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Resveratrol (trans-3,40,5-trihydroxystilbene) belongs to the family of natural phytoalexins.

Resveratrol first came to our attention in 1992, following reports of the cardioprotective

effects of red wine. Thereafter, resveratrol was shown to exert antioxidant, anti-

inflammatory, anti-proliferative, and angio-regulatory effects against atherosclerosis,

ischaemia, and cardiomyopathy. This article critically reviews the current findings on the

molecular basis of resveratrol-mediated cardiovascular benefits, summarizing the broad

effects of resveratrol on longevity regulation, energy metabolism, stress resistance, exer-

cise mimetics, circadian clock, and microbiota composition. In addition, this article also

provides an update, both preclinically and clinically, on resveratrol-induced cardiovascular

protection and discusses the adverse and inconsistent effects of resveratrol reported in

both preclinical and clinical studies. Although resveratrol has been claimed as a master

anti-aging agent against several age-associated diseases, further detailed mechanistic

investigation is still required to thoroughly unravel the therapeutic value of resveratrol

against cardiovascular diseases at different stages of disease development.

LINKED ARTICLES: This article is part of a themed section on The Pharmacology of

Nutraceuticals. To view the other articles in this section visit http://onlinelibrary.

wiley.com/doi/10.1111/bph.v177.6/issuetoc

1 | INTRODUCTION

Resveratrol (trans-3,40 ,5-trihydroxystilbene) is a hydroxylated deriva-

tive of stilbene, falling into the family of natural phytoalexins.

Resveratrol exists in either trans- or cis-isomeric forms, but only trans-

resveratrol is responsible for extending life expectancy and producing

cardioprotective benefits. The cis-resveratrol is generally present at

much lower contents in food sources and is believed to be less

biologically active than the trans-isoform (Weiskirchen & Weiskirchen,

2016). In this review, the major focus is on trans-resveratrol, and we

use “resveratrol” to denote its trans-isoform.

In 1992, researchers were expressing the first real interest in the

compound resveratrol owing to the “French paradox” (Renaud &

deLorgeril, 1992). By activating sirtuin 1 (SIRT1), one of the SIRT fam-

ily of deacetylases which are claimed to act as longevity regulators,

resveratrol is considered to be a potent anti-aging agent. Over the

years, as reported by many basic science investigations and over

240 clinical trials, resveratrol exerts beneficial effects against chronic

diseases, including cardiovascular diseases (CVDs), diabetes mellitus,

hypertension, Alzheimer's disease, liver diseases and kidney diseases,

and carcinomas, such as breast cancer, colorectal cancer, and mye-

loma (Singh et al., 2019). Among these disorders, aging is likely to be

the most common risk factor.

Abbreviations: AMPK, 50 AMP-activated protein kinase; BMAL1, brain and muscle Arnt-like

protein-1; CLOCK, circadian locomotor output cycles kaput; CVD, cardiovascular disease;

eNOS, endothelial NOS; FMD, flow-mediated dilatation; FOXO, Forkhead box O; HCAECs,

human coronary arterial endothelial cells; HUVEC, human umbilical vein endothelial cell;

KLF2, Krüppel-like factor 2; LKB1, liver kinase B1; NOX, NADPH oxidase; Nrf2, nuclear

factor-E2-related factor-2; SIRT1, sirtuin 1; SMC, smooth muscle cell; UCP2, uncoupling

protein 2.
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Aging generally refers to the gradual loss of physiological integ-

rity, resulting in progressive decline of body function and higher vul-

nerability to chronic diseases and death. Aging is often associated

with the accumulation of ROS, increased inflammatory lesions, dys-

regulated cell proliferation, and altered angiogenesis (López-otín,

Blasco, Partridge, Serrano, & Kroemer, 2013), underlying the onset

and progression of different pathologies. Moreover, autophagy

overtly declines during aging, leading to the accumulation of dysfunc-

tional organelles and misfolded protein aggregates. Decreased

autophagy exacerbates dysfunction of various organs, particularly the

heart (W. Zhang, Huang, et al., 2017; Y. Zhang, Wang, et al., 2017).

In the cardiovascular system, aging is undoubtedly one of the

most important determinants of different disorders. In 2015, there

were almost 423 million CVD incidents and 18 million CVD deaths, in

which ischaemic heart disease remained the leading cause of global

CVD mortality (Roth et al., 2017). In spite of the gradual increase in

life expectancy, CVDs will still remain the leading cause of human

mortality (~40%) worldwide till 2030 (North & Sinclair, 2012), generat-

ing enormous economic burdens on society. Importantly, a 2012 clini-

cal trial covering 1,000 individuals stated that resveratrol intake

through wine consumption could improve blood lipid profiles and

fasting blood glucose (Zamora-Ros et al., 2012). As resveratrol has

long been regarded as an anti-aging compound, its associated antioxi-

dant, anti-inflammatory, anti-proliferative, angio-regulatory, and

autophagy-enhancing properties might account for its cardi-

oprotective effects.

More importantly, further studies revealed that resveratrol treat-

ment was associated with lower expression of inflammation markers,

such as the intercellular adhesion molecules (ICAMs) and IL-8, in

endothelial cells and lower diastolic blood pressure in the systemic cir-

culation, accounting for lower risks of ischaemic stroke and hyperten-

sion (Berman, Motechin, Wiesenfeld, & Holz, 2017). In addition to the

SIRT1 pathway, resveratrol also regulates other signalling involving 5'

AMP-activated protein kinase (AMPK) and PPAR-δ in the cardiovas-

cular system (Ruderman et al., 2010). Recent studies reveal that res-

veratrol could modulate the composition gut microbiota and,

eventually, alter host metabolite profile for cardiovascular health

(Chaplin, Carpéné, & Mercader, 2018). Evidence is also available that

resveratrol modulates the biological circadian rhythm (I. Park, Lee,

Kim, & Kim, 2014), a central paradigm that may affect development of

CVDs. These findings all suggest the diverse beneficial effects of res-

veratrol towards promoting cardiovascular health. However, resvera-

trol intake is also associated with certain side effects, although severe

adverse effects are not often recorded.

Overall, the purpose of this review article is threefold: (a) to

highlight the cardioprotective effects of resveratrol in the context of

longevity regulation, energy metabolism, stress resistance, exercise

mimetics, circadian clock, and microbiota composition, (b) to elabo-

rate the cardioprotective effects of resveratrol in terms of its anti-

oxidant, anti-inflammatory, anti-proliferative, and angioregulatory

properties, and (c) to reflect the potential negative outcomes and

inconsistent actions of resveratrol usage in both preclinical and clini-

cal findings.

2 | MOLECULAR BASIS OF RESVERATROL
ACTION

2.1 | Resveratrol-mediated beneficial effects on
the cardiovascular system

The broad effects of resveratrol on many cardiovascular target cells

make it a feasible option for cardioprotection, readily available in food

and drink (Table 1). Over the past 70 years, research groups have

been working intensively and extensively to unravel the molecular

network of resveratrol action (Figure 1). Upon entering the blood-

stream, resveratrol is readily absorbed by vascular endothelial cells

through both passive diffusion and SGLT1-mediated active transport,

for its intracellular action (Z. Chen, Shentu, Wen, Johnson, & Shyy,

2013; M. Chen, Yi, et al., 2013). Apart from this first-line guardian of

the vascular wall (i.e., endothelial cells), resveratrol can also readily act

on monocytes and M1/M2 macrophages for modulation of inflamma-

tory profiles (Schwager et al., 2017), on vascular smooth muscle cells

(SMCs) for regulation of proliferation and apoptosis (Poussier et al.,

2005), and on cardiomyocytes for counteracting high oxidative stress

(Y. Li et al., 2013).

