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1 | INTRODUCTION

Glucolipidosis is characterized by disorders of glucose and lipid
metabolism involving multiple body organs, with hyperglycemia, dys-
lipidemia, fatty liver disease, overweight, hypertension, atheroscle-
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Abstract

Autophagy is a complex self-degrading process, and its imbalance adversely affects
local (metabolically active organs) or systemic metabolism, resulting in metabolic dys-
function correlated with obesity, fatty liver, and type 2 diabetes. Polyphenols are
plant secondary metabolites and their ingestion may offer beneficial effects on bio-
logical processes, including cell proliferation, cell cycle, apoptosis and autophagy. In
this review, the effects of plant-based polyphenols on autophagy and the underlying
mechanisms in the regulation of glucolipid metabolic diseases (GLMDs) are examined
in the context of potential health benefits. The available evidence, mainly from animal
models, strongly supports that polyphenols improve the metabolic functions of differ-
ent organs by acting on various molecular targets related to autophagic flux. Multiple
autophagic pathways, including cAMP, AMPK, MAPK, AKT, SIRT1, PI3K, Nrf2/HO-
1, PINK1/Parkin, PPARS, and miRNAs have been implicated in the improvement of
GLMDs by polyphenols. Moreover, the potential utilization of polyphenol-meditated
autophagy in the food industry was discussed. The current review provides a com-
prehensive understanding of the prospective role and mechanisms of polyphenol-
regulated autophagy in GLMDs and opens up future insights into its application to the
healthcare and food industries.
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rosis, and cardiovascular disease as the main clinical manifestations
(Gowd et al., 2019). Glucolipid metabolic diseases (GLMDs), particu-
larly obesity and diabetes, have emerged as a predominant and growing
public health problems worldwide. Although multiple lines of epidemi-
ologic and laboratory research have been carried out to investigate
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GLMDs, the potential causes remain unclear owing to the complexity
of the syndrome. Numerous contributors involving genetic, environ-
mental, and psychiatric factors, such as neuroendocrine dysfunction,
insulin resistance, oxidative stress, inflammation, and dysbiosis of the
gut bacteria are core to the pathology of GLMDs (Guo, 2017). Cur-
rently, etiological mechanisms such as oxidative stress, inflammation,
apoptosis, lipotoxicity, and sympathetic overflow of catecholamines
are responsible for GLMDs (Feng et al., 2017; Oda, 2012; Sciarretta
et al,, 2012). Importantly, abnormalities of autophagy have also been
discovered as a crucial factor affecting metabolic reactions and energy
homeostasis.

Classic autophagy is characterized by the production of double-
membrane autophagosomes comprising cytoplasm, ribosomes, and
other organelles by utilizing ubiquitin-like cascades of autophagy-
associated genes (ATGs). In turn, autophagosomes eventually combine
with lysosomes, where their contents are degraded (He & Klionsky,
2009). This cellular waste-eliminating process can be triggered by
a wide range of factors, such as nutritional deprivation, oxidative
stress, and DNA damage (Zachari & Ganley, 2017). Although base-
line autophagy is required for the maintenance of cellular and whole
organism homeostasis, alterations in autophagy, either increases or
decreases, leads to the development of many pathological conditions,
including obesity, diabetes mellitus, and cardiovascular problems (Lim
et al., 2018). The lack of autophagy in the liver results in larger, more
abundant lipid droplets, higher levels of triglycerides and cholesterol,
as well as larger liver size. In contrast to its role in clearing lipid droplets
from the liver, autophagy is responsible for the production of large lipid
droplets in white adipose tissue (WAT) (Rabinowitz & White, 2010).

Some drugs that can modulate autophagy have been granted
approval for human clinical applications (e.g., rapamycin, carba-
mazepine, cisplatin, chloroquine). The lack of specificity and organ or
cellular selectivity of these compounds has led to significant limita-
tions in their application (Lavallard et al., 2012). In view of this, natural
products represent a promising therapeutic strategy in the search
for effective drug candidates for controlling autophagy. Polyphenols
are an important group of secondary metabolites that can be classi-
fied into four types: flavonoids, phenolic acids, stilbenes, and lignans,
which are found in a variety of foods including fruits, herbs, vegeta-
bles, tea, wine, and cereals (Fu et al., 2021; Hu et al., 2020; Wang
et al., 2021b). Despite their well-established antioxidative proper-
ties, current research has indicated other mechanisms through which
polyphenols exhibit health benefits. The regulation of autophagy by
polyphenols to benefit human health has become an important new
area of research focus (Figure 1). The actions of various polyphenols
in the regulation of multiple metabolic ilinesses, including obesity, dia-
betes, and fatty liver, involve autophagy modulation (Garcia-Aguilar
et al,, 2021; Liu et al,, 2017). In this review, we emphasize the spe-
cific metabolic roles of polyphenols by the regulation of autophagy
in metabolically active organs and highlight their interactions with
signaling pathways involved in various GLMDs. The potential applica-
tions of polyphenol-regulated autophagy in the food industry are also

discussed.

2 | OVERVIEW OF AUTOPHAGY AND GLMDs

Autophagy is a self-digestion process that occurs in eukaryotes and
is classified into three main types; macroautophagy, microautophagy,
and chaperone-mediated autophagy (CMA) (Menna-Barreto, 2016).
Microautophagy refers to the process of direct phagocytic degrada-
tion of endosomes through lysosomes or late endosomes in three
main ways: invagination, protrusion, and septation of the lysosome
membrane. Macroautophagy initiation results in partial sequestra-
tion of cytoplasm into a newly formed double-membrane vesicle,
known as the autophagosome. The autophagosome then fuses with
the lysosome, releasing the inner vesicle into the lumen. In either
case, the inner membrane of the autophagosome is degraded along
with the encapsulated contents. The resulting macromolecules are
released into the cytoplasm for recirculation via lysosomal mem-
brane permease. Unlike the former two types of autophagy, CMA
avoids using vesicles and is highly selective, with autophagosomes
entering the lysosome as a complex facilitated by chaperone pro-
tein Hsc-70 through the lysosomal-associated membrane protein 2A
(LAMP-2A) receptor (Giampieri et al., 2019). In this review, we focus
on macroautophagy due to its significant contribution to human
health and disease (for simplicity, the term “autophagy” refers to
macroautophagy, unless otherwise stated). Approximately 30 mam-
malian homologs of yeast autophagy-associated proteins (Atg) have
been identified, which are responsible for the initiation and expan-
sion of the isolation membrane (Liu et al., 2017). Autophagy involves
five key processes: (1) formation of autophagic vesicles (phagophore)
by activating the ULK1-Atg13-FIP200 complex; (2) formation of the
Atg5-Atgl12-Atg16L complex and fusion with autophagic vesicles; (3)
conversion of microtubule-associated protein light chain 3 (LC3) from
soluble LC3-Ito lipid bound LC3-1l, which then binds to autophagic vesi-
cles to form autophagosomes; (4) autophagosomes capture proteins
and organelles requiring degradation or removal; (5) autophagosomes
subsequently fuse with late endosomes and/or lysosomes, mature into
an autolysosome, in which the endosome and contents are degraded
(Figure 2). In the autophagic process, a variety of cargoes, includ-
ing lipids (lipophagy), glycogen (glycophagy), peroxisomes (pexophagy),
mitochondria (mitophagy), nucleus (nucleophagy), endoplasmic retic-
ulum (reticulophagy), and microbes (xenophagy), can be eliminated,
which is beneficial for the maintenance of cell homeostasis. The
autophagic rate of protein degradation is estimated to be 10% of cel-
lular protein content per day (Rabinowitz & White, 2010), and the
dyshomeostasis of autophagy may have an unfavorable impact on
local (metabolically active organ) or systemic metabolism, leading to
metabolic dysfunction linked to obesity, insulin resistance, type 2 dia-
betes, atherosclerosis, and so on. Evidence suggests that autophagy
deficiency can inhibit obesity, which was observed in adipose tis-
sues, liver, and skeletal muscle (Ma et al., 2013; Menikdiwela et al.,
2020; Zhang et al., 2009). In contrast, autophagy deficits may lead to
metabolic dysregulation and obesogenesis, as shown in BV2 cells and
microglia of the adult mouse brain, with Atg5 deletion found to be asso-
ciated with inhibition of lipid droplet mobilization (Mau et al., 2022;
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FIGURE 1 VOSviewer cooccurrence overlay visualization (A) and density visualization (B) of the most frequent keywords (minimum of five
occurrences) of “polyphenol & autophagy” research (Web of Science Core Collection).

Xu et al., 2021b). It is uncertain whether autophagy is augmented or
inhibited in obesity, or whether alterations in autophagy are a direct
consequence of elevated lipid content or a compensatory response to
reconcile lipid spillage. Moreover, autophagy serves a dual function

in the cardiovascular system to maintain healthy cardiac homeostasis.

The autophagy response may either inhibit or promote disease devel-
opment based on the intensity and duration of the stimulus (external
or internal). Activation of autophagy in the heart of diabetic mice has
been implicated in diastolic dysfunction and pathology. In contrast,

several preclinical surveys have shown that autophagy inhibition is an

85U80|7 SUOWILIOD BAI1ea1D) 8|cedl|dde ayy A peusenob afe sajolle YO SN JO Sa|nJ o Areiq1T 81U AB|IA UO (SUONIPUOO-pUE-SULBY/LID" A3 | 1M ARe.d [l [UO//SdNL) SUORIPUOD Pue SWie | 8U1 8eS *[£202/50/72] Uo ARiqiTaulluo A8|IM ‘188 L AQ SSZ'214/200T OT/I0p/Wo A3 1M Akead 1 jeuluo//sdny wiouy pepeojumod ‘0 ‘62y8Ev9Z



WANGET AL.

=l
14 b

 ULKI-Aglol
FIP200-Atg13

 ULKI1-Atgl01 _/‘/
\\ -FIP200-Atg13
===

FIGURE 2 The process and regulatory mechanisms of autophagy (Li et al., 2019a; Li & Chen, 2019; Wang et al., 2019; Yang & Liang, 2015). The
figure was generated using Science Slides 2006 software. Autophagy involves five steps: formation of phagophore, phagophore elongation,
appearance of autophagosome, formation of autolysosome, and degradation. Under normal conditions, activity of autophagy is kept at a higher
level in order to maintain cellular homeostasis via the clearance, degradation, and recycling of cytoplasmic long-lived proteins and damaged
organelles. Under obese-diabetic condition, high glucose/fat causes marked changes in autophagy activity mainly through nutrient-sensing
pathways, including AMPK, MAPK, AKT, PI3K-1/11l, mTOR, SIRT1, PINK1/Parkin, NRF2, PPARS, and miRNA, resulting in aberrant protein
degradation and may contribute to the pathogenesis of GLMDs. AMPK, AMP-activated protein kinase; AKT, protein kinase B; ER, endoplasmic
reticulum; ERK, extracellular signal-regulated kinase; JNK, c-JUN NH2-terminal protein kinase; MAPK, mitogen-activated protein kinase; miRNA,
MicroRNA; mTOR, mammalian target of rapamycin; Nrf2, nuclear factor erythroid 2 (NF-E2)-related factor 2; PE, phosphatidylethanolamine;
PPARS, peroxisome proliferator-activated receptor delta; PI3K, phosphatidylinositol-3-kinase; PINK1, PTEN-induced kinase 1; SIRT1, Sirtuin 1.

adaptive response that exhibits a preventive effect on diabetic car-
diomyopathy (Dewanjee et al., 2021). These different observations
reveal an increasing awareness of autophagy’s therapeutic potential,
which is critical for the management and treatment of metabolic ill-
nesses such as diabetes, obesity, insulin resistance, and cardiovascular
disease.

