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Abstract

Obesity is a major global public health concern, limiting socio-economic development and human productivity. As stud-
ies focus on finding sustainable solutions to this challenge, polyphenols have shown promising results and have become
a research focus. This is mainly because of associated lower risks of side effects with their use, compared to synthetic
pharmaceuticals. In this study, the anti-obesity potentials of dietary polyphenols have been reviewed. Using a narrative
approach, the biological activities of polyphenols and their influence on energy metabolism and mechanisms are discussed.
Specifically, their roles in insulin-dependent glucose uptake, insulin sensitivity, lipid metabolism and storage in adipocytes,
starch digestibility, and regulation of mitophagy and mitogenesis in muscle cells and adipocytes, were considered. After
considering the major findings of many related studies, it was confirmed that polyphenols can prevent and ameliorate obesity
by fighting insulin resistance (IR) induced by pro-inflammatory cytokines, scavenging reactive oxygen species (ROS) and
limiting their effects, and by regulating the expression and/or activity of key enzymes along relevant pathways. More human
studies are needed to reveal more about the anti-obesity effects of dietary polyphenols and their effective doses in humans.
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LDL Low density lipoprotein

HDL High density lipoprotein

RGPD Red grape pomace drink

AMPK AMP-activated protein kinase

PTBIB Protein tyrosine phosphatase 1B

LKBI1 Liver kinase B1

CaMKK Calcium/calmodulin-dependent protein

kinase kinase
RA Rosmarinic acid

IGF-1 Insulin-like growth factor 1

SREBP Sterol regulatory-element binding proteins

PPAR Peroxisome proliferator-activated receptors

G3P Glyceraldehyde 3-phosphate

GPDH Glycerol-3-phosphate dehydrogenase

HMG-CoA 3-Hydroxy-3-methylglutaryl coenzyme A

FABP4 Fatty acid binding protein 4

LXR-a Liver X receptor alpha

PGC-1 Peroxisome proliferator-activated receptor-
gamma coactivator-1lalpha

Ucpl Uncoupling protein 1

CIDEA Cell death-inducing DNA fragmentation fac-
tor alpha-like effector A

Tbx1 Tata-box protein 1

Cd137 Tumor necrosis factor receptor superfamily
member 9

BAT Beige adipose tissue

iWAT Inguinal white adipose tissues

SIRT1 Sirtuin 1

SCD 1 Stearoyl-Coenzyme A desaturase 1

ATP Adenosine triphosphate

NAD Nicotinamide adenine dinucleotide

FOXO03 Forkhead box O3

UNCS1 Autophagy-related serine/threonine kinase

ULK1 UNC-51-like kinase 1

PINK 1 PTEN induced putative kinase 1

PTEN A tumor suppressor phosphatase and tensin
homolog

ERK2 Mitogen-activated protein kinase 1
(MAPK1)

NAMPT Nicotinamide phosphoribosyltransferase

PKD Protein kinase D

Introduction

Obesity in humans is defined by an excessive accumulation
of fats in the body that presents health risks such as cardio-
vascular disease, diabetes and metabolic disorders among
others. Studies done from 1960—1962 through 2017—2018
showed that about 42.5% of adults were either obese or were
severely obese [1]. In Europe, an annual increase in the per-
centage of obese people has been observed [2]. Also, an
increase in the number of non-communicable diseases such
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as obesity, hypertension and diabetes has been observed in
Africa recently [3]. In Malawi, obesity was more prevalent
among urban dwellers than rural counterparts [3]. Besides
the negative health implications of obesity, it contributes
to economic burden on states and individual households,
worsening living conditions, poverty, and productivity [4].

Medication and lifestyle changes have been recommended
as ways of managing and treating obesity. Whereas the ear-
lier may present adverse side effects, the latter also poses a
challenge of discipline among others. These have led to a
global preference for the use of foods or natural compounds
in various forms. Recently, studies have found that, foods
rich in polyphenols, such as fruits, vegetables, herbal plant
materials, whole grains, and seeds, have the ability to influ-
ence the development of obesity. These polyphenols play
many roles in the prevention and management of obesity
[5]. For example, high dietary intake of polyphenols sig-
nificantly reduced body mass index (BMI) in women in The
Netherlands [6]. Another epidemiological study in Poland
found that, people who consumed up to or more than three
cups of tea a day had lower BMI and waist circumference
[7]. Several other epidemiological and clinical studies have
shown that polyphenols in tea, coffee, and wine, fight against
cancer, diabetes, neurodegenerative disorders, and obesity.
In a cross-sectional study, chlorogenic acid, a major poly-
phenol in coffee, reduced obesity and insulin resistance
(IR) in humans [8]. Epigallocatechin-3-0-gallate (EGCQG),
resveratrol (RSV), gallic acid (GA), and curcumin (CRC)
have shown anti-obesity potential in humans [9]. Extensive
literature on the anti-obesity effects of dietary polyphenols
in humans can be found in an earlier study [10].