2.2 | Longevity regulation

Known to extend lifespan of different model organisms

(e.g., Saccharomyces cerevisiae, Caenorhabditis elegans, Drosophila mela-

nogaster, Nothobranchius fuzeri, and obese Mus musculus), resveratrol

is a noted activator of SIRT1, the NAD+-dependent protein

deacetylase that regulates aging, transcription, proliferation, apopto-

sis, and inflammation. During aging, gradual loss of SIRT1 expression

in endothelial cells, vascular SMCs, and cardiomyocytes initiates both

vascular and cardiac aging (Favero, Franceschetti, Rodella, & Rezzani,

2015). As a pharmacological mimic of calorie restriction, resveratrol

activates SIRT1 for the modulation of enzyme activity, protein phos-

phorylation, and transcription factor function (Figure 2). Collectively,

these findings underlie the vasodilatory, antioxidant, anti-inflamma-

tory, anti-apoptotic, and anti-senescence properties of resveratrol in

the cardiovascular system.

2.2.1 | Enzyme activity modulation

Resveratrol benefits endothelial function by affecting activities of

enzymes that are crucial to maintaining cardiovascular health

(Figure 2a). In 2002, Wallerath et al. were the first to show that res-

veratrol up-regulates endothelial NOS (eNOS) expression in HUVECs

(Wallerath et al., 2002), where eNOS is the enzyme generating the

unorthodox gaseous molecule NO to mediate endothelium-dependent

vasorelaxation. Also, resveratrol-induced activation of SIRT1 also

increases eNOS activity via the post-translational deacetylation of its

lysine residues (Mattagajasingh et al., 2007). NO directly functions as

a scavenger of ROS, in particular, the superoxide anions (O2
−). Normal

CHENG ET AL. 1259

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=821
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1540
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1540
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=594
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=915
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2451
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1249


TABLE 1 The function of resveratrol in the cardiovascular system

Cell type Function Reference

Endothelial cells Inflammation# (Berman et al., 2017), (Schwager, Richard,

Widmer, & Raederstorff, 2017),

(Sangwung et al., 2017), (Cicha et al.,

2009)

Endothelial function" (Wallerath et al., 2002), (Mattagajasingh et

al., 2007), (Cheang et al., 2018),

(Wong et al., 2013), (Magyar et al., 2012)

Oxidative stress# (W. Zhang, Huang, et al., 2017; Y. Zhang,

Wang, et al., 2017), (Liu et al., 2015),

(Sangwung et al., 2017), (J. Li, Yu, Ying,

Shi, & Wang, 2017),

(Cheang et al., 2014)

Autophagy" (Liu et al., 2015), (Vion et al., 2017)

Elongation" (Cicha et al., 2011)

Apoptosis# (J. Li et al., 2017)

Mitochondrial mass# (Csiszar et al., 2009)

Mitochondrial ROS# (Zhou et al., 2014)

eNOS uncoupling# (Xia et al., 2010)

Over-proliferation# (Yao et al., 2013)

Re-endothelialization" (Yurdagul et al., 2014)

Angiogenesis# (Fukuda et al., 2006), (Sim~ao et al., 2012)

Vascular SMCs Hyperplasia# (Poussier, Cordova, Becquemin, & Sumpio,

2005), (Thompson, Martin, &

Rzucidlo, 2014), (Yurdagul et al., 2014),

(Hwang et al., 2016)

Differentiation" (Thompson et al., 2014)

Senescence# (E. N. Kim, Kim, et al., 2018; T. T. Kim,

Parajuli, et al., 2018)

Fibrosis# (E. N. Kim, Kim, et al., 2018; T. T. Kim,

Parajuli, et al., 2018)

Migration# (Hwang et al., 2016)

Cardiomyocytes Oxidative stress# (Y. Li et al., 2013), (Bagul, Deepthi, Sultana,

& Banerjee, 2015),

(Diao et al., 2018), (B. Wang et al., 2014)

Cardiac hypertrophy# (Bagul et al., 2015), (Thandapilly et al.,

2011), (Gélinas et al., 2018),

(Ma et al., 2017), (Matsumura et al.,

2018), (Gan et al., 2014)

Apoptosis# (C. J. Chen et al., 2009), (Diao et al., 2018),

(B. Wang et al., 2014), (Varma

Penumathsa et al., 2006)

Inflammation# (C. Zhang et al., 2012), (Planavila, Iglesias,

Giralt, & Villarroya, 2011),

(Gupta, DiPette, & Supowit, 2014)

Mitochondrial elongation# (Ren et al., 2017)

Mitochondrial biogenesis" (Biala et al., 2010), (Ma et al., 2017)

Cardiac remodelling# (Biala et al., 2010)

Dysfunctional autophagic flux# (B. Wang et al., 2014)

Cardiac remodelling" (B. Wang et al., 2014)

Cardiac fibrosis# (G. Wang, Song, Zhao, Li, & Liu, 2018),

(Diao et al., 2018), (C. Chen et al., 2019)

Ischaemia/reperfusion ischaemia# (Deng, Wang, He, Xu, & Xie, 2017)

(Continues)
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eNOS expression and activity control the NO/ROS balance in order

to prevent endothelial dysfunction (Folino, Losano, & Rastaldo, 2013).

As an early marker of hypertension and atherosclerosis, endothelial

dysfunction increases vascular tone and prompts vascular remodelling

(Ungvari et al., 2018).

In addition, SIRT1 activation contributes to the regulation of other

redox enzymes including NADPH oxidase (NOX) and SOD in the car-

diovascular system. Generally expressed by endothelium, vascular

smooth muscle, cardiomyocytes, and adventitia, NOX is one of the main

physiological sources of ROS in the cardiovascular system. Meanwhile,

SOD acts as an antioxidant enzyme (Montezano & Touyz, 2014).

Through diminishing and enhancing the expression and activity of NOX

and SOD, respectively, SIRT1 reduces oxidative stress in endothelial

cells (W. Zhang, Huang, et al., 2017; Y. Zhang, Wang, et al., 2017) and in

cardiomyocytes of fructose-induced diabetic Sprague–Dawley rats

(Bagul et al., 2015). A lower oxidative stress in cardiomyocytes is

TABLE 1 (Continued)

Cell type Function Reference

Autophagy" (B. Wang et al., 2014)

Cardiac angiogenesis" (Fukuda et al., 2006)

Monocytes/macrophages Inflammation# (Schwager et al., 2017), (S. Y. Park et al.,

2017), (Buttari et al., 2014)

M2 polarization" (S. Y. Park et al., 2017)

Monocyte-to-macrophage differentiation# (Vasamsetti et al., 2016)

Macrophage infiltration# (Gupta et al., 2014)

Foam cell formation# (Dong et al., 2014), (Berrougui, Grenier,

Loued, Drouin, & Khalil, 2009)

F IGURE 1 The cardiovascular benefits of resveratrol. The diagram outlines the six major cardiovascular benefits of resveratrol. Resveratrol
exerts its effects in the context of longevity regulation, energy metabolism, stress resistance, exercise mimetic, circadian clock, and microbiota
composition. Corresponding positive outcomes are listed
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associated with reduced risk of cardiac hypertrophy in diabetes (Bagul

et al., 2015). Resveratrol-induced SIRT1 activation thus provides antiox-

idant benefits by targeting both ROS formation and clearance.

2.2.2 | Post-translational regulation

Although SIRT1 is well-known as a protein deacetylase, its ability to

regulate phosphorylation through deacetylation of corresponding

kinases enriches the cardiovascular benefits of resveratrol (Figure 2b).

In particular, resveratrol can deacetylase the master kinase AMPK and

the tumour suppressor serine/threonine kinase liver kinase B1

(LKB1). Resveratrol-activated SIRT1 deacetylates LKB1 to increase

AMPK phosphorylation at Thr172, which in turn phosphorylates eNOS

at Ser1177 (Cacicedo et al., 2011), thus providing hints that SIRT1 can

directly and indirectly increase eNOS activity through AMPK

deacetylation and AMPK-mediated eNOS phosphorylation. Similar

resveratrol-induced activation of SIRT1/AMPK axis is also present in

macrophages, favouring macrophage polarization towards an anti-

inflammatory M2 phenotype (S. Y. Park et al., 2017). In brief, AMPK

activation is important in maintaining an antioxidant and anti-

inflammatory interior environment for cell components of the cardio-

vascular system. As AMPK activity declines with age (Salminen,

Kaarniranta, & Kauppinen, 2016), resveratrol can serve as a compen-

satory supplement for age-related AMPK deactivation.