3 | POLYPHENOLS AND TISSUE-SPECIFIC
AUTOPHAGY ALTERATIONS

The health benefits of plant polyphenols, some of which are high-
lighted in the so-called Mediterranean diet, are due to epigenetic
and biological modifications, including autophagy initiation or termi-
nation (Rigacci et al., 2015). Autophagy has been increasingly linked
to the pathology of numerous metabolic organs, including pancre-
atic islets, liver, adipose tissue, and skeletal muscle, and is associated
with GLMDs such as obesity, diabetes, and insulin resistance (Rocchi
& He, 2015). Recent studies have highlighted the cross-talk between
polyphenols and autophagy, with potential implications for obesity-
related metabolic phenotypes. The changes in autophagy induced by
polyphenols on metabolic organs during overnutrition and obesity are
discussed in detail below (Table 1).

3.1 | Adipose

Mammals have three types of adipose tissue: WAT, brown adipose tis-
sue (BAT), and beige adipose tissue (BeAT) (Wang et al., 2021b). WAT
is mainly composed of unilocular white adipocytes containing a single,
large lipid droplet. BAT features multiple smaller lipid droplets and spe-
cializes in energy burning and adaptative thermogenesis due to its high
content of uncoupling protein (UCP1) in the mitochondrial inner mem-
brane (Hu et al., 2020). BeAT is observed intermingled in WAT depots
in response to cold exposure or pharmacological agents and presents
with similar functions to BAT (Wang et al., 2021b).

The size enlargement (hypertrophy) and/or the increase in number
(hyperplasia) of white adipocytes results in excessive fat accumula-
tion with obesity (Shin, 2020). Evidence suggests autophagy is one
of the major factors involved in adipocyte differentiation. For exam-
ple, genetic deletion of autophagy-related proteins (e.g., Atg5 or Atg7)
markedly represses white adipocyte differentiation (Baerga et al.,
2009; Zhang et al., 2009). In addition, treatment of mouse white
adipocytes (3T3-L1 cells) or human wharton's jelly-derived mesenchy-
mal stem cells (WJ-MSCs) with carvacrol, a monoterpene phenol that
occurs in various essential oils, reduces adipogenic differentiation, and
this inhibitory effect is related to its ability to reduce autophagy (Spal-
letta et al., 2018). During the differentiation of 3T3-L1 cells, treatment

95U8917 SUOWILLIOD SAIIERID 9|cedljdde ay) Ag pauieAob aJe Sajole O '9SN Jo S9N oy Aleud 1 8uljuo A3|IM UO (SUOTIPUOI-pUe-SWULBYWID" A8 1M ARelq1BulJUD//:SANY) SUONIPUOD pue SWs | aU) 89S *[£202/50/v2] Uo Arelqiaulluo A8|IM 1591 Ad GG2'2)/200T OT/I0p/u0d A3 1M Alelq Ul |uoy/:sdiy woJj papeoumod ‘0 ‘6285792



26438429, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/ft2.255 by Test,

wn

WANG ET AL.

Open Access.

(senunuo))

iley Online Library on [24/05/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

. pasueyuyg upz — [ibitie) SPIOUOAR[J SN
Lo pvkw.wwﬂ: oLV omﬂmz% s1100 zodoH poonput vd
syoom g BYBw 0l 901w [9/THLSD PAY-AAH
. (aozoc Tuonenuwnose prdif 10A1T . lesy nwm paoueyug yzl M 001 Q ,o O o euraioy snindod urSueren
[& 10 Sueyy) [-€QT/II-€D7T TouI[odg s1100 zodo paonpur vi4 o ©1081YoU00 erurdy
0 HO
1(500>4)
29d:L(100>) [AAYT ~ poouequg  syaml  SyBw o0l oo IO/ THLS )
(610C . N paonpul-joueyy
“[e10 Buog) Ls1s01ea)s 10AT] pue (50°0>d) 11-€J'T o o
ddH o i QUIM pue NIy
lLaey Seom g Bi/Bw 01 pay syer Koyme(g-onSerdg O o Q o1 ‘sorqeredoA A1qIpg unedNg
(500> poouequy il
B Mwmm ) Tuontsodap prdi snedoy 11-€07T pue g9d :| sawososA| ki pw@oe do muwm -
el nyzZ 0 UOYRZIB0[-0)) 0S 'ST CTOUIH paonpul-v i
Us00>d) >ont p
(r10T “18 12 1T) TAmfur snedoy pasneo-qTIVN P— ;%%ovvs cod pasueyuy syoamM  By/Bur og —/+1310 PJ-AJH pue a’g, sodein [0NBIIASTY
QO [9/THLSD PAJ-AAH on
(L107 1 (s0'0>DeD1 S8 09 oo Surwuny
s1souagodi] JoAT QoUBYU syoam : i oSue uLoyIdue
“Ie 10 Suey) f e 1 (50°0>) 7od PRI SIREL o g PaI-AdH W HATHEN 1A
(020T Wi ladKyouayd a1£00dipe umorg 4(100°0>) passarddng skep 9 Wit 0g S1199 WS [ewkyoudsow o3uey uLoyISueA
pue uewyey) i 29d :1(10°0>d) 13INId pue ‘ot ‘st ULOTHED Surmy -
(8102 1(0°0> anyea-b u) Aiaasioadsar suewny
“[£10 150]) Troaoum) 91400dipy aWos0sAT passaxddng SyoaMm 7| o%wmmww . 25540 PUE TBBMIAG — odein ey, [0NBIOASAT +DHDDF
HO
(¥10T . L (pLE0=d) 994L 2
“[10 s3uruoy) 1 (¢'z-1p) 2z1s 21ko00dipy L(h£90000°0-) QUVdd pasueyuyg skep o¢  Kep/Sw g uswi 3seqQ W adein [01JBIOASDY
on
LT 3Ip AAH s oA
Q) asnowr Oy | uIjoeg DS S
. Jozoz 1 sS8UL LVA I9petoD powgus  spomg  Byfuor _ S 0001
[ 39 104D) . o P raL
1(100°0>4) 7181V pue WIP AdH
‘puroag ‘onel [-€0Y/1-€071 UM pJ 91 9/THLED e
1(500>d)
10z tonssn asodipe jeurnguyg 20d pue 4 181 <L 1-OH syoom § /8w 091 Sjel IRISIM XAQ
. passarddng
1032 0o77) od Us0°0>d) " " Koodipeoud
Juonewioy 9£0dipe axi-umorg zod pue 17181 ‘L 1-OH sAepg AN Q0T I00S  oiAdodipeard TT-€LE o
1(s0°0>4) Jﬂ/\@\ Auaqdsey au0jy Auaqdsey
(102 Tssew je g 2od pue 4 751y 1 1 uipog passarddng Syoom § 38w 091 S}l 95940 PAINPUI-XAQ) °
“Ie 30 naY)
1(50°0>d) z9d “Tonex
sisouagodr p 9ssaxddn sKe; ul NIg -
Tst PV €€ 1218V P S P 6 N 00€ 119D TT-€LE
Tsa1poq A3eydony passarddng SOSIN-[ A\ UBWNH
(8102 Tuonenuarayip owadodipy sKep /1 W isz \@IA ouv3al0 [o1ovAIRD)
“[e 30 end[[eds) o o : lzod pue “T1-€01 passaxddng SI199 TT-€1LE od pue owAy, asodipy
SUBZIO QAT)OR
A3eydone AJeorjoqelow
SOURIYY synsoy siorowered ASeydony w s8uey) uoneIn( saso( S[OPOIA amonng 20108 UFEIY sjouayd£jog U $11000
ASeydony

'SAINTO ul sued.o aAloe Ajjedtjogelaw ul sjouaydAjod Aq paje|ndad ASeydoine uisaduey) T 3749VL



26438429, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/fft2.255 by Test, Wiley Online Library on [24/05/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(sanuiuo))

(L10T
“[e 12 [OqIeIA)

WANG ET AL.

(ag10T
“Ie 10 Suep)

(L10T “18 R A1X)

(a1zoz
“Ie 10 Sueyyz)

(0z0T 1B %2
ayreqioejoyony)

(10T
“Ie 30 Kouysiep )

(9102
“Ie1a Sue])

(120t
“Ie 10 o))

Open Access.

(0T0T “Te 19 NS)

(810C
“Ie 30 e[ROSET)

TAyredoaydau oneqerq

TAyredoydau oneqerq

TAmfur Koupry

Tuonewwejur oreaIdURJ

TuonounysAp [[99-g onearoued

Tuonenunooe

pidry onedoy

Tooue)SISAI UI[NSUL

loyeydn asoann

LANIADISUDS UI[NSUT Pue SISE}SOaWoy
aso0on|3 jo yuawaoiduy

Ts1sojed)s onedoy

L(ssvp)
€O TIdVIN “(0F°S P)
TIDLV ‘(#9°LP) 1D019Y

1(100°0>d)
13110-d :1(100°0>4)
29d 2L(100°0>4) 11-€D1

Us0'0>d) 11-€01
¢ xnpf o15eydony

1(s0°0>4)
I-dINVT 5L (S0°0>d)

g wisdoyed 1(50°0>d)
29d :1(50°0>9) TI-€0T
L(10°0>9)
oed pue [uld 1(10°0>4d)
294 :1(10°0>9) €01
1(10°0>d) zod
LU(10°0>d) I-€DTI-€DT
1(s0°0>d)
29d £ 1(50°0>d) 1u1pPq
Pue [1-€D7T

1 (0°0>d) zod
2L (50°0>d) - €DT/I-€DT

L0 0= 1IN
pue [uIodg £(S0"0>d)
€01 Pue ‘L3I Sy

(10°0>4) 79d :L(10°0>d)
[uIpdg pue [1-¢01

1(s0'0>d)
[uI[Pg pue 79d ‘[-€D1

1(s00>d)
4£071 pue (50°0>d) gaAL

laeD1pue (50°0>d) gddL
1 (50°0>d) (Tw/3M o¢) zod

1 (50°0>4) (Tu/31 0¢) €071
L (50°0>4) (Tu/3M ) €01

1 (100°0>d) xopur D1V
1 (s0°0>9) €01

1 (100°0>d) xoput DIV
ded1

paoueyusy SYOIM
uve
paourquy
syoam 71
pasueyuy ycI
paoueyus Syoam
U8y
paoueyuyg
Sy0aM §
paoueyuy L4
U8y
paosueyuyg
sKep /
padueyuyg Syoom §
Uve
pooueyuyg
SyooMm §

(asop y3ry) po
ssaxddng/(esop

MO]) pasueyuyg

pasueyuy

49

49

JeL TSI Ho on wnuIqeuued
3y/8w : <Q wnuojedn 10V J19JJ®
ey paonpul-ZLS/ddH oy : ,moG,E §$>Mm PIVOIE
o pul
/10w og S[109 91400pod o
oo SOt paEINSOH o, 48 \M\:S o3uey uLIRISuBA
3y/8w g ZLS ynm pajean X!
1067 °§°T1 siex fopme-onferdg ¢
S[19D T-3H
Moy 10 0T poonpUI-vd
sjouaydAjod
B9,
BJ) UdAID) <
)Rl IRISIA supry
Syy/8w 00T patesn-ClaH
[w/3r T SI190 ONIIN PONPU-dOH on sodiypuex
O snigydoSoi], pue o
Q wnjeueisd edung v urgoin
Q01 9/ THLSD
Sy/8w
VRHL0S PaIMpul-(IIH/Z LS
S1A[SI
wrt ot oneatoued je1 pajeos|
gjudjournSues seaIouRJ
AT 0S 10 01 S[199 AS-NI¥ PRONPUL-V BISIpIY Jorgydwaey
‘snorureIon smo|
[0409[E pue VO
owrt gy Aq paonpur s[jeo gndoy
BOL DODA
ByBu 01 [9/TALSD
00T 10 0¢ paonput-joueyyy
3y/8w o7 Qo1 9/74LSD Paj-AAH wnjeuels eorung uide[eorung
T3 07 81190 ZDdoH
10°016¢'T padnpul-JH+OH rdsLID-RAN SOQTY op1soon3
SO oREqEp BO[NIOLD BIOINOT  -O-¢-uIpruoSie[oq
ByBw 051
qp/qp paonpul-JH+DOH
S~ vuRLIdSEI]
1 m ¢ XoIeD) ‘SHIUyoA| urjo9Ing
0€10°01°S s :
wnoseqIap
81199 ZDAOH-€DT-4D
s
o[uowe uruoSid
0g€ 1001 I! o uasIdy
/31 ozl 81190 ZDdOH-€DT-4D
(penuuod) T 374dVL



26438429, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/ft2.255 by Test,

~N

WANG ET AL.