The anti-obesity properties of dietary polyphenols dis-
cussed in this study cover some major metabolic activities
that influence energy homeostasis, notably glucose and
lipid metabolism, starch digestibility and absorption, and
mitochondrial homeostasis in humans. Polyphenols ame-
liorate obesity by reducing the amount of blood glucose in
circulation and glycogen synthesis in adipocytes. This is
done via up-regulation of insulin-dependent glucose uptake
and metabolism, and improved insulin sensitivity (IS) in
adipocytes. In lipid metabolism, dietary polyphenols aid
to convert white fat into brown fat with high thermogenic
properties [11]. They limit lipid digestion and absorption
from diets by complexing with lipids, and also alter hepatic
cholesterol homeostasis to reduce plasma lipid levels [12].
Dietary polyphenols also downregulate adipogenesis and
lipogenesis, but upregulate lipolysis. They are also able to
regulate mitochondrial homeostasis by altering the redox
state of cells to either upregulate mitophagy in metaboli-
cally aberrant cells, or stimulate mitogenesis through ROS
control, or induction of caloric restriction (CR). Moreover,
polyphenols limit carbohydrate digestion and absorption to
lower blood glucose levels. Also, polyphenol-rich starches
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are more resistant with lower glycemic indexes, compared
to others [13]. In order to manage or prevent obesity, it is
recommended to reduce carbohydrates and lipids intake and
increase dietary polyphenols consumption in foods.

In this study, the anti-obesity roles of dietary polyphenols
and mechanisms of action are discussed. Specific effects on
glucose and lipid metabolism, mitochondrial and energy
homeostasis, and starch digestion and absorption are also
reviewed, and recommendations for future studies are made.

Search Strategy and Selection of Studies

Electronic searches done using Scopus, Science Direct and
Web of Science databases were used to identify relevant
journal publications from January 2017 to June 2021. The
search terms were combinations of dietary polyphenols with
either obesity, overweight, hyperlipidemia, hyperinsuline-
mia, steatosis, or diabetes. The search terms used were in
English language. Titles and abstracts were used to screen
studies for full-text review. The inclusion criteria favored
studies that reported results on the effects of dietary poly-
phenols or polyphenols on: 1) insulin-dependent glucose
uptake in cells, 2) insulin sensitivity amelioration in adipo-
cytes, 3) mitochondrial homeostasis, 4) glucose and lipid
metabolism, 5) starch digestibility and absorption, and 6)
gut microflora/ microbiota. Out of 1071 initial references
for all mentioned databases, 109 studies were included after
duplicate removal and extensive screening.

Polyphenols and Energy Metabolism
Regulatory Mechanisms

Energy metabolism and obesity are strongly linked, bring-
ing glycolysis and lipolysis into perspective [14]. These two
mechanisms produce cellular energy via mitochondrial res-
piration. Efficient energy use and prevention of excess stor-
age in adipocytes is required to prevent obesity and attendant
challenges. Thus, an imbalance in energy metabolism, where
energy expenditure is less than energy production and stor-
age (positive energy balance), increases the risk of obesity.
To prevent or ameliorate obesity, dietary polyphenols have
become relevant in regulating glucose and lipid metabolism,
starch digestibility and absorption, and mitochondrial home-
ostasis in humans [15].