2.2.3 | Transcriptional changes

Resveratrol-activated SIRT1 can translocate into the nucleus to modu-

late functions of transcription factors. SIRT1 achieves such effects

either by deacetylating transcription factor(s) directly or by epigeneti-

cally deacetylating the corresponding histone proteins (Z. Chen,

Shentu, et al., 2013; M. Chen, Yi, et al., 2013; Figure 2b). Transcription

factors like Forkhead box O (FOXO) proteins and the pro-

inflammatory NF-κB can be directly deacetylated by SIRT1. Both

transcription factors are extensively involved in the crosstalk between

oxidative stress and inflammation (Z. Chen, Shentu, et al., 2013;

M. Chen, Yi, et al., 2013). SIRT1-mediated deacetylation activates

FOXOs for subsequent up-regulation of antioxidants including cata-

lase, SOD, and thioredoxin-1 (Matsushima & Sadoshima, 2015). More-

over, SIRT1-mediated FOXO1 activation was confirmed to protect

endothelial cells against oxidative stress (Liu et al., 2015). Through the

SIRT1/FOXO1 axis, resveratrol defends cardiomyocytes against

hypoxia-induced apoptosis (C. J. Chen et al., 2009), which is a hallmark

of ischaemic heart disease. Clinically, a human trial stated that resver-

atrol supplement improves ischaemic stroke recovery by reducing

Levels of matrix metallopeptidase 9, a known downstream target of

FOXO1 related to tissue remodelling (J. Chen, Bai, Zhao, Sui, & Xie,

2016; M. Chen, Yi, et al., 2016). Resveratrol-induced SIRT1/FOXO

cascade confers cardiovascular protection against oxidative stress and

undesirable vascular remodelling, thus alleviating the progression of

hypertension and atherosclerotic CVDs.

During aging, a slow increase in activation of NF-κB underlies the

chronic inflammatory response (Salminen & Kaarniranta, 2009). Res-

veratrol represses NF-κB signalling through SIRT1-mediated

deacetylation of p65 of the NF-κB complex (W. Zhang, Huang, et al.,

2017; Y. Zhang, Wang, et al., 2017). Resveratrol markedly inhibits

inflammation by suppressing nuclear translocation of NF-κB in

anoxia/reoxygenation-injured cardiomyocytes (C. Zhang et al., 2012).

Resveratrol also prevents NF-κB activation to down-regulate pro-

inflammatory cytokines in both human M1 and M2 macrophages

F IGURE 2 The deacetylating action of resveratrol-activated SIRT1. (a) SIRT1 deacetylates and hence enhances the activity of eNOS, which
also undergoes phosphorylation by AMPK for NO production. SIRT1 deacetylates LKB1 to promote AMPK phosphorylation for downstream
eNOS activation. SIRT1 directly activates and may indirectly activate UCP2 through AMPK to counteract oxidative stress. (b) SIRT1 modulates
transcriptional activity by directly deacetylating the transcription factors themselves (e.g., NF-κB and FOXOs), epigenetically acting as a histone
deacetylase for transcription factors (e.g., KLF2), indirectly deacetylating the co-activator of the transcription factor complex (e.g., PPARs) or the
combination of above mechanisms (e.g., CLOCK:BMAL1)
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subjected to challenge with 7-oxo-cholesterol (Buttari et al., 2014).

These results support the protective effect of resveratrol against

chronic inflammation, lowering the risk for cardiovascular events such

as atherosclerosis and thrombosis during aging.

Another known SIRT1-activated transcription factor is Krüppel-

like factor 2 (KLF2), which plays a critical role in flow-mediated vaso-

protective phenotype in human endothelial cells. SIRT1 can epigeneti-

cally up-regulate KLF2 levels, by histone deacetylation (Z. Chen,

Shentu, et al., 2013; M. Chen, Yi, et al., 2013) and KLF2 is believed to

confer vasodilatory, anti-inflammatory, and anti-thrombotic properties

to vascular endothelium. According to a recent transcriptomic study,

endothelium-specific knockout of KLF2 in mouse primary microvascu-

lar endothelial cells up-regulates expression of genes involved in hyp-

oxia, angiogenesis, coagulation, unfolded protein response, and

inflammatory reaction (Sangwung et al., 2017). Therefore, the SIR-

T1/KLF2 axis plays important roles in endothelial homeostasis.

The PPAR family comprises a collection of nuclear receptor pro-

teins that act as transcription factors to modulate cardiovascular func-

tion. SIRT1 mediates deacetylation of PGC-1α, which binds to PPAR

protein as a coactivator for downstream transcriptional regulation.

Through the SIRT1/PPAR-α cascade, resveratrol exerts anti-

inflammatory and anti-hypertrophic effects by lowering the expression

of the pro-inflammatory cytokine CCL2 and atrial natriuretic peptide in

Sprague-Dawley rat cardiomyocytes (Planavila et al., 2011). Also, res-

veratrol ameliorates endothelial dysfunction in obese and diabetic mice

through a SIRT1/PPARδ pathway (Cheang et al., 2018), supporting the

vaso-protective effect of resveratrol. Resveratrol-induced SIRT1/PPARδ

signalling is a new mechanism that benefits the cardiovascular function.

SIRT1 plays a critical role in regulating the circadian clock by sens-

ing changes in the cellular metabolic states. Better control of circadian

rhythms is believed to improve health and increase longevity of

organisms. SIRT1 binds to the circadian locomotor output cycles

kaput (CLOCK): brain and muscle Arnt-like protein-1 (BMAL1)

heterodimer transcription factor for deacetylation, altering circadian

gene expression (Hood & Amir, 2017). The circadian genes are

involved in a variety of downstream pathways in different systems

including the cardiovascular system. More detailed information of

resveratrol-induced circadian regulation is discussed in Section 2.6.

Taken together, resveratrol-induced SIRT1 up-regulation compensates

for the gradual SIRT1 loss in the aging cardiovascular system, thus

lowering CVD risks.

2.3 | Energy metabolism

2.3.1 | AMPK activation

Resveratrol acts as a metabolic regulatory agent in the cardiovascular

system to modulate energy homeostasis. Resveratrol alters the activ-

ity of AMPK, the master energy sensor and kinase for tight regulation

of anabolic and catabolic pathways in different organs. In low energy

states or low ATP/AMP ratios, AMPK increases ATP generation by

increasing the expression or activity of proteins related to catabolism,

while it reduces ATP consumption by turning off anabolic pathways in

high energy states or high ATP/AMP ratios (Hardie, 2011). Because

AMPK activity declines with age, energy homeostasis is progressive

disturbed during aging. Declining sensitivity of AMPK activation

increases chronic low-grade inflammation, increases cellular stress,

and raises the risk for age-associated CVDs (Salminen et al., 2016).

Resveratrol stimulates AMPK activation through direct and indirect

mechanisms, to compensate for the progressive loss of AMPK activity

during aging.

Indirect AMPK activation is SIRT1-dependent and remains the

dominant view of resveratrol action. As described in Section 2.2, res-

veratrol activates the SIRT1/LKB1/AMPK axis to facilitate down-

stream protein phosphorylation. However, resveratrol, at higher

doses, can directly activate AMPK but in a SIRT1-independent man-

ner. In a SIRT1-knockout mouse, resveratrol, given at a high dose

(4 g�kg−1 diet; Price et al., 2012) was still able to activate AMPK. On

the contrary, some studies stated that resveratrol can activate SIRT1

in an AMPK-dependent manner to benefit the cardiovascular system.