Open Access.

(senuinuo))

(e120T
“Ie 10 Suepy)

(q0z0t
“[e 10 nY)

(610 “Ie
19 1pndegefap)

(8102
“Ie 10 0vgx)

(¥1oz
“Ie 12 Suepy)

@rroz
“[eje nry)

@rroz
“[eje nry)

(810T
“Ie 19 noyyz)

(z10T
“[e 10 uex)

(S10T “T18 32 1YS)

(120

“Ie 10 Suey))

(1z0z “re e rey)

Terpuoydoyu pageweq

TuonounysAp [ELIPUOYOOIA

TUONRWWEJUIONAN

| 901w oneqeIp JO UOnOUN] JRIPIE)

15S01)S QATJEPIXO [BIPIBOOAIA

1S9SBASIP IR[NOSBAOIPIED
ur 1090 A1ojeuruejuy

TuonounysAp pue Aoudrorjop
[BLIPUOYDO0IIW [BIPILOOAIA

TAypedoAworpres onoqer

Ts[oA9] 9s0on|n
‘fuonounjsAp [eLIPUOTO0IA

190UR)SIST UINSUT S[OSNUI [BIA[ONS

suonouny [eLIpUOYOOIA

TAyredorydou onoqerq

(50 "0>4)
I3INId pue unjied

110 "0>4)
unyred/ T3INId <10 0>4)
I-€D7T pue [uIodg

1(500>4)
Ayanoe 10110dar 11g1H €01

1(s0°0>9) 1-€01/11
-€071 1(50 "0>d) z9d

1(sn) Lavd “T10X04-0V
pue ¢ asedseo paaea|o ‘zod

!
(100°0>4) Lq&yd “1 (S0 "0>9)
29d <} (100°0>A)1.1AIS

1 (10°0>4) 1uippRg
pue oner 1-eT/1-€DT

1(10°0>d) onex 1¢
-OT/I-€DT Pue (100°0>4d)
€071 pue (10°0>d)
SV 213V “(50°0>d)
L3V “(100°0>4) TuIPg
1(s0°0>d) 79d 1(50°0>d)
oner [-€071 /II-€01
UCN —vﬁzuom—

1(0°0>4) 1d¥A pue
(100> d)1urodg ‘g1

1(10°0>d)

79d jo uonepeidop oy
pue [uIpag ‘SBIV ‘[-€DT

Us0°0>9)

(z9d pue ‘TN “T1-€DT
‘ediug ‘urpoag ‘L31v ‘s31y)
ASeqdonn (50°0>4) (114

pue ‘[JAd TVdO TWIN
‘TWIN “9'1) OIS uoIsn

1(0°0>d) [-urpog
pue $31v 1L(50°0>d) 79d

paoueyug

paoueyuyg

paoueyuyg

padueyuyg

paoueyuyg

paoueyuyg

pasueyug

paoueyuyg

passaxddng

passaxddng

passaxddng

pasueyuy

padueyur

passaiddng

uv

uve

uve

qoe—vc

sypuow ¢

qci

syoom 71

ul

Syoom 71

SYOOM HT

sypuow ¢

syoom §

uc

ucl

ucL

syoom §

Syy/sw 001
10 05°0T ‘01

N 01

Wioriog

N 0T

Syy/suwr 00T

NN s

3y/3w
00€ 10 09

/10w 001
PUE ‘0S ‘ST

Syy/sw 001

Syy/8uw 00f

p/33/8w 001

/8w 001
10 05 01

W 110670

AUNYd

Tw/Sw g

/3w 00|

S[[o0
T10d padnpul-YAHO-9

QUIT 99 TTDd padonput xo
-uorsnyrodor/uonearidop
9s0on[3 pue ueSAxQ ()

erjSooru o O
CTAH pAeAnde-§qT Q
HO

Vd/DH 0} pasodxd
S[[99 T96H

o A

SOSAAANA NN

W o

Qo1
9/1dLED PI9dMPU-Z1S

S[[99 ZTD6H PRonpul-c0tH "

Qotur
[9/14LSD paonpul-Z1s

- ANL WM
pajenuns s)se[qoIqyy
[EUI)USAPE Je[NOSEA

sjer
DeZR{EY ~0j0D ANAquIq

Koime(-ongeldg onoqerq

sier [0 2MaqeIq

sjelr Aojme(
-ongeidg paj-aJdH

S[109 Jse[qoAw
97T 9[oSNUI [LIO[OYS 1Y

1199 15B[QOAIN 107D

S[[99 [e13UBSAW
Jel paONpuI-HH

Jel peonpur
-A4H/ZLS

QuIm pue JIniy
‘sa[qeroSoa o[qIpyg

wnpeoona|
wnuoSie)
‘ernpuod snupy

sadrpuex
snioydoSoi], pue
winjeuels eorung

e3uo[ ewnoIm)

sadein

11024110

B3I,

©oL,

©aL,

SINPa eYIe))
“BIOJIPUNIOT STHIA

BIQUBOOW BIUSIA
‘eyudjourngues
BISIpIY
k]

‘e[O1A ‘BoFURIPAY
‘eI)ASI0J £0098q0)
Jeaymyong

SUIM pue JInIy
‘s91qe1a39A 9[qIpg

iley Online Library on [24/05/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

unaoeng)

ulA[Asourq

v unpoIn
urelg

urnoImy)

[0XBIOASSY

10501 AX0IpAH

DOHA

sjouaydAjod

(e}
B3] Ud31D) HEH

DODA

uneouAwoIpAyIq

pRV a1EDH

! o[osnu [e19[0YS

unaoan)

(penuiuod) T 374dVL



26438429, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/fft2.255 by Test, Wiley Online Library on [24/05/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

WANG ET AL.

Open Access.

*20UBDIUSIS Ule}adun ‘g ‘g3 Jojoey uonndiosues) ‘g4 ‘Snyljjaw sajaqelp g adAy

‘INAZL ‘up030z03dauls ‘71§ g u1ajoud Sujuiejuod-ujewop ulIAd ‘€4¥ N u12030z03dauls ‘7 S ‘pioe d1wjed ‘yd uiejoidodi] AJIsusp MO| pazIpIXo “JQ7-X0 P12k I3]0 ‘YO ‘T U1930.d sueiquiawl pa1eld0sse-|ewososA|
‘TdIAVT S92 [BI]Y30pUS UIdA [BDI|IqUIn UewNny ‘SDIANH @502Nn|8 ySiy ‘OH s3a1p 1e-ySiy ‘q4H ‘p1oe A1re) 994y ‘44 ‘uiyoajedo|esida-(—) ‘D97 }eS WNIpos 33e)|Ns UedIxap ‘ssq :sauas pajeldosse-ASeydoine ‘so |y
‘(S|erd3 uewny Jo saipnjs [ewiue ul dnoJs [apow yiim dnous uoizuaniajul jousydAjod paiedwod) 103e|ndjed azis 109449 SisAjeue-ejaw [ed13oeld Ag 213s13e1S p s,uayo) Suisn paje|nd|ed a4am (p) Sazis 39943

(17avD

(810
“Te e wry)

(L10T
“Ie 10 ony)

(L10T
“[e 10 SuI(q)
(stoz

“Ie 19 ejeSeweL )

(€102
“[e e wryy)

(L10T
“Ie 30 UBYD)

(z10z
“Ie 30 Suenp)

Tsnijod

Towosewwejul ¢ Y IN

Tsisouagoroyy
TsisouaSoroyy
‘TuonounysAp [erpylopug

Tuonernwnode prdif ordojoqg

LAnAnoe onoe[osorayenuy

l1odsuen asoon|3 jo juswosorduy

1(50°0>d) 4€DT/VEDT
U(s0°0>d) €01

1 ge01

1(10°0>d) z9d pue
urpag ‘(10 °0>d) 1-€0'1

1(sn)
wojoxd g€ T pue vEDT

1(100 0>4) 29d (50 "0>4)
junowre xnjj o1deydone

U(10°0>d) 11-€01

1(10°0>9)
29d “1(10 "0>d) onex
1€-DT/1I-€D7T pue uoneutioy
sajonoea d13eydoiny

1(s0 "0>9)
1-€D7T PUE [-€DT

pasueyuy usy
syoom ]
paoueyuyg yci
posueyuy syoom G
passaiddng q4z
paoueyuy yc
paoueyuy Uve
passaiddng yo9

AMp[ 10 ¢

AT 00T

39107

NMOE 10 0T

N 0T

quy/3n o]

106

AT 0z 10 |

S[[0d
81-ADD parean-gd1

181 pYean-SSq

S[[99 Z-00€)) paonpur

LHELSTO 1109 BIYOLAYIST

Qo1 -/-qody poj-aAH

SVH-OSI
QuI[ S[[99 [RI[AYIOPUD
uewny pajenuns-vINL

S[109
[E1[9YI0pUD J11I0k SUIAOEG

SOHANH
panedwi-7q-xo

urnsur
pue zp-1¢ projfwe o0y
pasodxa s[[00 yZ-0IndaN

N

o Ho
AN

oSue

QuUIM PUE JINLI}
‘sa]qe10gaA o1qIpg

©o],

'L

B3],

SIUNWIWOd SNIAA
‘eurkoyo99q
“IEA )00 SNOI]

elofjiared
e1d1oqreq
‘epneqes “IeA
BIJRID[O BOISSBIY

3W 06'SLY)
sjouaydAjod
93eI10A2q OSUBI

unaoIaN)
aunsaup

sjouaydAjod
©3) UdID)

(901K |

004 SaNss1) elIoY

urpradsoyq

unazadsay

(penuiUoD) T 374dVL



WANG ET AL.