Influence on Cellular Glucose Uptake via
Insulin-Dependent Pathways

Satoh has outlined various mechanisms of insulin-dependent
cellular glucose uptake in skeletal muscles and adipocytes
[16, 17]. The role of dietary polyphenols in insulin mediated

signaling in cells, and the corresponding upregulation of
glucose uptake via kinases activation and/or phosphoryla-
tion, among other functions, are discussed in this section.
Glucose is made available through carbohydrate digestion
and absorption from the gut into the blood. Glucose catabo-
lism and oxidation is preceded by its absorption either via
insulin-dependent or non-dependent pathways. Pancreatic
beta (f) cells synthesize insulin to modulate glucose uptake
via its ability to regulate distribution and exocytosis of glu-
cose transporter (GLUT4) from glucose transporter storage
vesicles (GSV) to the plasma membrane for active glucose
transport into cells. Thus, insulin increases glucose uptake
principally by increasing plasma membrane concentration
of GLUT4 rather than increasing transporter activity [18].
A schematic representation of the insulin-dependent glucose
uptake mechanism is shown in Fig. 1.

Insulin resistance (IR) partly occurs as a result of inflam-
mation, via nuclear factor kappa B (NF-kB) and c-Jun N-ter-
minal kinase (JNK1/2) proinflammatory cytokines activation
by saturated fatty acids (SFA), or by tumor necrosis factor
alpha (TNFa) (Fig. 1). Under high cellular glucose concen-
tration and inflammation, NADPH oxidase (NOX) induces
elevated ROS generation, which may damage cells and limit
their functions [19]. For example, damage to pancreatic f
cells may upregulate insulin synthesis (hyperinsulinemia)
to sustain glucose uptake in response to insulin insensitivity.
These f cells may be permanently damaged at high levels
of proinflammatory cytokines and ROS, especially under
chronic conditions, resulting in hypoinsulinemia and glucose
intolerance. In conditions of high blood glucose concentra-
tion, insulin mediates the translocation of GLUT4 pools to
the plasma membrane via its receptor (IRS-1) by activat-
ing the phosphatidylinositol 3-kinase (PI3K)/Akt pathway
(Fig. 1). IR may also occur when ROS generated by NOX
inhibits nitric oxide (NO)-mediated vascular reactivity, con-
sequently limiting GLUT4 translocation from GSV [19]. It
should also be noted that, the activation of NF-kB/JINK1/2
pro-inflammatory cytokines inhibits the PI3K/Akt pathway,
resulting in hyperglycemia and glucose intolerance [17].

Meanwhile, polyphenols increase the ability of cells to
take up glucose for energy production via insulin-depend-
ent pathways. The antioxidant and anti-inflammatory
properties of dietary polyphenols prevent ROS-mediated
damage to pancreatic f§ cells and NO inhibition, conse-
quentially, preventing and/or ameliorating IR, glucose
intolerance and obesity [20]. Also, dietary polyphenols
activate the PI3K/Akt/endothelial NO synthase (eNOS)
pathway to induce NO production and GLUT4 transloca-
tion for increased glucose uptake (Fig. 1) [21]. Empiri-
cally, polyphenol-rich Molineria latifolia rthizome extract
increased glucose uptake via mTOR/Akt-induced GLUT4
translocation in adipocytes. Furthermore, dietary poly-
phenols from Calafate (Berberis microphylla) increased
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Fig. 1 Simplified mechanism
of insulin-dependent glucose
uptake by adipose or mus-
cle tissue and the regulatory
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glucose uptake by increasing insulin sensitivity in adipo-
cytes [22]. Xia et al. [23] also showed that polyphenol-
rich vinegar extract increased glucose uptake and break-
down in high glucose-induced insulin resistant HepG2
(IR-HepG?2) cells by inhibiting IRS-1 phosphorylation
and activating the PI3K/Akt pathway [23]. The extract
also reduced ROS generation and inhibited JNK cytokine
expression in the cells [23].

Although in vitro observations may not be confirmed
in in vivo experiments, some studies have reported poly-
phenols ability to increase insulin sensitivity and glucose
uptake in humans. In a human trial, healthy men, aged
between 20 and 40 years, were fed a red grape pomace
drink (RGPD) after which fasting blood samples were
tested for plasma glucose concentrations, insulin, triglyc-
eride and phenolic metabolites [24]. Although no signifi-
cant effects on glycemic and triglyceride responses were
observed, insulin sensitivity (Sy) index increased by 36%
[24]. Considering phenolic metabolites, GA levels corre-
lated positively with insulin sensitivity, showing that the
consumption of RGPD ameliorated IR in humans [24]. A
summary of some other studies on the effect of dietary
polyphenols on the insulin-dependent glucose uptake is
given in Table 1.