AMPK was even shown to phosphorylate SIRT1 at T344 (Lau, Liu,

Inuzuka, & Gao, 2014). Alternatively, AMPK can increase the SIRT1

activity by increasing intracellular levels of NAD+ (Ruderman et al.,

2010). Further studies are still required to understand the

AMPK/SIRT1 partnership in mediating resveratrol action.

Sustained AMPK activation mediates cardiovascular benefits of

resveratrol. Resveratrol treatment inhibits ROS overproduction,

induced by high glucose, in bovine retinal capillary endothelial cells in

an AMPK/SIRT1/PGC-1α-dependent fashion (J. Li et al., 2017).

Resveratrol-activated AMPK phosphorylates eNOS to improve vascu-

lar function of the superior thyroid arteries from patients with

dyslipidaemia and hypertension (Carrizzo et al., 2013). In a clinical

trial, daily administration of 75-mg resveratrol for 6 weeks aug-

mented flow-mediated dilatation (FMD) in healthy obese individuals

(Wong et al., 2013). Co-supplementation of resveratrol with piperine

improved cerebral blood flow in young male individuals (Wightman

et al., 2014). These results suggest the antioxidant and

vasoregulatory effects of resveratrol through acting on vascular

endothelium.

Beyond endothelial cells, AMPK activation by resveratrol pro-

motes AMPK-NO signalling to reverse noradrenaline-induced car-

diomyocyte hypertrophy in adult rats (Thandapilly et al., 2011).

Aberrant SMC proliferation promotes the initiation and early progres-

sion of plaque formation. Resveratrol-induced AMPK activation

favours vascular SMC differentiation, where differentiated vascular

SMCs demonstrate a slower pace of proliferation (Thompson et al.,

2014). Therefore, resveratrol can limit vascular SMC proliferation to

retard early plaque formation. In addition, resveratrol ameliorates

monocyte-to-macrophage differentiation, an inflammation-associated

phenomenon with relevance to atherosclerosis, by modulating intra-

cellular GSH homeostasis via AMPK activation (Vasamsetti et al.,

2016). These findings highlight the anti-hypertrophic and anti-

atherogenic effects of resveratrol. Taken together, resveratrol works

as an AMPK activator, either in a direct or indirect manner, to benefit

cardiovascular function against CVDs.
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2.3.2 | Mitochondrial dynamics

Mitochondria function as central organelles designed for energy

metabolism. Oxidative phosphorylation is a key mitochondrial pro-

cess for transforming free energy to the cellular energy currency

ATP. Decreased mitochondrial activity and quality are inevitable bio-

logical events during aging, potentially increasing the risk of CVDs

(N. Sun, Youle, & Finkel, 2016). In virtually all the tissues, mammalian

aging is associated with the progressive build-up of mitochondrial

oxidative stress. The accumulating ROS accounts for oxidative dam-

age in macromolecules including proteins, DNA, and lipids, thus expe-

diting aging. Dysregulated mitochondrial dynamics and mitochondrial

oxidative stress are often identified in age-related diseases, such as

CVDs, metabolic syndrome, and neurocognitive disorders (Ungvari,

Sonntag, de Cabo, Baur, & Csiszar, 2011). Moreover, defects in mito-

chondrial fission cause mitochondrial elongation, prompting senes-

cence in aging cells (Ren et al., 2017). Notably, resveratrol acts on

both mitochondrial dynamics and mitochondrial ROS in the cardio-

vascular system.

Resveratrol can directly bind to mitochondrial complex I

(Gueguen et al., 2015) and it regulated mitochondrial dynamics by

increasing mitochondrial biogenesis and by ameliorating mitochondrial

elongation. In vitro, resveratrol significantly increased mitochondrial

mass in human coronary arterial endothelial cells (HCAECs; Csiszar

et al., 2009), suggesting that resveratrol may potentially minimize dys-

regulated mitochondrial biogenesis which is frequently observed in

the early onset of endothelial dysfunction (Ungvari et al., 2011). Like-

wise, in animal studies in vivo, resveratrol induced mitochondrial bio-

genesis in cardiomyocytes to attenuate angiotensin II-induced cardiac

remodelling (Biala et al., 2010). More importantly, resveratrol treat-

ment is associated with improved vascular function and increased

mitochondrial number in glucose-intolerant, elderly patients (Pollack

et al., 2017). An increased mitochondrial biogenesis can ameliorate

the impaired energy homeostasis of aging heart and vasculature. In

senescent cardiomyocytes, resveratrol suppressed mitochondrial elon-

gation through up-regulating the expression of dynamin-related pro-

tein 1 (Ren et al., 2017). The elongated and dysfunctional

mitochondria eventually accumulate in cardiomyocytes, underlying

the reduction in ischaemic preconditioning of aged hearts.

Resveratrol can lower mitochondrial ROS production for better

energy homeostasis. In HCAECs, resveratrol reduced mitochondrial

oxidative stress in a SIRT1/SOD-dependent manner (Ungvari et al.,

2009). In addition to SIRT1, resveratrol up-regulates oestrogen-

related receptor α (ERRα)-dependent SIRT3 transcription in endothe-

lial cells by stimulating PGC-1α signalling. Subsequently, SIRT3 is

translocated into mitochondria to deacetylate mitochondrial enzymes

related to mitochondrial ROS inhibition (Zhou et al., 2014). Increased

oxidative stress in mitochondria inactivates enzymes crucial to mito-

chondrial metabolism, especially α-ketoglutarate dehydrogenase,

greatly limiting ATP generation (Ungvari et al., 2011). This

SIRT3-dependent signalling inhibits mitochondrial dysfunction and the

latter may lead to endothelial dysfunction (Zhou et al., 2014). More-

over, transplantation of cardiac progenitor cells, previously treated by

mitochondria-targeted resveratrol delivery, into mice with cardiomy-

opathy reduces oxidative stress and apoptosis (Abe, Yamada,

Takeda, & Harashima, 2018). Resveratrol exerts antioxidant effects

against both mitochondrial and non-mitochondrial sources of ROS,

thus replenishing ATP production during aging.

2.4 | Stress resistance

Any imbalance in the generation and amelioration of stress prompts

the body towards a diseased state. Such imbalance progressively

increases with age, resulting in higher stress. During aging, different

forms of stress accumulate. The gradual build-up of oxidative stress,

progressive loss of shear stress, and prolonged stress-induced inflam-

mation impair cardiovascular function. The cumulative build-up of oxi-

dative damage (i.e., oxidative stress) on intracellular macromolecules

(e.g., DNA, proteins, and lipids) stresses various cellular components

of the cardiovascular system. ROS overproduction is usually linked to

the onset of cardiovascular events, such as atherosclerosis, stroke,

and myocardial infarction. The antioxidant effects of resveratrol can

alleviate age-related ROS overproduction.

2.4.1 | Oxidative stress

Resveratrol limits oxidative stress in the cardiovascular system

through a range of molecular mechanisms. As discussed in Section 2.2,

resveratrol up-regulates antioxidant genes including catalase, SOD,

and thioredoxin-1 through the SIRT1/FOXO axis. Resveratrol clearly

elevated the expression of SOD isoforms (SOD1–3), catalase, and

GSH peroxidase 1 in ApoE−/− mice to reverse eNOS uncoupling (Xia

et al., 2010), a state when eNOS produces superoxide anions instead

of NO upon high oxidative stress and associated endothelial dysfunc-

tion (C. K. Cheng, Bakar, Gollasch, & Huang, 2018). In a

streptozotocin-induced diabetic cardiomyopathy mouse model, long-

term feeding of resveratrol-enriched diet reduced myocardial oxida-

tive stress through SIRT1/FOXO1-mediated defense mechanisms

(B. Wang et al., 2014). Activation of SIRT-1-dependent signalling

partly explains the antioxidant effect of resveratrol in the cardiovascu-

lar system.