RONTIERS K

with raspberry ketone (300 uM) significantly inhibited autophagy as
evidenced by downregulated Atgl2 expression, a lower LC3-II/LC3-
| ratio, and upregulated p62 (also known as SQSMT1, an indicator of
autophagic clearance) protein (Leu et al., 2017). These findings reveal
that polyphenols can suppress white adipocyte differentiation by
inhibiting cellular autophagy. In addition to inhibiting adipocyte differ-
entiation, polyphenols also reduce WAT mass involving the autophagic
pathway. In high-fat diet (HFD)-fed mice, epigallocatechin-3-gallate
(EGCG) treatment inhibited WAT hyperplasia and hypertrophy by acti-
vating Rab7/Beclin 1-dependent autophagy (Choi et al., 2020). More-
over, in obese men, supplementation with resveratrol (150 mg/day) for
30 days induced smaller adipocytes, which were accompanied by an
alternate lipid breakdown mechanism mediated by autophagy upreg-
ulation (increase in transcription factor EB (TFEB) (Konings et al.,
2014). However, supplementation with EGCG and resveratrol (282
and 80 mg/d, respectively) for 12 weeks suppressed gene sets associ-
ated with adipocyte turnover (adipogenesis and apoptosis/autophagy)
in obese human WAT (Most et al., 2018). The reasons for the different
autophagy response (enhancement or inhibition) induced by polyphe-
nols in WAT can be as follows: (1) changes in autophagy may differ
based on the duration of intervention, dose, experimental model (either
in vitro or in vivo (mice/rat or humans)), and existence of complica-
tions; (2) autophagy alterations might be a direct outcome of adiposity
or a compensatory defensive reaction aiming to eliminate extra lipids.
This highlights the complexity of polyphenol actions in the regulation
of responses in obese WAT.

Although a small amount of BAT (31-329 g) is located in the humans
relative to WAT, it plays an important role in the regulation of energy
metabolism (Marlatt & Ravussin, 2017). A noradrenergic-mediated
inverse relationship exists between autophagy and thermogenesis
capacity in BAT, implying that autophagy suppression is a mecha-
nism by which brown adipocytes stimulate thermogenesis (Cairé et al.,
2016). A study demonstrated that specific deletion of Atg7 in Myf5+
precursor cells disrupts brown adipocyte differentiation and func-
tion, suggesting the requirement of autophagy in the formation of
brown adipocytes (Martinez-Lopez et al., 2013). In addition, impair-
ment of autophagy by UCP1*-adipocyte-specific deletion of Atg5 or
Atg12 reduces beige adipocyte loss and maintains high-thermogenic
capacity, thereby preventing diet-induced obesity and insulin resis-
tance (Altshuler-Keylin et al., 2016). A previous report on raspberry
ketone (100 uM in vitro and 160 mg/kg in vivo) revealed that polyphe-
nols could induce beige adipocyte formation in 3T3-L1 adipocytes
and inguinal adipose tissue of ovariectomy (Ovx)-induced obese rats,
which was considered as a result of autophagy inhibition (reduc-
tion of Atgl2 and increase of HO-1 and p62) (Leu et al, 2018).
In agreement with this result, in both murine C3H4¢T4/, MSCs and
human adipose-derived MSCs, mangiferin treatment activated brown
adipocytes and maintained thermogenic ability through downregu-
lation of PINK1/Parkin-mediated mitophagy (Rahman & Kim, 2020).
However, EGCG (20 mg/kg/day) for 2 weeks significantly altered the
autophagic flux in WAT but not in BAT in HFD-fed mice. There was
no effect of EGCG treatment on the LC3-II/LC3-I ratio or UCP1 in
BAT, suggesting that EGCG regulates autophagy by browning white

fat but not activating brown fat (Choi et al., 2020b). Collectively, the
role of autophagy in adipose is complex and can vary depending on
the cell type, technical approach or assay conditions. It is crucial to
take into account that the relationship between polyphenol-mediated
autophagy and obesity is not limited to its activity on adipose tissue.

3.2 | Liver

Autophagy regulates lipid metabolism and a potential promotion of
lipid depletion was observed in the liver through lipophagy (Kim & Lee,
2014). Mounting evidence supports that regular intake of polyphenols
is positively associated with the promotion of liver lipophagy, thereby
contributing to the alleviation of NAFLD, as in the case of mangiferin
(Wang et al., 2017), resveratrol (Li et al., 2014), quercetin (Zhu et al.,
2018), galangin (Zhang et al., 2020b), gallic acid (Doan et al., 2015),
rosmarinic acid (Balachander et al., 2018), naringenin, and hesperitin
(Parafati et al., 2015). The different amounts and positions of phenolic
hydroxyl groups may be responsible for autophagic potency. A com-
parison of the autophagy promoting effects of citrus flavonoids (six
flavanone and flavone aglycones) in GR-LC3-HepG2 cells revealed api-
genin and luteolin were the most promising inducers of autophagy,
followed by diosmetin, naringenin, eriodictyol, and hesperetin (Lascala
et al,, 2018). This finding may be explained by apigenin and luteolin
having broadly similar structural properties, such as a flavone back-
bone with three hydroxyl groups at positions 4/, 5/, and 7, and the
high number of hydroxyl groups may be important in determining
their potent autophagic activity. Moreover, lipid droplets sensitized
the hepatocyte autophagic machinery to the stimulation of flavonoids.
LC3-Il level was highly augmented in cafeteria diet-induced fatty liver
following 14 weeks of bergamot polyphenol treatment, while LC3-I
expression in normal liver was not significantly changed (Lascala et al.,
2018). Intriguingly, a similar effect was observed in oleic acid (OA)-
induced hepatic stellate cells treated with rutin (Lee et al., 2014). Thus,
it is possible that lipid overloading and deficiency affect the ability of
flavonoids to modulate autophagy in hepatocytes.

Glycophagy is a self-degradative mechanism that is important for
maintaining hepatic glucose homeostasis in the face of nutritional
excess or starvation, which functions as a regulator of glucose uptake
(Zhao et al., 2018). A study by Su et al. (2020), in which high glu-
cose (HG)- and high fat (HF)-induced HepG2 cells were treated with
pelargonidin-3-O-glucoside (2.5, 5, 10, or 20 ug/mL) for 24 h, supports
the positive role of anthocyanin from wild raspberry in the promo-
tion of hepatic glucose uptake through regulating the TFEB-mediated
autophagy pathway. Recent reports also found that liver insulin resis-
tance induced by HFD is related to the suppression of autophagy.
As demonstrated in HFD-fed mice, supplementation with punicala-
gin (20 mg/kg/day, 8 weeks) markedly upregulated liver autophagy,
evidenced by elevated autophagosome number and expression of LC3-
I, p62, and Beclin 1 (Cao et al., 2021), which was associated with
AKT/FOXO3a signaling (Zhang et al., 2019). However, it is important
to note in this study that p62 showed an increase in punicalagin-

induced autophagy. The possible reason for this phenomenon is that
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p62 production occurs through a transcriptional mechanism rather
than degradation inhibition by autophagy deficiency. Autophagy is also
a defense mechanism against alcoholic fatty liver disease (AFLD) that
facilitates the removal of lipids and damaged mitochondria. Autophagy
can be induced following acute alcohol exposure but may be inhib-
ited upon chronic and/or high-dose alcohol treatment (Thomes et al.,
2015; Wang et al.,, 2015). Accumulating evidence from in vivo stud-
ies supports that frequent consumption of polyphenols blocks chronic
ethanol-induced autophagy suppression, thus alleviating alcohol hep-
atic steatosis (Song et al., 2015; Zhang et al., 2021d). Investigations
in chronic ethanol-induced mice showed quercetin (100 mg/kg) for
12 weeks alleviated hepatic steatosis/damage by upregulating LC3-I1,
Parkin, p62, VDAC1, and LAMP1 expression (Yu et al., 2016; Zeng et al.,
2019). The mTOR-TFEB pathway could be a significant mechanism by
which quercetin rescues autophagy impairment caused by ethanol (Li
et al,, 2019b). In line with this study, resveratrol (30 or 100 mg/kg)
administration for 8 weeks exerted a beneficial influence on alcoholic
hepatic steatosis through mechanism likely involving autophagy acti-
vation (increase in LC3-Il and Beclin 1 and decrease in p62) (Tang
et al,, 2016). Thus, the enhancement of lipolysis in chronic ethanol-
induced hepatotoxicity by polyphenol intervention alleviates AFLD by
activating the autophagy pathway.

3.3 | Pancreatic islets

Autophagy in islet -cells is recognized as an essential element in the
pathogenesis of obesity and diabetes, and increased autophagy may
enhance f-cell function and improve metabolic profile (Lee, 2014).
Deficiency of autophagy in -cells recapitulates several features that
are observed inislets during the progression of type 2 diabetes mellitus
(Watada & Fujitani, 2015). For example, increased p62 accumulation
has also been observed in islets of db/db mice and patients with
T2DM (Abe et al., 2013). Pioneering studies using pancreatic -cell-
specific gene knockout technology revealed autophagic elimination
impaired glucose tolerance and decreased serum insulin level in -
cell-specific Atg7 knockout mice (Jung et al., 2008). Analysis of the
metabolic profile of Atg72f-l-ob/ob mice also showed a reduction in
B-cell mass and pancreatic insulin content. Meanwhile, insulin secre-
tion function was identified as impaired ex vivo, which may be due
to organelle dysfunction associated with a lack of autophagy (Quan
et al., 2012). The intervention of polyphenols may act as a positive
modulator of B-cell autophagy. In palmitic acid (PA)-stimulated pan-
creatic -cells, treatment with kaempferol led to the conclusion that
polyphenol-induced activation of autophagy protects against lipotox-
icity, ectopic lipid accumulation, ER stress, and restores -cell function
via AMPK/mTOR pathway (Varshney et al., 2017; Varshney et al,,
2018). In parallel, in vivo and in vitro evidence supports the concept
that urolithin A (UroA\) initiates autophagy in HGP-induced MIN6 cells
(mouse-derived pancreatic islet g-cell line) and the pancreas of dia-
betic mice upon STZ (streptozotocin)/HFD, as manifested by increased
LC3 and diminished p62/SQSTM1 expression, thereby improving dia-
betes (Tuohetaerbaike et al., 2020; Zhang et al., 2021b; Zhang et al.,

2021c). Although some studies support a relationship between islet 8-
cell autophagy and improved metabolic profile, sufficient evidence to
reveal that polyphenol-mediated -cell autophagy impairs diabetes is
still lacking and deserves further investigation.

3.4 | Kidney

Dysregulated autophagy has been suggested to play an important
pathogenic role in diabetic kidney disease (Tang et al., 2020). Sev-
eral renal cell types, including podocytes, tubular epithelium cells,
and mesangial cells, may participate in the vital functions of dia-
betic nephropathy (DN). A study by Fang et al. (2013) reported that
autophagy (Beclin 1, Atg12-5, and LC3) activity was decreased in
podocytes under STZ-induced diabetic conditions. Furthermore, inhi-
bition of cellular autophagy associated with increased p62/SQSTM1
was also observed in proximal and distal renal tubular cells from
diabetic animals (Ding & Choi, 2015). Evidence suggests western diet-
induced autophagy suppression could be alleviated by polyphenols, as
EGCG (40 uM) or astilbin (10 and 20 uM) could reverse autophagy
impairment in HG/PA-induced human renal tubular epithelial HK-2
cells as indicated by increased LC3-1l and decreased p62/SQSTM1
(Chen et al., 2018, Xie et al., 2017). In HG-induced mouse podocyte
cell line (MPC5), mangiferin (5-50 uM) was found to upregulate LC3-
1I/LC3-I ratio and downregulate p62 protein levels. Furthermore, an
increased number of autophagosomes was also observed by transmis-
sion electron microscopy in the podocytes of mangiferin (12.5, 25, or
50 mg/kg)-treated DN rats (Wang et al., 2018b). Bioinformatic anal-
ysis of kidney tissue from HFD/STZ rats demonstrated that caffeic
acid induced autophagy by upregulating RB 1-inducible coiled coil pro-
tein (RB1CC1), microtubule-associated proteins 1A/1B light chain 3
(MAP1LC3B) and Atg12, thereby potentially alleviating DN (Matboli
etal, 2017). In contrast, in renal tissues of rats with HFD/STZ-induced
type 2 diabetes, the expression of the autophagy-related proteins
Beclin 1 and Atg5 was significantly decreased and p62 was signif-
icantly increased, but quercetin treatment reversed this trend (Lai
et al.,, 2021). As the regulation and function of autophagy in the kid-
ney is likely to be cell type and context specific, characterizing how
the autophagic shift in DN is modulated by polyphenols is challenging.
Further study is required to understand the precise mechanisms and

signaling pathways that underpin the autophagy response in DN.