Moreover, naringenin, a citrus flavonoid, stimulated
glucose uptake in a dose- and time-dependent fashion.
This was due to AMPK activation, which depended on
the activation of liver kinase B1 (LKB1) and calmodulin-
dependent protein kinases (CaMKKs), and phosphorylation
[38]. Also, rosmarinic acid (RA) in rosemary polyphenol
extract activated AMPK via phosphorylation and increased
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glucose uptake in rat muscle cells in a manner comparable
to maximal insulin effects [25].

Influence of Dietary Polyphenols on Lipid
Metabolism and Storage in Adipocytes

Lipogenesis and Lipid Storage in Adipocytes

Lipogenesis occurs when acyl-CoA is not used in the
citric acid cycle to produce energy, but converted back
into fatty acids for storage in adipocytes (adipogenesis).
Also, when lipolysis is not favored, adipogenesis usually
occurs, potentially resulting in obesity. Several pathways
regulate these processes in both adipose tissues and skel-
etal muscles. The insulin- or insulin-like growth factor
(IGF-1)- dependent pathway, involving sterol regula-
tory element binding protein (SREBP), PI3K, peroxi-
some proliferator-activated receptors (PPAR) and Akt,
regulates lipid metabolism (Fig. 2) [39]. Also, the pro-
inflammatory TNF-a—JNK/NF-kB elements induce IR
and hyperglycemia, damage pancreatic # cells, cause
hyperinsulinemia and/ or hypoinsulinemia, and reduce
GLUT4 translocation. When IR is induced, new adipo-
cytes are recruited to store excess energy by converting
glucose into triglycerides through glycerol-3-phosphate
(G3P) via the activity of aldolase and G3P dehydroge-
nase (GPDH), or by hepatic conversion of fatty acyl-
CoA into triglycerides (Fig. 2) [9]. Inflammation also
favors lipogenesis and adipogenesis by inhibiting PI3K-
Akt- mediated PPAR expression/activity (Fig. 2). Free
fatty acids (FFA) can also be converted into triglycerides



Plant Foods for Human Nutrition

Table 1 A summary on the roles of dietary polyphenols on glucose metabolism

Tested biomolecule Source Summary of result Reference

Rosmarinic acid Rosemary plant Rosmarinic acid activated AMP-activated protein kinase (AMPK) and increased [25]
skeletal muscle glucose uptake in L6 rats

Caffeic acid Coffee beans Caffeic acid improved insulin-independent glucose transport by increasing AMPK  [26]
activity in rats

Polyphenols Marine brown algae Inhibited a-glucosidase and a-amylase activity, increased glucose uptake, inhib-  [27]
ited protein tyrosine phosphatase 1B (PTP 1B) and increased insulin sensitivity
in type 2 diabetic mice

Polyphenols Cinnamomum cassia bark ~ Reduced blood sugar levels in Wistar rats [28]

Polyphenols Red grapes AMPK activated by resveratrol, EGCG, berberine, and quercetin [29]

Polyphenols Various plants Regulated glucose and lipid homeostasis [30]

Polyphenols Green tea Increased serum insulin levels and increased glucose uptake in obese mice [31]

Polyphenols Myrciaria jaboticaba peel  Increased insulin sensitivity and reduced blood glucose concentration in humans  [32]

Polyphenols Barley sprout Increased AMPK activity and enhanced cholesterol and glucose metabolism in [33]
vitro and in vivo

Polyphenols Rutgers Scarlet lettuce Increased glucose uptake and reduced liver lipid accumulation in obese mice [34]

Polyphenols Red grape pomace Increased inulin sensitivity by 36% after red grape pomace polyphenol administra- [24]
tion in humans

Polyphenols Apple (Malus domestica Promoted glycogen synthesis, inhibited gluconeogenesis, improved insulin resist-  [35]

Borkh. cv. Red Fuji) ance, and improved mitochondrial function

Flavonoids Enicostema littorale blume Enhanced glucose uptake in IR-HepG2 cells by activating the IRS-1/PI3K/Akt [36]
pathway

Polyphenols Molineria latifolia thizome Improved glucose uptake via mTOR/Akt-activated GLUT4 translocation [37]

Polyphenols Calafate extract Increased glucose tolerance in high-fat-fed mice [22]

Fig.2 Modified sketch of Insulin
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and stored in adipocytes in the presence of excess glu-
cose. By limiting glycolysis through reduction in GLUT4
translocation as a result of PI3K-Akt pathway inhibition
by JNK/NF-kB cytokines, acetyl-CoA from malonyl-CoA
and glucose, is converted into cholesterol by HMG-CoA
reductases and kinases and stored in adipocytes (Fig. 2)
[39].