Resveratrol also exerts antioxidant effects in a

SIRT1-independent manner. In quiescent states, the transcription fac-

tor, nuclear factor-E2-related factor-2 (Nrf2) is localized in the cyto-

plasm and is subjected to ubiquitination-mediated degradation. In the

presence of resveratrol, Nrf2 more readily translocates to the nucleus

for transcriptional activation of antioxidant enzymes, such as NAD(P)

H:quinone oxidoreductase 1 and haem oxygenase 1 (Bryan, Olayanju,

Goldring, & Park, 2013). A recent study links the resveratrol-induced

Nrf2 up-regulation to the prevention of cardiac fibrosis in

streptozotocin-induced diabetic mice (G. Wang et al., 2018). Hyperac-

tivity of the renin-angiotensin system is associated with build-up of

oxidative stress and development of hypertension. Resveratrol can

inhibit the renin-angiotensin system activity in aging C57BL/6 mice,
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as reflected by reduction of serum level of angiotensin II and in aortic

expression of ACE, as well as suppressing the levels of aortic ROS

(E. N. Kim, Kim, et al., 2018; T. T. Kim, Parajuli, et al., 2018). Resvera-

trol supplementation may become an alternative therapy to target the

impaired antioxidant mechanisms upon the onset of hypertension.

Resveratrol-induced AMPK activation accounts for the ROS-

lowering effect. One of the downstream targets of AMPK is the ubiq-

uitously expressed protein, uncoupling protein 2 (UCP2), the mito-

chondrial transporter protein responsible for uncoupling oxygen

consumption and ATP synthesis. Although the putative phosphoryla-

tion site on UCP2 remains undetermined, UCP2 dissipates metabolic

energy and lowers mitochondrial membrane potential to inhibit ROS

accumulation. UCP2 is a pivotal protein to counteract oxidative stress

in endothelial cells of diet-induced obese mice (Tian et al., 2012). Ele-

vation of UCP2 expression suppresses oxidative stress and reduces

both myocardial remodelling and apoptosis in resveratrol-treated rats

with cardiomyopathy (Diao et al., 2018). A recent study shows that

intraperitoneal resveratrol injection protects cardiomyocytes against

ischaemia/reperfusion injury through a SIRT1/UCP2-dependent

mechanism (Deng et al., 2017). Although SIRT1 directly docks to the

UCP2 promoter for transcriptional activation (Olmos et al., 2013), a

comprehensive mechanism underlying the interplay between AMPK,

UCP2, and SIRT1 is still lacking.

These preclinical findings provide support for the claimed antioxi-

dant effects of resveratrol in clinical studies. In a randomized trial, a

daily intake of 500-mg resveratrol for 30 days improved total antioxi-

dant status in healthy smokers (Bo et al., 2013). Furthermore, resvera-

trol supplemented with other phenolics, especially caffeic acid and

gallic acid, can act synergistically in enhancing the antioxidant activity

(Skroza, Generali�c Mekini�c, Svilovi�c, Šimat, & Katalini�c, 2015). Collec-

tively, many antioxidant mechanisms show that resveratrol decreases

ROS in the cardiovascular system, protecting against the cumulative

oxidative damage associated with aging.

2.4.2 | Shear stress

Blood vessels experience a luminal stress due to continuous mechani-

cal loading from blood flow and blood pressure. This mechanical

stress, termed shear stress, not only plays a pivotal role in defining

endothelium morphology and phenotype but also exerts vaso-

protective effects by augmenting NO release for NO/ROS homeosta-

sis. High shear stress is caused by laminar blood flow in straight arter-

ies. In the presence of physiologically relevant laminar flow, vascular

endothelial cells align in the same direction as blood flow and express

higher levels of SIRT1. In contrast, disturbed or oscillatory blood flow

generally occurs in curved arteries corresponding to a lower shear

stress. This pathophysiologically relevant, disturbed flow results in

irregular alignment of endothelial cells, down-regulation of SIRT1, and

up-regulation of pro-atherogenic genes (Z. Chen et al., 2010). Aging is

associated with increased oscillatory shear rate and decreased laminar

shear stress, resulting in reduced SIRT1 level and NO bioavailability

(Trinity et al., 2014). Subsequently, the low shear stress promotes

ROS generation and vascular inflammation (Z. Chen et al., 2010), the

critical paradigms of vascular aging and atherosclerosis. The

SIRT1-activating property of resveratrol allows endothelial cells to

resist the accumulation of ROS induced by low shear stress and vascu-

lar inflammation.

Resveratrol is beneficial against the harmful effects of low shear

stress during vascular aging. Interestingly, resveratrol exerts effects

similar to those of laminar flow, on endothelial cells (Figure 3). Both

laminar flow and resveratrol up-regulate SIRT1 expression to inhibit

F IGURE 3 Common endothelial
benefits induced by laminar shear stress
and resveratrol. Both shear stress and
resveratrol trigger SIRT1 up-regulation,
ROS level down-regulation, inhibition of
monocyte recruitment, increased
autophagy, endothelial elongation, and
improved re-endothelialization in
endothelial cells. Similar elongation
patterns are observed in phase contrast

images of laminar flow-treated
(reproduced with permission; Copyright
2017, Development; Poduri et al., 2017)
and resveratrol-treated endothelial cells
(reproduced with permission; Copyright
2011, Journal of Atherosclerosis and
Thrombosis; Cicha et al., 2011)
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over-proliferation of endothelial cells upon early onset of atheroscle-

rosis. Laminar flow and disturbed flow oppositely regulate endothelial

cell growth to partly account for their anti- and pro-atherogenic prop-

erties respectively (Yao et al., 2013). Furthermore, both resveratrol

and laminar flow inhibit recruitment of monocytic cells to

atherosclerosis-prone regions, thus attenuating the inflammatory

response (Cicha et al., 2009). These findings suggest that laminar shear

stress and resveratrol share similar atheroprotective actions and that

resveratrol can serve as an extrinsic supplement to replenish SIRT1

loss during aging.

A low shear stress corresponds to a high oxidative stress

owing to augmented oxidase activities and diminished superoxide

scavenging capacity. Resveratrol produces a similar oxidative stress-

lowering effect as the atheroprotective laminar flow. In the context

of redox homeostasis, both resveratrol and laminar flow can pro-

mote autophagy, the self-digestion process responsible for degrada-

tion of damaged organelles and misfolded proteins in endothelial

cells, by AMPK- and SIRT/FOXO-dependent cascades. A dys-

regulated autophagy causes improper alignment of endothelial cells,

endothelial dysfunction and increases the severity of atherosclerotic

lesions (Vion et al., 2017). In addition to endothelial cells, resvera-

trol can enhance autophagy in hearts of diabetic mice, resulting in

diminished cardiac oxidative stress and apoptosis (B. Wang et al.,

2014). Similarly, resveratrol repressed the decreased autophagy

during aging to increase resistance against age-related oxidative

stress.

Both resveratrol and laminar flow can trigger morphological and

structural changes in endothelial cells to provide cardioprotective

benefits. Resveratrol elongates endothelial cells, causing them less

likely to detach from the vascular wall and become part of the devel-

oping thrombotic plug (Cicha et al., 2011). Likewise, exposure to lami-

nar flow causes endothelial cell elongation and provides anti-

inflammatory benefits (Poduri et al., 2017; Figure 3). An elongated

morphology of endothelial cells is associated with a better vascular

homeostasis. Furthermore, both resveratrol and laminar flow facilitate

re-endothelialization, an important regrowth process of endothelial

cells after arterial injury. After angioplasty, hyperplasia of vascular

SMC causes restenosis of the coronary artery. Resveratrol restrains

vascular SMC overgrowth and enhances re-endothelialization, thus

greatly reducing the risk of thrombosis (Yurdagul et al., 2014). This is

consisitent with another study showing that upstream shear stress is

important for facilitating re-endothelialization to avoid neointimal

hyperplasia (Liu et al., 2017). Further studies may focus on the syner-

gistic effect of resveratrol and laminar shear stress in resisting age-

related cardiovascular events.

