observed in the offspring. Alternatively, some of these phyto-
chemicals were given during the neonatal period and their effects
observed in later life after an HF or HFD challenge. On the con-
trary, curcumin, s-allyl cysteine, GTE, and HS have not been re-
ported to cause any significant changes in body weight [69,72,
97,100].

Maternal resveratrol supplementation reduced the birth
weight in offsprings of HFD-fed dams in mice [14]. A reduction
was also observed in white adipose tissue (WAT) but not in brown
adipose tissue (BAT) mass. Resveratrol was reported to stimulate
increased energy expenditure in BAT of HFD-fed offspring via the
activation of AMPKa and nicotinamide adenine dinucleotide-de-
pendent deacetylase sirtuin-1 (SIRT1) [14]. Resveratrol also pro-
moted thermogenesis by upregulating the expression of thermo-
genic genes (Prdm16, Cidea, ElovI3 and Pgcla, p-Ampka, and SirtT)
in inguinal WAT and epididymal WAT in the offspring. Hence, by
the mechanisms highlighted above, resveratrol protected against
obesity in the offspring of obese dams fed a HFD post-weaning. A
similar outcome was observed at weaning in a study by Ros et al.
[96] in which body weight was significantly decreased in the off-
spring following resveratrol supplementation in the dams. Ac-
cordingly, resveratrol reduced adiposity in subcutaneous adipose
tissue in male and female offspring and had a sex-dependent ef-
fect on visceral adipose tissue (VAT) [96]. However, resveratrol de-
creased VAT only in female offspring in the same study.

Furthermore, resveratrol was also found to prevent excessive
fat accumulation by downregulating adiponectin and fas, though
no significant change in SIRT1 levels was observed. OA adminis-
tration in neonatal rats prevented weight gain in adulthood fol-
lowing a high-fructose insult [15,101]. Oral administration of
quercetin to rat dams during pregnancy and lactation prevented
an HFD-induced increase in body weight in adult offspring [95].
The regulation of lipid metabolism at the level of transcription
and increased energy expenditure in BAT and WAT is therefore a
potential mechanism by which plant products program protec-
tion against obesity.

Hypertension

Adulthood hypertension can be programmed in response to a
suboptimal environment in early life [102]. Blood pressure is pri-
marily regulated by the kidneys. The developing kidney is vulner-
able to early-life insults which may produce renal programming
and programmed hypertension [103]. HFD intake, nitric oxide
(NO) deficiency, and oxidative stress have been implicated in the
developmental programming of hypertension [104, 105]. NO is a

vasodilator. Asymmetric dimethylarginine (ADMA), an endoge-
nous NO synthase inhibitor, plays a key role in the regulation of
NO-reactive oxygen species (ROS) balance [106]. An imbalance
between NO and ROS produces oxidative stress, which is involved
in the development of programmed hypertension [105]. Resver-
atrol supplementation (50 mg/L in drinking water) to rat dams
during pregnancy and lactation prevented hypertension via the
restoration of NO bioavailability (increased L-arginine to ADMA
ratio, increased NO,~ levels) and reduction of oxidative stress in
offspring of HDF plus bisphenol A induced hypertension in adult-
hood [107]. Similarly, supplementation of resveratrol during ges-
tation and lactation in rats prevents hypertension by reducing
oxidative stress and modulating gut microbial composition in off-
spring challenged with N-nitro-L-arginine-methyl ester treatment
and an HFD in prenatal and postnatal periods, respectively [108].

Apart from resveratrol, two plant extracts have been reported
to confer protection against programmed hypertension in differ-
ent programming models [17,109]. GSE prevented adulthood hy-
pertension in offspring born to high-fat-fed rat dams [17]. Euterpe
oleracea extract has been reported to prevent programmed hy-
pertension in adult offspring of low-protein-fed dams [109].
These findings further support the use of some medicinal plants
and phytochemicals to prevent adulthood hypertension of devel-
opmental origin.

Non-alcoholic fatty liver disease

A few studies have investigated the potential of plant products as
prophylactic agents against NAFLD in the context of metabolic
programming. This disease is characterized by pathological condi-
tions such as hepatic steatosis, non-alcoholic steatohepatitis
(NASH), and secondary complications such as hepatic fibrosis,
which may eventually lead to cirrhosis and hepatocellular carcino-
ma if not properly managed [110]. NASH is associated with lipid
peroxidation and production of free radicals that elicit inflamma-
tion and activate stellate cells in the liver, which collectively result
in fibrosis [111,112].

When neonatal Sprague-Dawley rats were administered
10 mg/kg of UA and fructose, followed by HF consumption in
adulthood, fructose-induced hepatic lipid accretion was sup-
pressed by UA compared to the control groups [87]. Similarly,
60 mg/kg of OA administered to suckling Sprague-Dawley rats
counteracted the adverse effects of an HF diet by significantly de-
creasing the hepatic lipid load [101]. In HF-fed adult Sprague-
Dawley rats of both sexes, curcumin, at 500 mg/kg body mass ad-
ministered during suckling, conferred protection against NASH
and lowered hepatic lipid accumulation in female, but not in the
male, rats [100]. In another study, neonatal administration of ge-
nistein for 5 days post-natal protected against HFD-induced he-
patic steatosis and NASH in adult rats [86]. Converging evidence
has apparently demonstrated the potential of phytochemicals as
prophylaxis against the development of NAFLD and, as such, may
serve as a natural strategic intervention in abating NAFLD in the
general populace.

Knowledge gaps and recommendations

This review provides an overview of the medicinal herbs and phy-
tochemicals with potential for use as reprogramming agents to

Ibrahim KG et al. Prophylactic Use of... Planta Med 2022; 88: 650-663 | © 2021. Thieme. All rights reserved. 659

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



@ Thieme

offset developmentally programmed MetS. Even though attempts
have been made to provide plausible explanations on how plant
extracts and phytochemicals could prevent programmed MetS,
there is little research about the interaction between these natu-
ral products and epigenetic marks in programming models. Epi-
genetic changes, given its importance in metabolic program-
ming, should be investigated to further understand the mecha-
nism of action of plants and phytochemicals in the prevention of
programmed MetS. There is also a need to assess toxicity and
evaluate safety doses of herbal medicines and phytochemicals in
humans. On the same basis, robust clinical trials with the aim of
developing natural product-enriched supplements to ascertain ef-
fective interventions during pregnancy and the early postnatal pe-
riod for the prevention of MetS and other chronic diseases are ur-
gently needed to juxtapose the claims from experimental animal
studies.

Conclusions

Ample experimental evidence indicates that medicinal plants and
phytochemicals confer a substantial degree of protection against
developmentally programmed MetS. It can be deduced that the
majority of these agents are potentially strong candidates for
mitigating the incidence of MetS and related NAFLD. Given their
unparalleled health benefits and negligible side effects, medicinal
plants and phytochemicals are on the path to transforming pro-
tective reprogramming against the development of MetS in indi-
viduals exposed to suboptimal conditions in the fetal and neonatal
periods.
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