The benefits of dietary polyphenols are seen in their
ability to regulate lipid metabolism and storage in

adipocytes through many diverse pathways. According
to Ali et al. [45], cocoa polyphenols alleviated obesity-
induced liver steatosis by increasing lipolysis and inhibit-
ing lipogenesis in obese rats [45]. Pomegranate polyphe-
nols also reduced triglyceride accumulation and inhibited
adipogenesis by reducing the expression of adipogenic
genes, such as adiponectin, nuclear receptor, PPARY, and
fatty acid binding protein (FABP4) in adipocytes [40]
(Fig. 2).
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Studies have shown that dietary polyphenols are natu-
ral ligands of PPAR-a and LXR-«a in vitro, which sug-
gests that polyphenols may regulate lipolytic pathways
[45]. Epigallocatechin gallate, capsaicin, curcumin,
quercetin and resveratrol increased lipolysis and induced
fatty acid (FA) p-oxidation by modulating PPARy coac-
tivator-1 (PGC-1), hormone-sensitive lipase, carnitine
acyl transferase and acetyl-coA carboxylase (Fig. 2)
[44]. Also, dietary polyphenols increased the levels of
beige adipocytes, thereby reducing adipocyte density
[46]. For example, thermogenic adaptations were induced
in inguinal white adipose tissue [47] by apple polyphe-
nols which upregulated the expression of genes selec-
tively encoding beige adipocytes (Ucpl, CIDEA, Tbxl1,
Cd137) and increased the activities of mitochondrial oxi-
dative phosphorylation enzymes [46]. Resveratrol also
stimulated cellular energy expenditure and reduced the
accumulation of iWAT through the formation of beige
adipose tissue (BAT) [48]. Also, vanillic acid acceler-
ated thermogenesis and the biosynthesis of mitochondria
in both BAT and iWAT in high-fat-fed mice [49]. This
was partly facilitated by activating interscapular BAT,
shown in increased Ucpl expression. Thus, obesity and
lipid deposition in adipocytes can be reduced by dietary
polyphenols through the induction of BAT. For example,
immature Citrus reticulata water extract, rich in polyphe-
nols, was found to markedly reduce obesity in high-fat-
fed mice via conversion of iWAT into BAT [50]. Moreo-
ver, the role of polyphenols on gut microbiota-dependent
lipid metabolism cannot be overemphasized [43]. Gut
microbiota metabolize dietary polyphenols to produce
small bioactive compounds and molecules, which in turn

Table 2 The roles of polyphenols on lipid metabolism

influence the manner in which these microorganisms reg-
ulate host lipid metabolism in a symbiotic relationship
[43, 51]. When resveratrol-gut microbiota were trans-
planted into high-fat diet-fed mice, iWAT were converted
into BAT and as well improved lipid metabolism [11].
Dietary polyphenols also reduced plasma lipid levels and
endotoxemia. They further increased macrophage recruit-
ment into adipose tissues and significantly reduced the
buildup of cholesterol and cholesterol oxides in adipo-
cytes in obese mice [52].

Moreover, a placebo-controlled, double-blind, ran-
domized clinical trial showed that dietary polyphenols
might reduce the risks of cardiovascular disease and ath-
erosclerosis by reducing triglyceride levels in humans
[53]. Also, diet-induced obesity in mice was prevented
by flavonoids from Scutellaria baicalensis due to their
ability to accelerate lipid oxidation [54]. The improve-
ments observed in lipid metabolism in obese mice, and
the mechanisms involved might be associated with the
NAD-dependent deacetylase sirtuin-1 (SIRT1)/AMPK
pathway [55].