2.4.3 | Stress-induced inflammation

Inflammaging refers to the development of chronic and low-grade

inflammation during aging, which contributes to the increasing

risks of age-related CVDs. The chronic accumulation of endoge-

nous cell debris, erroneous macromolecules, and oxidative stress

byproducts results in sustained activation of the innate immune

system (Franceschi, Garagnani, Parini, Giuliani, & Santoro, 2018).

Upon aging, the accumulating oxidative stress and the diminishing

shear stress even reinforce the inflammatory responses to acceler-

ate the onset and progression of inflammation-associated cardio-

vascular complications, especially atherosclerotic CVDs. Resveratrol,

by exerting antioxidant effects to attenuate ROS accumulation

and by eliciting anti-inflammatory effects, may ameliorate

inflammaging.

Resveratrol intake can limit pro-inflammatory cytokine profile in

different cell components of the cardiovascular system. Resveratrol

down-regulates the expression of ICAM-1 and IL-1β in TNF-

α-stimulated HCAECs (F. C. Huang et al., 2017). In neonatal

cardiomyocytes, resveratrol suppresses LPS-induced up-regulation of

CCL2 (Planavila et al., 2011). Lower expression of chemokines inhibits

infiltration of large numbers of monocytes, which differentiate to

excessive macrophages causing tissue damage, rather than tissue

repair, in endothelium and myocardium (Shahid, Lip, & Shantsila,

2018). More specifically, lower expression of chemokines can attenu-

ate monocyte adhesion onto endothelium, which is the initial event of

atherogenesis. Resveratrol inhibited macrophage and mast cell infiltra-

tion in pressure overloaded hearts of C57/BL6 mice (Gupta et al.,

2014). Such anti-inflammatory properties of resveratrol allow it to

attenuate cardiac dysfunction and remodelling, two outcomes acceler-

ating the progression to heart failure.

The anti-inflammatory effect of resveratrol is consistent in both

preclinical and clinical findings. In addition to cell-specific cytokine

levels, resveratrol also limits the levels of serum cytokines. Daily

consumption of 8-mg resveratrol over one year, in 75 patients

undergoing primary CVD prevention, improved the serum inflamma-

tory profile, characterized by down-regulated TNF-α levels and IL-

6/IL-10 ratios (Tomé-Carneiro, Gonzálvez, Larrosa, García-Almagro,

et al., 2012). A recent meta-analysis also correlated resveratrol sup-

plementation with the down-regulation of inflammatory biomarkers,

especially C-reactive protein and TNF-α, in patients with metabolic

syndrome (Tabrizi et al., 2018). Through down-regulation of pro-

inflammatory cytokine profile, resveratrol might be an inflammaging

alleviator in the cardiovascular system.

In addition to the major cardiovascular cell components, resvera-

trol also acts on immune cells to protect cardiovascular function indi-

rectly. Through modulation of GSH homeostasis, resveratrol

suppressed the differentiation of monocyte to macrophages, which is

an initial stage in progression of atherosclerosis (Vasamsetti et al.,

2016). By massive uptake of oxLDL, the lipid-laden macrophages

develop into foam cells, which participate in inflammation and tissue

remodelling inside the plaque. Resveratrol can inhibit this process by

limiting lipid accumulation through PPARγ and PPARα signalling

(Dong et al., 2014). in vitro data also indicate that resveratrol triggers

apolipoprotein A1-mediated cholesterol efflux in macrophages

(Berrougui et al., 2009). Therefore, resveratrol prevents cholesterol

accumulation in and increases cholesterol clearance from macro-

phages. These findings support the anti-inflammatory and anti-

atherogenic property of resveratrol on immune cells.
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2.5 | Exercise mimetics

Regular physical activity benefits metabolic and cardiovascular func-

tion by lowering cardiovascular risks of developing hypertension, dia-

betes mellitus, obesity, metabolic syndrome, and dyslipidaemia.

Regular exercise in old adults is associated with lower risks of coro-

nary artery disease, haemorrhage stroke, ischaemic stroke, and ath-

erosclerosis (S. J. Cheng et al., 2013). The term “exercise mimetic”

refers to those pharmacological compounds which, to a certain extent,

mimic the central and systemic benefits of exercise. These mimetics

are particularly beneficial to people subjected to severe injury, serious

illness, and/or aging-associated frailty, who have difficulty in per-

forming regular exercise. Resveratrol could be one of such mimetics

to protect the heart and vasculature.

2.5.1 | Shear stress substitute

One of the most significant features of exercise training is the

increased shear stress of flowing blood on the luminal endothelial

cells. The elevated shear stress explains the beneficial signalling

events such as AMPK activation, SIRT1 up-regulation, reduced eNOS

uncoupling, enhanced eNOS activity, and increased expression of

ROS scavengers (Schuler, Adams, & Goto, 2013). Collectively, these

events account for the reduced ROS level, improved endothelial func-

tion, and diminished arterial stiffness after chronic exercise (Schuler

et al., 2013). As resveratrol can mimic the beneficial effects of

increased shear stress as described in Section 2.4, it might serve as a

potential exercise mimetic. Resveratrol supplement provides an option

to compensate for the declined AMPK activity and SIRT1 expression

level in the vasculature during aging.

2.5.2 | AMPK activator

Another main feature of exercise mimetic is AMPK activation at dif-

ferent tissues and organs. During exercise, AMPK is activated in

organs including skeletal muscle, liver, and adipose tissue. Exercise

promotes AMPK activation in both vasculature and heart (Zaha &

Young, 2012). In general, exercise depletes the energy currency ATP

in the cells comparable to calorie restriction. AMPK is consequently

activated to boost the ATP/AMP ratio (Ke, Xu, Li, Luo, & Huang,

2018). Resveratrol can bring about cardiovascular benefits comparable

to metformin, well-known as an AMPK activator and another poten-

tial exercise mimetic. For instance, both resveratrol and metformin

share analogous beneficial effects in counteracting oxidative stress in

endothelial cells by activating AMPK (Cheang et al., 2014). They both

can attenuate cardiac hypertrophy by activating AMPK (Gélinas et al.,

2018). In a previous study, resveratrol and metformin may synergisti-

cally lower hepatic lipid contents and systolic blood pressure in Type

2 diabetes patients (Timmers et al., 2016). Hence, resveratrol might be

another option of exercise mimetic and an add-on agent for other

pharmacological treatments, to benefit the cardiovascular function.

2.5.3 | Aerobic capacity and cardiac function

Exercise training contributes to the improved aerobic capacity and

heart function, which guarantee cardiovascular benefits in aging

populations and reduce the risks of CVDs like myocardial hypertrophy,

cardiac fibrosis, and eventual heart failure. Animal experiments have

highlighted the cardiac protective effects of resveratrol. In an

overload-induced cardiac hypertrophic mouse, resveratrol supplement

significantly suppressed cardiac fibrosis (C. Chen et al., 2019). Further-

more, resveratrol treatment shares similar beneficial outcomes as aer-

obic exercise training in improving mitochondrial biogenesis to

alleviate cardiac hypertrophy (Ma et al., 2017). Resveratrol in combi-

nation with statins is more effective in counteracting cardiomyocyte

apoptosis in hypercholesterolemic rats (Varma Penumathsa

et al., 2006).

Available experimental data would suggest beneficial effects of

resveratrol on aerobic capacity. Resveratrol supplement was reported

to alleviate aerobic capacity loss in ApoE−/− mice (Tomayko, Cachia,

Chung, & Wilund, 2014). More importantly, resveratrol intake exerts

synergistic effects to promote health in combination with exercise.

Mice subjected to resveratrol supplement and anaerobic training are

associated with elevated tissue glycogen, muscle growth, and aerobic

capacity (Kan et al., 2018). In a clinical study, a higher aerobic fitness

correlates with lower CVD risk (Fernström, Fernberg, Eliason, &

Hurtig-Wennlof, 2017).