3.5 | Skeletal muscle

Autophagic responses in skeletal muscle affect glucose homeostasis
and metabolic profiles, which are responsible for insulin resistance.
In C2C12 myotubes, rutin and gallic acid are considered to improve
mitochondrial function by inducing autophagy/mitophagy (increased
Atg5, Atg7, Beclin 1, LC3-1l, and p62) (Chang et al., 2021). Nonethe-
less, when UroB was applied to C2C12 myotubes under basal or
autophagy-activated conditions, the autophagy markers showed no

change, but reduced protein degradation was observed (Rodriguez
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et al.,, 2017). This phenomenon may be attributable to an impairment
of the ubiquitin-proteasome pathway rather than autophagy. Dihy-
dromyricetin, a natural flavonoid, improved skeletal muscle insulin
resistance by inducing autophagy in HFD-fed rats, as confirmed by
upregulated expression of LC3, Beclin 1, and Atg5, and degrada-
tion of p62 (Shi et al., 2015). However, in the skeletal muscle of
diabetic rats, autophagy activity was abolished by EGCG, which con-
tributed to impeding mitochondrial dysfunction and insulin resistance
(Chang et al., 2018; Yan et al., 2012). The possible reasons for
the different autophagy activities induced by polyphenols are that
(1) diminished autophagy is caused by insufficient fusion between
autophagosomes and lysosomes, not by the initiation of autophagy
and (2) excessive fat exposure triggers aberrant autophagic flux in
muscle, which leads to cellular senescence and insulin resistance. Fur-
ther research needs to be conducted to investigate the molecular
mechanisms by which polyphenols regulate skeletal muscle autophagy,
focusing on mTORC1/ULK1-independent or Akt/FoxO3-dependent
signals because these two pathways control 60% of skeletal muscle

autophagy.

3.6 | Heart

Autophagy within heart tissues has been broadly described in car-
diomyocytes, cardiac fibroblasts, endothelial cells, vascular smooth
muscle cells, and macrophages, which are involved in cardiovascular
diseases (Lavandero et al., 2015). For example, treatment of cardio-
vascular patient-derived macrophages with rapamycin (an autophagy
inducer) successfully reduced LDL, IL-6, and TNF-a secretion by pro-
moting autophagosome formation (Khalil et al., 2020). Evidence is
growing regarding a possible effect of phenolics on diabetic car-
diomyopathy via regulation of autophagy. Findings revealed that tea
polyphenols (400 mg/kg/day) for 16 weeks attenuated Beclinl and
the LC3-1l/LC3-I ratio, and enhanced p62 levels in diabetic cardiomy-
opathic rats (Zhou et al., 2018), with EGCG possibly playing a key role
in this process (Liu et al., 2014a; Liu et al., 2014b; Yan et al,, 2012).
Furthermore, hydroxytyrosol regulates the inflammatory response in
vascular adventitial fibroblasts stimulated with TNF-a through increas-
ing the LC3-II/LC3-I ratio, Beclinl expression, and autophagic flux,
and thus is beneficial for treating cardiovascular diseases (Wang et al.,
2018a). Resveratrol is also considered to be a potent cardioprotec-
tive compound and evidence suggests that resveratrol reduced NLRP3
inflammasome-derived inflammation in HFD-fed rat cardiomyocytes
(Qu et al., 2019). It also ameliorated myocardial oxidative stress injury
both in H,O5-induced H9C2 cells and STZ-induced C57BL/6J mice,
associated with the regulation of autophagic flux (increases in the
expression of Beclin 1 and LC-3II and decreases in the p62) (Wang
et al., 2014). Furthermore, curcumin prevented diabetic cardiomyopa-
thy by enhancing autophagy (increase in p62 expression and reduction
in LC3-11/LC3-I ratio) in H9c2 cells exposed to HG/PA and heart tissues
of STZ-induced diabetic mice (Yao et al., 2018). As a result, modulating
autophagy could be a key mechanism for polyphenols in the treatment

of diabetes-related cardiovascular disorders.

3.7 | Aorta tissues

Atherosclerosis is a chronic inflammatory disease that is characterized
by lipid deposition, smooth muscle proliferation, apoptosis, necrosis,
fibrosis, and local inflammation inside the intima-media layer of the
artery wall, and this is commonly linked with dyslipidemia (Davies
et al.,, 2004). The autophagic effects demonstrated for ECG against oxi-
dized LDL-induced injury of human endothelial cells provides a new
mechanism for their antiatherosclerotic activity (Chen et al., 2017).
In agreement with this result, EGCG could stimulate autophagy in
bovine aortic endothelial cells and HFD-fed ApoE-knockout mice to
attenuate atherosclerosis and lipid accumulation (Ding et al., 2017;
Kim et al., 2013). However, in TNF-a-treated human endothelial cells,
EGCG was effective at suppressing the early stages of arterioscle-
rosis and blocking apoptosis, possibly mediated by inhibition of the
autophagy mechanism (reduction in LC3A and LC3B) (Yamagata et al.,
2015). The differential expression of EGCG-regulated autophagy fac-
tors likely depends on autophagy-related inflammatory and lipogenic

pathways.

3.8 | Brain

Autophagy is an essential process for maintaining neuronal function,
and its activation prevents excessive aggregation of NLRP3 inflamma-
somes and subsequent release of IL-1 family cytokines (Tang et al,,
2021). The reduction in BECN1 and impairment of autophagy could
result in enhanced release of cytokines IL-15 and IL-18 from microglia
(Houtman et al., 2019). Simultaneously, research also found IL-18 lev-
els in the cortex correlates positively with Beclin-1 and LC3-Il and
inversely with p62 (Francois et al., 2014). An increasing body of evi-
dence in cell and animal models supports that autophagy responses,
regulated by polyphenols, play a pivotal role neuroinflammation (Qiu
etal.,2020; Yangetal.,2022). Inlipopolysaccharides (LPS)-treated BV2
microglia, UroA treatment induced autophagy by increasing LC3 HiBiT
reporter activity, contributing to its antineuroinflammatory activity
(Velagapudi et al., 2019). The possible molecular mechanisms behind
the neuroprotective effects of polyphenols may be attributed to their
induction of PINK1/Parkin-mediated mitophagy (Wang et al., 2021a;
Xu et al., 2020a). Furthermore, in insulin-stimulated Neuro-2A neu-
roblastoma cells, hesperetin and hesperidin were demonstrated to
reduce beta-amyloid (AB)-impaired glucose consumption by block-
ing AB-induced autophagy, indicating the importance of neuronal
autophagy downregulation for improving energy metabolism dysfunc-
tion that leads to neuronal damage (Huang et al., 2012). Diabetic
encephalopathy (DE) includes neurophysiological, morphological, and
structural changes that may cause patients to develop cognitive impair-
ment, and one potential mechanism involves disruption of autophagy.
It was found that GABA tea (similar amount of polyphenols as green
tea) could ameliorate DE by downregulating the activities of Beclini,
ATG7/12, LC3-1, and LC3-1l in the cerebral cortex of diabetic rats
(Huangetal., 2013). Accordingly, certain polyphenols exhibit therapeu-
tic effects for neurodegenerative disorders by targeting autophagy.
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FIGURE 3 Polyphenol-mediated metabolic functions of autophagy among multiple organs in GLMDs. The figure was generated using Science

Slides 2006 software.

3.9 | Intestine

Importantly, autophagy has been identified in a variety of intestinal
diseases and is critical for maintaining intestinal mucosal homeosta-
sis and regulating inflammation. A recent report on canidin-3-glucoside
or malvidin-3-O-arabinoside revealed that anthocyanins could relieve
gut oxidative stress by activating autophagy (Chen et al., 2021; Li
et al., 2020b). In Caco-2 cells upon E. coli O157:H7 infection, quercetin
treatment augmented autophagy (xenophagy), blocking mitochondrial
ROS generation and IL-153 and IL-18 release (Xue et al., 2017). There-
fore, activation of autophagy may be a way for quercetin to alleviate
intestinal injury. Of note, in another study, mango polyphenol intake
caused a significant increase in tannase- and butyrate-producing bac-
teria in DSS-induced colitis, thereby contributing to butyrate and
pyrogallol production and finally inducing autophagy by regulating the
histone deacetylase 1 (HDAC1)/AMPK/LC3 axis (Kim et al., 2018).
These findings reveal that polyphenols maintain intestinal home-
ostasis and relieve intestinal inflammation by activating autophagy.
Nevertheless, it is important to note that some intestinal microflora
(e.g., Lacticaseibacillus, Lactobacillus, Bifidobacterium, Butyrivibrio fibri-
solvens, Megamonas, Roseburia, Desulfovibrio, Ruminococcus genus, and
Fusobacterium nucleatum) and gut metabolites (e.g., lipopolysaccharide,
secondary biliary acids, cytokines, hormones) can modulate autophagy
and thus stimulate extensive host molecular sensors (Lapaquette et al.,
2021). Currently, whether polyphenols can modulate autophagy by
modifying gut microbiota and microbiota-derived products to improve
GLMDs has not been reported and therefore deserves further inves-
tigation. Collectively, the roles of polyphenol-mediated autophagy in

selected tissues are summarized in Figure 3. Based on the available

data in cell, animal studies, and human trials, it can be concluded
that polyphenols exert autophagy-regulating effects on specific organs,

resulting in the improvement of glucolipid metabolic abnormalities.

4 | POSSIBLE MECHANISMS OF
POLYPHENOL-MEDITATED AUTOPHAGY IN GLMDs

Phenolics have the potential to benefit metabolic health by acting
on multiple molecular targets linked with autophagic activity. The
various molecular pathways of polyphenol-mediated autophagy in
the regulation of GLMDs, including obesity, diabetes, fatty liver, and
cardiovascular disease are discussed in detail (Table 2).

41 | cAMP pathway

cAMP (cyclic adenosine monophosphate) is a metabolic signal modula-
tor that controls mitochondrial homeostasis and ROS formation, and
it may be involved in polyphenol-induced autophagy in response to
nutritional exposure (Palmeira et al., 2019; Ugland et al., 2011). In the
palmitate-induced accumulation of lipid in hepatic HepG2 cells, resver-
atrol markedly augmented LC3-11 levels and p62 degradation. Incuba-
tion with the cAMP inhibitor KH7 (10 uM) or siRNA-mediated adeny-
lyl cyclase knockdown attenuated resveratrol-mediated autophagy
(Zhang et al., 2015). Increased cAMP levels due to resveratrol may
be responsible for the decreased activation of the NLRP3 inflam-
masome by augmenting autophagy (Chang et al.,, 2015). Similarly,
resveratrol attenuated endothelial inflammation in TNF-stimulated
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human umbilical vein endothelial cells (HUVECs) through the induction
of autophagy. Importantly, autophagy was abolished in the presence
of KH7 (10 uM), suggesting a mechanism involving activation of the
cAMP signaling pathway (Chen et al., 2013). Therefore, improvement
of the symptoms of hepatic steatosis and cardiovascular disease by
resveratrol treatment in vitro is regulated at least partly through
cAMP-modulated autophagy signaling.