Nonetheless, phenolic acids also reduced body weight
and increased lipid oxidation in mice by regulating insu-
lin, leptin, and adiponectin [56]. In another study, phe-
nolic acids ameliorated obesity and related metabolic
disorders through the down-regulation of fatty acid syn-
thase (FAS), SREBP1, and stearyl coenzyme A desat-
urase 1 (SCD1) [43] (Fig. 2). Also, glucose and lipid
homeostasis were improved by ferulic acid in high-fat
diet-induced obese mice due to its ability to downregu-
late liver gluconeogenesis proteins (phosphoenolpyru-
vate carboxylase (PEPCK) and glucose-6-phosphatase

Tested biomolecule Source Result

Reference

Polyphenol extract Rosa rugosa Thunb

Improved hepatic steatosis and liver function by induction of AMPK signaling in  [58]

the control of dyslipidemia

Polyphenols

Polyphenols Annurca apple flesh

Rutgers Scarlet lettuce Lowered liver to body weight ratio and decreased total liver lipids in diet-induced [34]
obese C57BL/6 mice

Inhibited lipase activity, enhanced low density lipoprotein (LDL) receptor bind- ~ [59]

ing activity and increased high density lipoprotein (HDL) levels liver cancer

cell lines
Oligomeric procyanidins Apple

May reduce hypertriacylglycerolemia by inhibiting pancreatic lipase to reduce [60]

triglyceride absorption

Polyphenols Annurca apple Decreased cholesterol uptake in human liver cancer cells [61]
Polyphenols Various plants Polyphenols can affect lipid homeostasis through multiple mechanisms [30]
Polyphenols Various plants Regulated lipid metabolism and attenuated dyslipidemia and insulin resistance [62]
Polyphenols Apple Converted white adipose tissues (WAT) to beige adipose tissues (BAT) [46]
Polyphenols Citrus reticulata Induced browning of WAT [50]
Resveratrol Grapes Stimulated energy expenditure and increased BAT [48]
Vanillic acid Grapes Accelerated thermogenesis and mitogenesis in both BAT and WAT in high-fat fed [49]

mice
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(G6Pase)) expression [57]. Many other evidences of the
effects of polyphenols on lipid metabolism are summa-
rized in Table 2.

Polyphenols and Mitochondrial Homeostasis
and Energy Metabolism

Mitochondrial Homeostasis through Mitogenesis
and Mitophagy

The uptake of glucose and its subsequent use in energy
generation, are closely linked to mitochondrial activity in
cells. The inability of cells to produce energy from respira-
tion implies residual glucose in blood and adipogenesis,
hence obesity development. With other normal cellular
functions, when mitochondria efficiently function and
regulate energy metabolism and homeostasis, metabolic
disorders can be prevented and/or managed.
Mitochondrial quality control and homeostasis in living
things depend on autophagy of dysfunctional mitochon-
dria and biogenesis to replace degraded ones. Malfunc-
tioning mitochondria, through a cascade of pathway reac-
tions, undergo mitophagy induced by either polyphenols
(i.e., acting as pro-oxidants) and/or ROS [63]. The tight

Polyphenols
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v
CAMKKB-—__ o ZB TN AD* S
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» PGC-10/FOXC2_ H

correlation between the degradation and biogenesis of
mitochondria can dysregulate due to ageing, and this is a
major cause of metabolic imbalance and related disorders
[64]. At the molecular level, aberrant and dysfunctional
mitochondria, which are common among the aged, and also
among sedentary people, are a common reason behind the
development of obesity [65]. Exercise and active lifestyle
have been cited to improve mitochondrial homeostasis in
humans by increasing the rate of mitogenesis in muscle
cells to revamp efficient respiration [66].

The Role of Polyphenols in Mitochondrial
Homeostasis

The effects of dietary polyphenols on mitophagy and
mitogenesis through the induction of caloric restriction
(CR) in mitochondria have been given attention in recent
times [67]. Dietary polyphenols have shown CR mimetic
properties, which influence mitochondria homeostasis by
inducing molecular mechanisms that regulate mitophagy
and mitogenesis pathways (Fig. 3) [68]. The expression
of mitogenesis-related genes is required for mitochondrial
biogenesis. These genetic mechanisms are controlled by
PGCl1-a, the best-known mediator for mitogenesis, and

Mitochondrial genes

NRFs
ERRs

Mitochondrial
biogenesis
~

IRT1

M i N F
Autophagy K Polyphenols

(pro-oxidants)

(Mitophagy)