2.5.4 | Post-myocardial infarction recovery

Physical activity post-myocardial infarction provides cardiovascular

benefits. Appropriate amount of exercise post-infarction critically

reduces mortality rate and improves cardiac function (Garza, Wason, &

Zhang, 2015). Similar to exercise, resveratrol treatment remarkably

alleviates cardiac function and hypertrophy in rats post-infarction.

Resveratrol prevents cytochrome P450 1B1 from producing car-

diotoxic metabolites of hydroxyeicosatetraenoic acid (Matsumura

et al., 2018). In addition to cardiac health, resveratrol supplement

post-infarction is also beneficial to the vasculature. In a clinical trial of

40 post-infarction patients, a 3-month daily administration of 10-mg

resveratrol improved both FMD and left ventricle diastolic function

(Magyar et al., 2012). Both preclinical and clinical studies highlight the

potential of resveratrol to act as an exercise mimetic post-myocardial

infarction.

2.5.5 | Angiogenesis

Exercise induces angiogenesis. Aging is accompanied by diminished

angiogenesis in endothelial cells and muscle tissues and, hence, lower

levels of angiogenic factors (Kwak, Lee, Zhang, & Song, 2018). Exer-

cise promotes angiogenesis by increasing shear stress in vasculature

and by up-regulating VEGF (Garza et al., 2015). Angiogenesis post-

infarction is particularly crucial to compensatory hypertrophy for
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better replacement of damaged tissue. In a rat model, a 10-week

treadmill training protocol favourably enhances cardiac angiogenesis

post-infarction (Leosco et al., 2008). Importantly, resveratrol treat-

ment raised cardiac capillary density via a VEGF-dependent manner in

rats post-infarction (Fukuda et al., 2006). In another study, resveratrol

was shown to activate eNOS through the MAPK/ERK cascade, for

subsequent NO-mediated up-regulation of VEGF and matrix

metalloproteinases, in cerebral endothelial cells (Sim~ao et al., 2012).

These results suggest that resveratrol can be a candidate exercise

mimetic to favour blood flow recovery after myocardial infarction and

stroke.

2.5.6 | PPARδ activator

Narkar et al. provided crucial data to indicate that PPARδ activators

could be exercise mimetics (Narkar et al., 2008). PPARδ is closely

involved in lipid absorption, muscle endurance, insulin sensitivity, and

atherogenic inflammation suppression. Resveratrol is one of such acti-

vators. PPARδ was previously shown to be required to ameliorate

endothelial dysfunction in exercise-trained diabetic mice (Cheang

et al., 2017). Similarly, resveratrol improves endothelial function in a

PPARδ-dependent manner (Cheang et al., 2018). In addition, both

GW501516, a PPARδ receptor agonist, and resveratrol inhibit oxLDL-

induced migration and proliferation of vascular SMCs, probably

through the SIRT1/PPARδ signalling transduction as well (Hwang

et al., 2016). Resveratrol and PPARδ activators share common effects

in ameliorating endothelial dysfunction and atherosclerotic risk. Being

the active activator of three critical molecules (i.e., SIRT1, AMPK, and

PPARδ), resveratrol could potentially mimic the cardioprotective

effects of exercise to some extent.

2.6 | Circadian clock

The behaviour and physiology of human body are tightly regulated by

an internal circadian rhythm, which sensitively anticipates solar day-

associated environmental alterations. The clock mechanism can be

interpreted as the network of transcriptional–translational feedback

loops which alter the expression patterns of central clock components

in a rhythmic fashion over approximately 24-hr. The CLOCK and

BMAL1 gene products serve as the constituents of the heterodimer

which acts as the fundamental transcription factor of the primary

feedback loop. The CLOCK:BMAL1 heterodimer complex is responsi-

ble for the rhythmic expressional regulation of thousands of down-

stream genes to regularly define the oscillatory pattern of vast

biological functions (Trott & Menet, 2018).

The cardiovascular system is also under the tight regulation of the

circadian clock. Chronic dysregulation of circadian rhythm is believed

to increase the cardiovascular risk (Takeda & Maemura, 2011). Com-

paring to younger adults, older adults demonstrate a faster circadian

cycle with dampened peak (Hood & Amir, 2017). Such alterations in

circadian rhythms might be closely related to the increased risk of

CVDs. An epidemiological study suggests that certain severe cardio-

vascular events demonstrates temporal dependency. For instance, the

occurrence of sudden cardiac arrest, myocardial infarction, ventricular

arrhythmias, and stroke was more frequent in the morning (Thosar,

Butler, & Shea, 2018). Therefore, any pharmacological agents that can

target circadian rhythm might be a novel therapeutic candidate for

treatment of CVDs.

As stated in Section 2.2, resveratrol is a known SIRT1 activator.

The NAD+-dependent deacetylase SIRT1 binds to the CLOCK protein

of the core clock component CLOCK:BMAL1 for modulation of circa-

dian gene expression (Hood & Amir, 2017). SIRT1 regulates the

deacetylation of BMAL1 in CLOCK:BMAL1 complex and PER2 in the

repressive PER2:CRY1 complex. The latter heterodimer functions in

close association with CLOCK:BMAL1 complex for down-regulation

of its transcriptional activity (Asher et al., 2008). SIRT1 also

deacetylases H3K9 for epigenetic circadian control (Figure 2b; Masri,

2015). Aging-associated SIRT1 down-regulation accounts for reduced

amplitudes of all CLOCK:BMAL1-driven rhythms, influencing a wide

range of physiological events. Hence, resveratrol supplement may

replenish age-related SIRT1 loss and restore the repression on PER2:

CRY1 complex. This provides hints that resveratrol may potentially

rejuvenate the circadian cycle in older adults to lower CVD risks.

Resveratrol can be a dietary option to regulate circadian rhythm

of cardiovascular system for reducing CVD risk. In vitro, resveratrol

altered circadian rhythm in neonatal rat cardiomyocytes (du Pré et al.,

2017), implying its therapeutic potential against CVDs such as cardiac

hypertrophy and myocardial infarction which are related to dys-

regulated myocardial circadian clock (Durgan & Young, 2010). In vivo,

resveratrol triggered the SIRT1/CLOCK:BMAL1 axis to restore lipid

metabolism rhythmic disorder in livers of high-fat diet-fed mice

(L. Sun et al., 2015). Also, resveratrol reversed high-fat diet-induced

lipogenesis and changes in the expression of reverse erythroblastosis

virus α, another transcriptional repressor of BMAL1 (Miranda et al.,

2013). Dysregulated lipid metabolism due to altered hepatic circadian

clock may be potentially atherogenic. These preclinical studies provide

partial explanations for the results of a meta-analysis, based on

681 adults, that resveratrol reduces plasma total cholesterol levels in

obese adults (H. Huang et al., 2016). Future studies may focus on

whether resveratrol acts on the circadian cycles of other cell compo-

nents of the cardiovascular system under pathological conditions.

2.7 | Microbiota composition

In recent years, host–gut microbiota interaction have drawn increas-

ing attention in studies of the pathophysiology of major chronic dis-

eases. Although the causal relationship remains largely elusive, aging

is often associated with alterations in gut microbiome, and sometimes

such alterations can be problematic (Nagpal et al., 2018). There is a

tight linkage between maladaptation in intestinal microbiota composi-

tion (i.e., dysbiosis) and the pathologies of various diseases, including

Type 2 diabetes, cancer, chronic kidney disease, and CVDs (Tang,

Kitai, & Hazen, 2017). For instance, altered stool microbial
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composition has been confirmed in patients with unstable plaques as

opposed to those with stable plaques (Karlsson et al., 2012). One may

reverse the undesirable microbiome alteration by artificial means to

promote cardiovascular health. Administration of Lactobacillus pla-

ntarum improves left ventricular function and reduces myocardial

hypertrophy in rats post-myocardial infarction (Gan et al., 2014).

Notably, resveratrol may also exert cardioprotective effects by acting

on gut microbiome.