4.2 | AKT pathway

As a negative regulator of autophagy, AKT (protein kinase B) signal-
ing is involved in the onset and progression of a range of pathologies,
particularly diabetic complications (Wang et al., 2012). Data from cell
and murine models indicate that polyphenols modulate AKT signaling,
which in turn regulates the cellular decision between apoptosis and
autophagy. There is evidence that curcumin promotes LC3-1l expres-
sion in HyO,-induced EA.hy926 cells and the suppression of AKT
phosphorylation and its downstream regulator mTOR may protect cells
against oxidative stress-induced damage through inducing autophagy
(Guo et al.,, 2016). In type 2 diabetic mice, the obstructed autophagic
flow could be restored in the UroA-treated pancreas of type 2 dia-
betic mice, partially mediated by its phosphorylation of the AKT/mTOR
signaling pathway, thus remarkably decreasing apoptosis and pan-
creatic damage (Tuohetaerbaike et al., 2020). However, it should be
noted that FoxO3a protein, another downstream kinase of Akt, regu-
lates autophagy in various tissues/organs through multiple pathways.
Whether some aspects of polyphenol-regulated autophagy by AKT
signaling are mediated by phosphorylation of FoxO3a is not well
understood and requires further investigation. Together, these find-
ings support molecular mechanisms for the promotion of autophagy by
polyphenols in GLMDs such as oxidative stress and diabetes through
modulation of Akt/mTOR signaling.

4.3 | Phosphoinositide 3-kinase pathway

Autophagy responds to changes in phosphoinositide 3-kinase (PI3K)
signaling, which is involved in glycolysis and lipogenesis. In mammals,
there are three types of PI3Ks, class I, Il, and Il. Class | is a negative reg-
ulator of autophagy, while classes Il and |1l act as inducers. Active class
| PI3K is able to form phosphatidylinositol 3,4,5-trisphosphate (PIP3)
by phosphorylating phosphatidylinositol 4,5-bisphosphate (PIP2) at
the 3-OH of the inositol ring, which then activates Akt and down-
stream effectors, such as mTOR, to perform key actions of autophagy
(Shanware et al., 2013). The activity of class Ill PI3K is considered
to control autophagosome formation following establishing a complex
with Beclin 1. To examine PI3K signaling in ECG-regulated autophagy,
3-MA (a class Il PI3K inhibitor) or SF1670 (antagonist of class |
PI3K) was added to ox-LDL-impaired HUVECs. The results showed
that ECG reduced autophagic vacuole formation, Beclin 1 expres-
sion and the LC3-1I/LC3-I ratio confirmed inhibition of autophagy by
class Il PI3K/Beclin 1 and PTEN/class | PI3K/Akt signaling (Chen

et al., 2017). In line with this study, kaempferol potentiated the LC3-
1I/LC3-I ratio and Beclin 1 expression in ox-LDL-treated HUVECs. In
addition, pretreatment with LY294002 (an inhibitor of PI3K) further
promoted kaempferol-induced autophagy; however, insulin (an acti-
vator of PI3K) stimulation prominently repressed kaempferol-induced
autophagy, indicating that autophagy enhancement was induced by
kaempferol via its inhibition of PI3K signaling (Che et al., 2017). In
HG-exposed HK-2 cells, astilbin increased p-Akt, reduced the LC3-
1I/LC3-I ratio, and enhanced p62 expression, but LY294002 reversed
astilbin-induced inhibition on autophagy (Chen et al., 2018). Based
on the above evidence, PI3K signaling engages in the positive effect
of astilbin on the attenuation of DN. However, in HG-exposed HK-2
cells and STZ-induced diabetic mice, wogonin inhibited PI3K signaling
accompanied by reduced p-Akt/Akt and increased LC3, Beclin 1, and
Atg7 expression and inhibited p62 expression. Wogonin could not fur-
ther suppress autophagy-related protein levels after treatment with
PI3Ki (a PI3K inhibitor) suggesting PI3K-dependent mechanisms are
involved in wogonin-induced autophagy (Lei et al., 2021). Overall, these
research findings show that certain polyphenols mediate anti-DN and

antiatherosclerosis actions in part through PI3K-regulated autophagy.

4.4 | SIRT1 pathway

When cells are subjected to nutritional stress, sirtuinl (SIRT1) influ-
ences alternative energy pathways, resulting in changes in lipid
metabolism in a variety of pathophysiological settings. In vitro studies
reveal that in punicalagin- or ferulic acid-treated hepatocytes exposed
to PA; silencing SIRT1 greatly reduced autophagy and increased
lipoapoptosis, supporting the concept that Sirt1 plays a vital role in
punicalagin- or ferulic acid-regulated autophagy in lipotoxicity (Xu
et al, 2021a; Zhang et al., 2020a). In vivo studies have evaluated
whether pentamethylquercetin (PMQ) exerts antiobesity activities
through SIRT1-regulated autophagic signaling. A study carried out
in HFD-fed mice showed that cotreatment with 400 mg/kg nicoti-
namide (a SIRT1-specific inhibitor) and PMQ (20 mg/kg) alleviated
autophagy in WAT compared with PMQ alone, thus resulting in fat
deposition (Ying et al., 2013). Importantly, in chronic ethanol-exposed
rats, supplementation with salvianolic acid A (8 or 16 mg/kg) for
8 weeks dramatically restored autolysosome formation and activated
autophagy. Interestingly, SIRT1 siRNA prevented salvianolic acid A-
induced autophagosome-lysosome fusion. This finding suggests that
salvianolic acid A, in conjunction with SIRT1/autophagy, protects
against prolonged ethanol-induced liver damage (Shi et al., 2018).
Notably, Sirt1 regulates the deacetylation of FoxO1, and it is hypothe-
sized that polyphenols are capable of enhancing autophagy by activat-
ing the SIRT1-FoxO1 pathway, thereby affecting lipid metabolism. This
has importance in the prevention and treatment of hyperlipidemia and
hyperglycemia. In diabetic mice, activation of Sirt1 signaling by resver-
atrol and the resulting increased levels of deacetylated FoxO1 could
bind to the Rab7 promoter to stimulate Rab7 and autophagy, thereby
avoiding diabetic myocardial injury (Wang et al., 2014). Collectively,

these reports evidence that SIRT1-regulated autophagy is involved in
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the regulation of obesity, fatty liver, and cardiovascular diseases by
polyphenols.

45 | AMPK pathway

AMP-activated protein kinase (AMPK) has long been recognized
as an important metabolic regulator, and its activation may trig-
ger autophagy, which in turn destroys subcellular organelles, such
as lipid droplets (Ha et al., 2015). As revealed in HepG2 cells and
obese mice, EGCG treatment reduced hepatic steatosis by increasing
autophagy. However, following siRNA knockdown of AMPK, the forma-
tion of autophagosomes, lysosomal acidification, and autophagic flux
by EGCG were significantly inhibited, suggesting an AMPK-dependent
lipophagy-promoting effect of this compound (Zhou et al.,, 2014).
In addition to lipophagy, growing evidence has indicated the impor-
tance of AMPK-mediated autophagy in glucose/glycogen metabolism
and “glycophagy.” As such, an AMPK inhibitor (Compound C) or
AMPK siRNA abrogated dihydromyricetin-induced autophagy and for-
mation of autophagosomes, subsequently reducing skeletal muscle
insulin resistance improvement (Shi et al., 2015). Moreover, AMPK
activation also mediates autophagy induction in cells with defective
mitochondria (mitophagy) and thus reduces oxidative stress, apop-
tosis, and inflammation. In OA-stimulated primary hepatocytes and
HFD-fed Blunt snout bream juveniles, mitophagy marker genes such
as Pink1, Mull, and Atg5 were upregulated in the hydroxytyrosol-
treated group relative to untreated group, thus leading to the
attenuation of hepatic fat accumulation. The possible mechanism is
through the activation of the AMPK pathway (Dong et al., 2020).
In glucolipotoxicity-induced MIN6 pancreatic g cells, treatment with
Compound C reversed UroA-stimulated activation of autophagy (e.g.,
Pink1 and Parkin, two controllers of mitophagy signaling) and subse-
quently downregulated inflammatory signaling (Zhang et al., 2021b).
Moreover, to investigate whether the autophagy activated by phloretin
suppressed neuroinflammation in an AMPK-dependent manner, LPS-
stimulated macrophages were treated with phloretin and the AMPK
inhibitor BML-275. The results showed that phloretin promoted
AMPK-mediated mitophagy, but BML-275 inhibited the higher expres-
sion levels of LC3-Il and p62 induced by phloretin (Dierckx et al.,
2021). Here, it must be noted that p62 (an autophagic clearance factor)
increased in phloretin-induced autophagy. The proposed explanation
is that p62 is also required for autophagosome formation, and an ele-
vation in p62 levels in combination with an increase in LC3-1l puncta
might be an indication of autophagy induction.

AMPK activation by polyphenols induces autophagy through at
least two different mechanisms: inhibition of mMTORC1 and direct phos-
phorylation of ULK1 (mammalian gene homologous to Atg1) (Kimet al.,
2011; Lee et al.,, 2015). In H9c2 cardiac myoblast cells exposed to
HG/PA, Compound C not only blocked resveratrol (25 uM)-induced
AMPK activation and inhibition of mTORC1 protein but also down-
regulated LC3-1l protein levels, supporting the ability of resveratrol to
promote autophagy via the AMPK/mTORC1 pathway (Xu et al., 2018).
Compared with PA-induced RIN-5F cells treated with kaempferol,

cotreatment with kaempferol and Compound C or AMPK siRNA
resulted in dephosphorylation of AMPK with a corresponding increase
in mTOR phosphorylation, subsequently inhibiting LC3-1l and the pro-
gressive accumulation of p62 proteins (Varshney et al., 2017). This
finding demonstrates that kaempferol-mediated AMPK/mTOR signal-
ing is involved in autophagy activation. Nevertheless, it is important to
note the diverse signaling mechanisms of mMTOR complexes mTORC1
and mTORC2 in the regulation of autophagy. mTORC1 plays a critical
role in the regulation of protein synthesis, cell growth and autophagy,
while mTORC2 facilitates cell survival and cytoskeleton organization
(Sanches-Silva et al., 2020). For example, in HG-stimulated cardiomy-
ocytes, evidence from suppressed protein expression of autophagy
markers (LC3-1l, p62, and Parkin) and autophagosome formation sug-
gests that changes associated with mangiferin treatment were driven
by the suppression of the mTORC1 pathway (Hou et al, 2018).
However, another study investigating the cardioprotective effects of
resveratrol showed that treatment with resveratrol at lower doses (0.1
and 1 uM in H9c2 cardiac myoblast cells) under hypoxia-reoxygenation
conditions induced cell survival through the induction of autophagy
(increase in the protein expression of LC3-11, Atg5, and Beclin 1 and
the ratio of LC3-11/LC3-I), which may, in part, depend on the activation
of the mTORC2 survival pathway (Gurusamy et al., 2009). The ULK1
complex acts centrally in the initiation phase of autophagy, and it is the
target of AMPK signaling pathways (Kim et al., 2011; Lee et al., 2015).
This implies that polyphenols may exert their effects via this pathway.
In HUVECs, under normal or hyperglycaemic conditions, treatment
with ampelopsin (1 uM) significantly promoted the phosphorylation of
AMPK and increased its downstream target ULK 1, thereby resulting in
the induction of the autophagic markers LC3-1l, Beclin 1, Atg5, and p62,
but exposure to the Compound C reversed these changes.(Liang et al.,
2015) Taken together, polyphenols may improve GLMDs by modulating
autophagy via the AMPK-mTORC1 or AMPK-ULK1 pathway.