X _, Ros

Fig. 3 Modified molecular pathways to mitogenesis and mitophagy.
(A) AMPK mediates two responses that promote mitophagy by acti-
vating ULK-1/2 (broken black), and mitogenesis by activating PGC-
la (solid black). (B) AMPK increases NAD +levels and enhances
SIRT1 activity (solid wine). SIRT1 deacetylates PGC-1a, inducing
mitogenesis (broken wine). (C) Increased cytoplasmic Ca®* lev-
els activate CaMK, which phosphorylates PGC-1a (solid green) to
promote mitogenesis and induce mitophagy via CAMKKp/AMPK
activation (broken green). (D) PKD is either activated to promote
mitogenesis through NF-kB activation (broken ash) or autophagy in
response to high ROS levels in mitochondria (solid ash). (E) Polyphe-
nols which act as antioxidants activate PGC-1a to promote mitogene-

sis (broken purple). (F) Polyphenols which act as pro-oxidants induce
mitophagy mediated by PKD indirectly via ROS generation (solid
purple). (G) Activation of AMPK by polyphenols (broken blue).
(H) Inhibition of mitogenesis through pro-inflammatory cytokines
inhibition (broken light green) [39]. (I, J) CR induces AMPK which
induces increased NAD* to promote mitogenesis through SIRT-1
induced PGC-1 a /FOXO3 pathway activation [42, 69]. (K, L) Pro-
oxidant polyphenols can directly induce mitophagy (K) or inhibit
PI3K-Akt pathway directly or indirectly through NF-kB, which also
limits NO-induced GLUT4 translocation and glucose intake (L).
Source: Modification of diagram from an earlier study [63] using
information from other studies [39, 42, 68-72]

@ Springer



Plant Foods for Human Nutrition

which can be activated by dietary polyphenol-induced CR
[68]. During CR, adenosine triphosphate (ATP) depletion
activates AMPK, which also increases cellular NAD™ levels
(Fig. 3) [68]. Consequentially, increased cellular NAD™ lev-
els activate SIRT1, a NAD*-dependent enzyme that deacety-
lates PGC1-a and FOXO3, which also promotes mitogen-
esis [42]. Conversely, nutrient-depletion-activated AMPK
promotes mitophagy in aberrant cells by inhibiting mTOR
and activating UNC-51-like kinase 1 (ULK1) (Fig. 3). The
canonical mitophagy mechanism in both muscle tissues and
adipocytes is regulated by PTEN-induced kinase 1 (PINK1)
and the cytosolic E3 ubiquitin ligase Parkin [41]. Detailed
description of the pathways involved in mitophagy and
mitogenesis are available in an earlier study [68].

The mitophagy-promoting properties of some poly-
phenols have also been studied. For example, resveratrol
from red grapes has been reported to induce mitophagy in
rat cardiac muscles by increasing SIRT3, FOXO3, PINK1,
and Parkin activities [70]. The flavonoid, quercetin also
induced mitophagy in mice liver cells by increasing FOXO3,
AMPK, ERK?2 and Parkin activities [71]. With keen interest,
increased lipolysis has been observed to positively correlate
with increased mitophagy in adipocytes, a phenomenon that
may aid the fight against adipogenesis and obesity. Adipo-
cytes are important when discussing whole-body energy
homeostasis regulation, and advancement in this research
area, especially regarding their autophagy, may provide new
insights for the management of obesity, diabetes and other
related metabolic disorders.

In addition, dietary polyphenols have been shown to acti-
vate SIRT1 directly or indirectly in a variety of models, in
vitro and in vivo [72]. This has been found to essentially
regulate key mechanisms such as CR, ROS generation,
inflammation, mitochondrial homeostasis, adipogenesis, and
many other cellular metabolic functions [72]. For example,
resveratrol and quercetin activated SIRT1 indirectly via nic-
otinamide phosphoribosyltransferase (NAMPT) and AMPK
activation, similar to CR-induced activation of AMPK. This
may either induce mitophagy via ULK-1/2 activation, or
mitogenesis via the SIRT1-PGC1-a pathway (Fig. 3) [69].
Increased oxidative stress, coupled with heightened deple-
tion in NAD™, limits the activation of the AMPK-SIRT1
pathway, hence the induction of mitophagy and blockage
of the SIRT1-PGCl-a pathway-dependent mitogenesis
(Fig. 3) [69], a phenomenon that may limit adipogenesis
and enhance lipolysis.