4.6 | MAPK pathway

MAPK family members include c-JUN NH2-terminal protein kinase
(JNK), extracellular signal-regulated kinase (ERK), and p38 (Xia et al.,
1995). Evidence implicates JNK signaling in Bcl-2 posttranslational
remodeling and induces Beclin 1 separation from Bcl-2, controlling the
crosstalk between autophagy and apoptosis. Once JNK is activated,
the Bcl2 protein undergoes phosphorylation, leading to apoptosis.
In contrast, when JNK cannot be activated, dephosphorylated Bcl2
interacts with Beclin 1, which is a Bcl2-interacting protein mediat-
ing the inhibition of Beclin 1-dependent autophagy (Lavallard et al.,
2012). As found in STZ/HFD-fed mice or palmitate-stimulated H9c2
cardiac myoblast cells, curcumin or resveratrol relieved diabetic car-
diomyopathy by modulating the transition between autophagy and
apoptotic machinery, which is largely attributable to JNK-mediated
dissociation of Beclin 1-Bcl2 (Xu et al., 2018; Yao et al., 2018). Sim-
ilarly, mangiferin-inhibited apoptosis (e.g., upregulation of Bcl-2) and
autophagy (e.g., downregulation of Beclin 1) induced by Staphylococcus
aureus in RAW264.7 cells, which was partly dependent on the inhibition
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of JNK signaling, contributing to controlling excessive inflammation
and tissue damage (Xu et al., 2020b).

In addition to JNK signaling, studies have reported a potential role
of the ERK pathway (two splice variants ERK1 (p44) and ERK2 (p42)),
which is initiated in response to oxidative stress and insulin, in regu-
lating autophagy. Emerging evidence reveals that EGCG could enhance
autophagy in OA-stimulated liver cells and HFD-induced mice, pos-
sibly via the promotion of MAPK/ERK1/2 signaling, suggesting that
polyphenols may be potential autophagy regulators useful in the treat-
ment of NAFLD and obesity (Wu et al., 2021). However, in type 2
diabetic Goto-Kakizaki (GK) rats, EGCG improved muscle mitochon-
drial function by inhibiting autophagy protein LC3B, Beclin 1, and
dynamin-related protein 1 (DRP1), and the molecular alterations pre-
ceding these changes were characterized by inhibition of the ERK/JNK
pathway (Yan et al., 2012). This distinct phenomenon in response to
EGCG is due to the fact that ERK and JNK respond to various cel-
lular stresses (e.g. oxidative stress), and hyperglycemia-induced ROS
may activate ERK and/or JNK signals, thereby triggering autophagy in
skeletal muscle.

Equally important is a wealth of evidence supporting the concept
that p38 MAPK is involved in autophagy. However, due to the differ-
ences in stimuli and cell types, p38 MAPK has been shown to operate as
either a positive or negative regulator of this process. In H,O,-treated
H9c2 cells, treatment with resveratrol upregulated Beclin 1 and LC3-I1,
but after SB202190 (a p38 inhibitor) intervention, autophagy activa-
tion was considerably suppressed, indicating that p38 MAPK signaling
activation may play a central role in resveratrol-induced autophagy
(Lv & Zhou, 2012). However, in oxidative stress-induced endothelial
progenitor cells, isorhamnetin (30 uM) stimulation for 48 h reduced
autophagy via inhibition of the p38 MAPK signaling pathway, thus pro-
tecting against endothelial dysfunction (Tang et al., 2015). Collectively,
elucidating this signaling cascade in polyphenol-regulated autophagy
in response to various stimuli would be highly beneficial for exploiting
food plants for disease prevention and treatment.

4.7 | Nrf2/HO-1 pathway

A growing body of data suggests that the nuclear factor erythroid
2 (NF-E2)-related factor 2(Nrf2)/heme oxygenase-1 (HO-1) axis pro-
tects against oxidative stress damage through autophagy resistance,
which offers a theoretical foundation for its therapeutic impact on
a variety of oxidative stress-related disorders (Garcia-Aguilar et al.,
2021). Recently, there has been increased attention given to the ben-
efits of polyphenol-induced autophagy on redox balance. It has been
reported that rosmarinic acid (30 mg/kg)-mediated Nrf2 activation
upregulates the autophagic (and mitophagic) pathway in a murine bac-
terial pneumonia model and thus mitigates mitochondrial oxidative
stress and inflammation (Zhang et al., 2021a). Moreover, in wild type
mice, apigenin (40 or 60 mg/kg) dose-dependently increased p62 and
LC3 expression to further inhibit retinal oxidative damage but had no
effect in Nrf2 KO mice, suggesting that Nrf2-dependent signaling reg-
ulates autophagy induced by apigenin (Zhang et al., 2020c). However,
in HyO,-stimulated INS-1 cells, anthocyanin (mainly cyanidin-3-O-

glucoside) (0.5 or 1 uM) treatment reduced H,O,-induced autophagy
(downregulation of Beclin 1 and LC3-1l/ LC3-1), and knockdown of
HO-1 or Nrf2 diminished the inhibitory effect of anthocyanin on
autophagy, indicating that Nrf2/HO-1 pathways are involved in regu-
lating oxidative stress-mediated autophagy (Zhang et al., 2013). Nrf2
is a double-edged sword that is not always advantageous to health,
depending on whether autophagy is intact; thus, adequate intake of
polyphenols is essential.

4.8 | PINK1-Parkin pathway

PINK1, a serine/threonine kinase that, along with the E3-ubiquitin
ligase Parkin, drives mitochondrial degradation, also regulates
mitophagy, which has been considered a potential mechanism of
polyphenols contributing to neuroprotection in cell and animal
experiments, such as removing damaged mitochondria (Wang et al.,
2021a; Xu et al., 2020a). Activation of PINK1/Pink1 may be a potential
mechanism of polyphenols for treating cardiovascular complica-
tions (Ren et al., 2017). A recent study conducted on HG-induced
vascular endothelial cells demonstrated that scutellarin enhanced
PINK1/Parkin-mediated mitophagy by increasing autophagic flux and
the expression of LC3-Il, Beclin 1, and p62 degradation (Xi et al., 2021).
Meanwhile, recent research has shown that PINK1/Parkin-mediated
mitophagy by polyphenols plays a crucial role in the treatment of
hepatic steatosis (e.g., cyanidin-3-O-glucoside and quercetin) (Li
et al,, 2020a; Liu et al., 2018) and activation of brown adipose (e.g.,
mangiferin) (Rahman & Kim, 2020). Taken together, PINK1/Parkin-
dependent signaling is identified as a mechanism of action for
polyphenol-mediated mitophagy in GLMDs.

4.9 | PPARS pathway

Phosphorylation of PPARS (peroxisome proliferator-activated recep-
tor 8) at tyrosine-108 results in increased binding of LC3 to the LIR
(LC3 interaction region) of PPARS, and, therefore, inhibits autophagic
flux (Gou et al., 2020). PPARS-dependent signaling is found to decrease
fat buildup in the liver via autophagy-mediated fatty acid oxidation
(Tong et al., 2019). As shown in HepG2 cells treated with FFA, capsaicin
increased the expression of PPARS accompanied by the upregulation of
autophagy-related factors (e.g., LC3-Il, Beclin 1, Atg5, and Atg7). Fur-
thermore, autophagy could be further enhanced by cotreatment with
capsaicin and a PPARS agonist (GW0742) but was inhibited by cotreat-
ment with capsaicin and a PPARS antagonist (GSK0660) in steatotic
HepG2 cells (Li et al., 2013). Thus, chronic dietary capsaicin appears to
protect against NAFLD by increasing PPARS-dependent autophagy.

410 | miRNA pathways

MicroRNAs (miRNAs) are posttranscriptional modulators of gene
expression which can participate in the pathophysiology of GLMDs.
Evidence demonstrates cross talk between miRNAs and the autophagy
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pathway; for example, ATG1 is regulated by miR-30a, ATG5 is reg-
ulated by miR-181a and miR-374a, ATG12 is regulated by miR-630,
ATG4 is regulated by miR-376b, LC3 is regulated by miR-204, ATG7
is regulated by miR-375, ATG10 and ATG16 are regulated by miR-
519a, ATG16 is regulated by miR-885-3p, and ATG4 is regulated
by miR-101 (Frankel & Lund, 2012). As they are key regulators of
autophagy, pharmacological compounds and conventional therapies
targeting these miRNAs are being investigated in disease models,
instigating a new wave of autophagy-targeted therapeutic strate-
gies. Results obtained from diabetic murine models supplemented
with caffeic acid, resveratrol or emodin, support the role of epi-
genetic regulators miRNA-133b/342/30a targeting ATG12, MAPLC3
(microtubule-associated light protein 3), and RB1CC1 (RB1 Inducible
Coiled-Coil 1), miR-18a-5p targeting Caspase-3 and LC3, or miR-21
targeting p62, Atg7, and LC3 in the regulation of DN (Qi et al., 2020;
Matboli et al., 2017; Xu et al, 2017). In contrast, in oxidized fish
oil induced M. amblycephala, emodin was found to alleviate intestinal
autophagy (ATG3, ATG7, and Beclin 1) induced by oxidative stress via
miR-34a/Notch1b signaling (Song et al., 2022). Possible explanations
for the different actions of emodin in these studies are that the rel-
ative prevalence of autophagy differs in discreet tissues (kidney and
intestine) in energy metabolic processes, and exogenous factors (for
example, nutritional status of foods used in the experimental model
including amino acids, fatty acids, and glucose) may cause different
changes in autophagy regulation. Additionally, in the rat with polycystic
ovary syndrome, nanocurcumin functions to upregulate miR-223-3p
in pancreatic tissues contributing to ameliorating insulin resistance by
suppressing autophagy activity as confirmed by dramatic decline in
LC3-1l and p62 proteins (Abuelezz et al., 2021). In summary, the current
data provide new mechanistic insights into possible contribution of
miRNAs regulated by polyphenols involved in maintaining autophagy.

Collectively, as illustrated in Figure 4, various signaling path-
ways, such as cAMP, PI3K, AKT, Sirt1l, AMPK, MAPK, Nrf2/HO-1,
PINK1/Parkin, PPARS, and miRNAs, have been implicated in the
autophagic regulation of polyphenols and thus contribute to the
treatment of GLMDs.

5 | RELEVANCE OF POLYPHENOLS-REGULATED
AUTOPHAGY FOR THE FOOD INDUSTRY

5.1 | Winemaking

The traditional or Champenoise technique of producing sparkling
wines entails two fermentation steps (the grape juice is initially fer-
mented into a base wine, after which sucrose, yeast and auxiliaries
are included, bottled and then fermented) followed by an ageing time
in contact with yeasts, which is vital for wine quality (Cebollero et al.,
2008). During the ageing period, the yeast cells die and autolyze
as the sugar is consumed. Once the yeast cells undergo autolysis,
nitrogenous compounds, polysaccharides, and fatty acids are released
and these molecules change the wine’s chemical composition, sen-

sory properties, and foaming features. Recently, investigation shows

that intracellular acetaldehyde dehydrogenase (Aldép) is specifically
targeted to the vacuole by the autophagosome (Onodera & Ohsumi,
2004). In conditions of nutrient starvation, Aldép is quickly exhausted
in yeast cells owing to the preferential degradation of Aldép during
autophagy (Cebollero & Gonzalez, 2006). In this regard, it has been
reported that resveratrol and quercetin interfere with sheep cytosolic
aldehyde dehydrogenase (ALDH) activity (Kitson et al., 2001). In red
winemaking, polyphenols from grape skins and seeds could accumulate
in the yeast cytoplasm, thus altering yeast growth and metabolism
(Mekoue Nguela et al., 2019). Extracts from the yeast cells in response
to resveratrol (2 mg/L) and quercetin (9 mg/L) were assayed for cytoso-
lic ALDH activity (Orozco et al., 2012). It was found that quercetin,
but not resveratrol, significantly decreased the cytosolic ALDH Aldép
(a preferred target for autophagy in yeast) activity. The same phe-
nomenon was also argued in the mitochondrial ALDH Ald4p activity.
The stronger autophagy inhibitory effect of quercetin may be due toits
ability to occupy the NAD™ pocket of ALDH, and this feature appeared
to be the predominant factor leading to the inhibition of the enzyme
with NAD(P)* as a cofactor. Collectively, the suppressive activity
of quercetin on these enzymes may cause increased intracellular

acetaldehyde, and this is probably responsible for the delayed growth.

5.2 | Food preservation

The spoilage of food and beverages is usually triggered by the com-
bined actions of microorganisms such as yeasts, molds and bacteria,
and the use of weak acid preservatives may mitigate this phenomenon
(Alderees et al., 2018). In foods with high sugar, low pH, and low
water activity, yeasts are usually favored while bacteria are compro-
mised. Autophagy suppression might well be effective in preserving
the survival of yeast cells that would otherwise die resulting from
excessive self-digestion. Benzoic acid, a phenolic acid included in
the Phenol-Explorer database (http://phenol-explorer.eu/), has been
demonstrated as a membrane-perturbing agent and induces loss of
mitochondrial function (mitophagy). To assay whether exposure of
yeast cells (Saccharomyces cerevisiae) to benzoic acid impacts ability to
trigger autophagy (macroautophagy) under nitrogen starvation, Hazan
et al. (2004) utilized a common procedure in which the maturation
of precursor amminopeptidase | (prApel) occurs exclusively through
autophagy. In yeast cells treated with 0-1 mM benzoic acid, prApel
maturation was observed. However, it was not found at 2 mM ben-
zoic acid, implying that this concentration had an inhibitory effect
on autophagy. A possible reason for this phenomenon is that the
cytoplasm-to-vacuole targeting (Cvt) pathway-independent function
participates in these effects. To further validate the conclusion, a more
general assay of autophagy was performed by testing yeast alkaline
phosphatase (Pho8) activity because of their non-reliance on a Cvt
pathway mutant background. Further results revealed that 1 mM ben-
zoic acid reduced Pho8 activity by 50%, while 2 mM benzoic acid
completely blocked the reaction. Based on the evidence, the general
inhibition of autophagy by benzoic acid is indicated. In line with this
study, Abeliovich and Gonzalez (2009) employed GFP-Atg8 as a marker
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FIGURE 4 The major molecular mechanisms behind the beneficial effects of polyphenol-modulated autophagy in GLMDs. The figure was
generated using Science Slides 2006 software. AMPK, AMP-activated protein kinase; AKT, protein kinase B; HO-1, heme oxygenase-1; MAPK,
mitogen-activated protein kinase; miRNA, MicroRNA; mTOR, mammalian target of rapamycin; Nrf2, nuclear factor erythroid 2 (NF-E2)-related
factor 2; PI3K, phosphatidylinositol-3-kinase; PINK1, PTEN-induced kinase 1; SIRT1, Sirtuin 1.

examining autophagosome completion, it was found that 2 mM ben-
zoic acid reduced autophagy in yeast by the observation of FM4-64
fluorescence, especially under nitrogen starvation condition. Although
benzoic acid and nitrogen starvation are both cytostatic, their com-
bination is cytocidal, as macroautophagy is crucial for survival during
nitrogen starvation. While this combination is described as cytoci-
dal in yeast, it remains uncertain if it applies for food preservation,
since few foods are low enough in nitrogen to induce nitrogen starva-
tion. For this reason, Winter et al. (2008) replaced nitrogen starvation
treatment with caffeine supplementation and likewise observed a star-
vation response, including induction of macroautophagy, in Zygosac-
charomyces bailii (a food spoilage yeast). Moreover, the combination
of benzoic acid (2 mM) and caffeine inhibited macroautophagy and
indued a cytocidal response to yeast. If we can find some polyphenols
(e.g., resveratrol) similar to caffeine, and then combine with benzoic
acid it will prolong improved shelf life and therefore have an economic
impact.

5.3 | Healthcare foods

Health foods, also known as functional foods, are specific types of
food that do not aim to treat disease but regulate the body’s func-

tions (Huang et al., 2022; Feng et al., 2020). They are mainly made from
medicine and food homologous dual-use resources and are becoming
increasingly popular with consumers. Evidentially, E. ulmoides leaves,
Morus alba leaves, Rhodiola crenulata root, and Salvia miltiorrhiza have
been widely used as key components in health products for probiotic
benefits (e.g., antidiabetes, antiobesity, anti-NAFLD, and antihyper-
tension). These species contain a large number of polyphenols and
flavonoids, such as erythro-guaiacylglycerol, threo-guaiacylglycerol, 3-
O-feruloylquinic acid, chlorogenic acid, and vanillic acid in E. ulmoides
leaves (Gong et al., 2022), chlorogenic acid, rutin, isoquercitrin, and
quercitrin in M. alba leaves (Ji et al., 2021), salidroside in R. crenu-
lata root (Ren et al., 2021; Yuan et al., 2020), and salvianolic acid
B in S. miltiorrhiza (Ko et al., 2020), which may be responsible for
induction of autophagy. The prospective roles of polyphenol-regulated
autophagy in health will benefit the application of polyphenol-rich
herbal in healthcare products. For example, Danshen Eucommia Cap-
sule (National Food and Drug Administration G20100571, the main
ingredients are M. alba leaves and S. miltiorrhiza) contains 1.57 g sal-
vianolic acid B per 100 g, which can be used to assist in lowering
blood pressure (http://www.pharmnet.com.cn/). Therefore, the search
of polyphenol-rich herbal medicine or botanicals will provide promis-
ing prospects for both the development and marketing of healthcare
products.
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6 | CONCLUSIONS AND PERSPECTIVES

Natural products containing phenolic compounds have been identified
as a useful group of prospective agents for promoting health, as evi-
denced by research findings on their structure and molecular actions.
Polyphenols have the potential to treat metabolic illnesses by act-
ing on several molecular sites related to autophagic flux activation.
In this review, the effects of polyphenols on various protein targets
and signaling pathways in relation to autophagy have been addressed.
Furthermore, we also discuss the potential applications of polyphenol-
targeted autophagy in the food industry. However, several unavoid-
able issues must be considered when addressing the importance
of autophagy control by polyphenol monomers or polyphenol-rich
extracts as therapeutic strategies in metabolic illnesses.

(1) Measuring levels of early or late autophagic compartments,
or autophagic fluxes, according to the standardized guidelines for
autophagy research published in 2021, allows monitoring autophagy
in different organisms; however, it is difficult to explain the multiple
metabolic outcomes of autophagic deprivation due to the cell-specific
diversity of different tissues, models, and stages. Thus, to develop
dietary polyphenols as potential nutritional adjuvants for targeting
GLMDs, the interplay between autophagy and diverse tissues needs
to be understood. (2) From the literature, it is clear that p62 expres-
sion either increases or decreases in polyphenol-induced autophagy
studies. However, p62 levels are insufficient to demonstrate autophagy
fluxes because pé2 is an autophagy substrate that increases even
more when autophagy maturation is impaired. Thus, it is strongly
advised to assess several indicators such as the LC3-1l/ LC3-1 (LC3 is
a receptor for p62), Beclin 1, ATG, and chemical tools (chloroquine or
bafilomycin), as well as molecular approaches such as knockdown, to
validate the polyphenol-modulating autophagy activity. (3) Autophagy
is a double-edged sword. Systemic autophagy activation might not
be advantageous to nontargeted cells. On the other hand, autophagy
plays a vital role in the homeostasis of cell function under stress
situations, for example protecting hepatocytes from oxidative stress
and inflammation. Nevertheless, overactivated or blocked autophagy
can result in cellular malfunction and even induce apoptosis of nor-
mal cells. Therefore, maintaining autophagy at a healthy level is a
challenging therapeutic objective. Further studies are required to
assess the therapeutic potential and safety of autophagy modulation
by polyphenols. It would also be intriguing to explore the beneficial
autophagy-mediated mechanisms of available clinically used drugs. (4)
Caution should be exercised before employing any polyphenol-rich
herbal extracts and natural products targeting AMPK/mTOR as phar-
maceuticals addressing obesity and diabetes via autophagy regulation
because these pathways are involved in many other cellular processes.
(5) The doses assayed in animal and cultured cells maybe result in dif-
ferent effects on autophagy, which is possibly due to disturbed balance
of autophagy and apoptosis. For some treatments, low doses trigger
autophagy, while high doses may induce apoptosis and in turn suppress
autophagy. This is evidenced by the finding that low-dose resveratrol

induced autophagy, whereas, the high dose inhibited autophagy accom-

panied with higher percentage of apoptosis (Gurusamy et al., 2009).
(6) In comparison with research in animals and cells, substantially less
is known about how GLMDs are connected with autophagy in human
tissues. Clinical studies on autophagy-inducing natural products are
strongly encouraged, while emphasizing dose, duration, and possible
synergistic effects of different compounds. (7) A series of studies on the
control of cellular autophagy by polyphenols have appeared with the
majority focusing on cancer and just a few on obesity, diabetes, insulin
resistance, and comorbidities. Further investigation of the metabolic
effects of autophagy dysfunction within a physiologically relevant
range is therefore essential to account for doubts regarding the role
of polyphenol-induced autophagy in GLMDs. (8) How can the intensity
and duration of autophagic flux during polyphenol stimulation be con-
trolled and how can the autophagic regulatory activity of polyphenols
be assessed and monitored in animal models or in humans? Although
methods for monitoring autophagosome number and autophagic flux,
such as electron microscopy, monodansylcadaverine staining, and LC3
turnover assay have been used and developed, because of the dynamic
and complex processes involved in autophagy, it is always correctly
analyzed. (9) Strategies to increase the autophagic-regulated effect of
polyphenols provide a new perspective for their application in GLMDs.
For this purpose, several methods, such as chemical and technological
modification methods (e.g., solid dispersion, nanoparticles, nanostruc-
tured lipid carriers, and microcapsules), should been applied to improve
bioavailability and thus increase the autophagy capacity of polyphe-
nols. (10) There is growing experimental evidence that herbal-induced
autophagy plays a crucial role in GLMDs, but most of these studies have
focused only on the observation of autophagy; detailed mechanistic
investigations to identify direct drug targets are rare. Further insight
into directly targeting autophagy could not only facilitate medicinal
food development but also provide a more effective and safe approach
to pharmaceutical research.
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