The Effect of Dietary Polyphenols on Starch
Digestion and Transport

Polyphenols have been shown to increase blood glucose

uptake in skeletal muscle cells [25], but also limit the digest-
ibility of starches by inhibiting a-amylase activity as a way
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of regulating blood glucose levels [73]. According to recent
studies, the fraction of starches not digested by a-amylase
were higher in polyphenol-rich pigmented sorghum than in
the white variety [73]. This difference was attributed to the
amounts of polyphenols, specifically, tannins they contained.
In another study, it was found that dietary polyphenols
increased the resistant starch content of starchy materials
and changed their rheological properties, thereby retard-
ing and/or inhibiting their digestion and absorption [74].
Further studies revealed that the anti-a amylase activity of
polyphenols was due to their ability to bind the enzyme and
prevent starch accessibility [27]. Another study showed that,
co-digesting bread with berry phenolic extracts significantly
(p <0.05) reduced the rate and extent of starch digestion up
to 61% [75]. Also, when lotus seed starch was complexed
with green tea polyphenols (GTP), its physicochemical prop-
erties were influenced, such that, digestibility was reduced
due to the formation of C-type crystalline structures and
V-type inclusion complexes [75]. It was observed in a
dynamic in vitro rat stomach—duodenum (DIVRSD) model
that the V-type complexes on starch granule surfaces acted
as a barrier against enzyme—substrate interaction, display-
ing a strong resistance to enzyme activity [75]. According
to others, dietary polyphenols interfered with starch diges-
tion by binding or inhibiting a-amylase- and a-glucosidase-
dependent conversions of starch to maltooligosaccharides
and glucose, respectively (Fig. 4) [74]. Polyphenols also
induce insulin sensitivity and increase glucose uptake from
blood into cells by activating PI3K/Akt-eNOS translocation
of GLUT4 from GSV to the cellular plasma membrane for
glucose transport [17, 19, 21].

Conclusion

Obesity is associated with energy metabolic disorder, and
dietary polyphenols have shown some potential that can
be further exploited. Among other biological anti-obesity
activities, dietary polyphenols have been shown to stimu-
late glucose uptake in cells by enhancing insulin sensitivity
in insulin-dependent pathways. Dietary polyphenols have
also influenced lipid metabolism by limiting lipid absorption
from diets. They have also mediated the conversion of iWAT
to BAT to induce increased lipolysis rate, and reduce blood
triglyceride levels. Concerning their role in energy home-
ostasis, dietary polyphenols have also played key roles in
regulating mitogenesis and mitophagy in cells. By mimick-
ing CR in cells, dietary polyphenols induce the translation of
proteins that regulate mitophagy and mitogenesis pathways.
They also modulate oxidative stress-related processes that
enhance mitochondrial integrity and energy homeostasis in
cells.
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Fig. 4 Modified schematic rep-
resentation of how polyphenols

regulate starch digestion and -

absorption by binding, inhibit-
ing or stimulating key enzymes VA
and pathways [74]. Source:
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Furthermore, the co-digestion and co-ingestion of die-
tary polyphenols with starchy foods, and their interaction
with gut-microflora, have been associated with reduced
starch digestion and reduced starch glycemic index (GI),
due to increased content of resistant component and
a-amylase inactivation. Dietary polyphenols also limit
the transport of glucose from the lumen of intestines and
stimulate glucose uptake from the blood into cells. Being
able to increase blood glucose uptake via AMPK and
SIRT1 activation and other insulin-dependent pathways
means reduced cellular dependence on insulin, whereas,
limiting the digestibility and GI of starches culminates
in lower influx of glucose after carbohydrate ingestion.
These are promising findings that have the potential to
offer great aid to the fight against obesity and diabetes
in humans.

Future studies are needed to further identify specific
factors that influence the anti-obesity properties of poly-
phenols in vivo, especially in humans, due to the limited
number of studies. Particular attention on how different
tissues, organs, and individual health statuses influence the
anti-obesity activities of polyphenols must be considered
along gender and occupational factors. Further investiga-
tion into the relationship between polyphenol structure
and function is also needed to understand the mechanisms
involved in the anti-obesity effects of dietary polyphenols
in humans.
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