Before entering the bloodstream by passive diffusion or by inter-

acting with membrane transporters, resveratrol can be readily metab-

olized by intestinal microbiota and such resveratrol metabolites favour

the intestinal microbiota towards a more healthy phenotype (Carrera-

Quintanar et al., 2018). In rodents, resveratrol-induced changes in

microbiota composition are associated with decreased body weight

gain, reduced adiposity, improved insulin sensitivity, and restored

blood pressure (Bird, Raederstorff, Weber, & Steinert, 2017). As

noted, these parameters are important factors for CVD risk. More

importantly, a 12-week resveratrol supplementation in overweight

male individuals shows lower abundance of Bacteroidetes and

Faecalibacterium prausnitzii. Such microbiome alteration is associated

with beneficial outcomes including the up-regulation of lipid oxidation

and mitochondrial oxidative capacity (Most, Penders, Lucchesi,

Goossens, & Blaak, 2017). Resveratrol supplement alters gut micro-

biota composition for a more favourable metabolic profile, which may

partly explain its cardiovascular benefits.

The resveratrol-altered microbiota composition may modulate

the host metabolite profile to elicit cardiovascular benefits. A 0.4%

resveratrol supplementation given to ApoE−/− mice markedly rem-

odelled the gut microbiome to limit trimethylamine-N-oxide produc-

tion, where plasma trimethylamine-N-oxide level correlates with

atherosclerosis development (J. Chen, Bai, et al., 2016; M. Chen, Yi,

et al., 2016). More interestingly, fecal microbiome transplants from

resveratrol-fed mice alleviated hyperglycaemia in obese mice and

lower systolic blood pressure in hypertensive mice (E. N. Kim, Kim,

et al., 2018; T. T. Kim, Parajuli, et al., 2018). However, more work is

needed to unravel more alterations in the microbiota and to under-

stand the metabolic and biological function of such alterations.

3 | ADVERSE EFFECTS OF RESVERATROL

3.1 | Dual pattern of resveratrol

Although severe adverse outcomes of resveratrol usage in humans are

rarely reported, the dual pattern of resveratrol action may account for

certain adverse effects of resveratrol. Resveratrol has been consid-

ered as a natural antioxidant for decades, but resveratrol might also

act as a potent pro-oxidant under certain circumstances. At higher

pH, due to the presence of hydroxyl anions or bicarbonate ions, res-

veratrol is more likely to be auto-oxidized to generate 40-phenoxyl

radical and semiquinones, causing cellular oxidative stress (Salehi

et al., 2018). In addition, depending on the timing of resveratrol

administration, resveratrol might behave differently. One study has

found that resveratrol treatment during the dark hours was more

likely to be antioxidant, while that administered during the light hours

was more likely to be pro-oxidant, resulting in higher lipoperoxidation

level in the heart, kidney, and liver (Gadacha et al., 2009). Therefore,

more attention should be paid to the time of treatment in studies on

resveratrol, particularly those involving circadian rhythm.

Resveratrol exhibits structural similarity to the synthetic

oestrogen, diethylstilbestrol. It is therefore to be expected that res-

veratrol can act as either agonist or antagonist for oestrogen recep-

tors in different systems. Because such agonist and antagonist

properties are concentration-dependent, resveratrol shows a biphasic

behaviour in different studies. Resveratrol can act as an anti-

oestrogen by inhibiting estradiol binding to oestrogen receptor at con-

centrations comparable to those required for oestrogen-mediated bio-

logical outcomes (Gehm, McAndrews, Chien, & Jameson, 1997). In

contrast, in vitro, resveratrol treatment can exert a pro-estrogenic

action in mammary cancer cells in the absence of oestrogen (Bhat

et al., 2001). Therefore, the pro-estrogenic activity of resveratrol

might potentially aggravate tumourigenesis in oestrogen-dependent

breast and prostate cancers. Extra caution is required when con-

dsidering resveratrol for clinical trials and human use.

3.2 | Interaction with other medications

The interaction between resveratrol and other medications should

not be overlooked. In some cases, such interaction might provide

add-on or synergistic benefits. As stated, a combined therapy of

resveratrol and statins is more effective in inhibiting apoptosis in

cardiomyocytes (Varma Penumathsa et al., 2006). On the other

hand, undesirable interactions would adversely affect the efficacy

and clearance of other pharmacological agents. Resveratrol inhibited

the activity of the hepatic enzyme cytochrome P450 3A4, which is

essential in metabolizing various drugs including cholesterol-

lowering statins, immunosuppressive pharmaceuticals for patients

after transplantation, and chemotherapeutic agents. Undesirable res-

veratrol administration in combination with these drugs may lower

their efficacy. In addition, undesirable cytotoxic compounds might

be generated by isozymes of cytochrome P450 3A4, resulting in

more drug toxicity (Chow et al., 2010). Resveratrol may also exacer-

bate drug toxicity by dysregulating drug clearance. For instance,

resveratrol inhibits the activity of another hepatic enzyme cyto-

chrome P450 2C9, involved in the clearance of anticoagulants,

COX-2 inhibitors, and non-steroidal anti-inflammatory drugs (Chow

et al., 2010). Caution should be exercised when administering res-

veratrol with other medications, to humans.

4 | CONFLICTING EFFECTS OF
RESVERATROL

Inconsistent effects of resveratrol have been reported in preclinical

and clinical studies. It seems that challenges are still present during

CHENG ET AL. 1269

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2801
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1337
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1326


the translation of preclinical results to health benefits in clinical trials.

Certain studies affirm the clinical benefits of resveratrol supplement

in improving FMD, lowering systolic blood pressure, and reducing LDL

cholesterol levels (Zordoky, Robertson, & Dyck, 2015). For example, a

6-month daily consumption of 350-mg resveratrol-enriched grape

supplement lowered levels of oxLDL and apolipoprotein-B in

75 statin-treated patients (Tomé-Carneiro, Gonzálvez, Larrosa, Yáñez-

Gascón, et al., 2012). However, resveratrol supplements were not

always effective in improving metabolic profile. Notably, a recent

meta-analysis on randomized clinical trials covering more than

700 adults did not find pronounced differences in LDL-C and HDL-C

levels after resveratrol treatment (Haghighatdoost & Hariri, 2018). In

order to narrow the knowledge gap between animal studies and

human trials, the following aspects can be considered.

4.1 | Pharmacokinetics and biotransformation of
resveratrol

Upon oral administration of resveratrol, more than 70% of resveratrol

is absorbed based on previous urinary excretion data. The extremely

low bioavailability of unmodified resveratrol in the systemic circulation

is attributed to the rapid metabolism mediated by gut microbiota

before absorption and by endogenous metabolic enzymes after

absorption. Most of the modified resveratrol exists as glucuronated,

sulfated, and hydroxylated metabolites. Normally, the peak circulation

levels of these resveratrol metabolites is achieved 1 hr post-adminis-

tration, implying a rapid distribution phase. Most of the resveratrol

metabolites are excreted through urine, while only trace amounts are

detectable in feces (P. Wang & Sang, 2018). Notably, the modified res-

veratrol might perform very differently from the parent compound, so

that the rapid biotransformation of resveratrol could account for the

inconsistent results among different cellular, animal, and human

studies.

4.2 | Low bioavailability of resveratrol

In a pig study, only 0.5% of administrated resveratrol was delivered to

different organs (e.g., brain, heart, lungs, kidneys, liver, pancreas,

spleen, aorta tissue, and urinary bladder) 6 hr after administration

(Azorín-Ortuño et al., 2011). In another study on rats, the resveratrol

metabolites became detectable in heart tissues (0.01–0.05 nmol�g−1)
after a 6-week resveratrol regimen at a dosage of 5 mg�kg−1�day−1
(Bresciani et al., 2014). The low bio-accumulation of resveratrol in the

cardiovascular system (e.g., heart and aortic tissue) is another concern.

The concentration of resveratrol attained in target organs may be sig-

nificantly lower than the effective doses applied in cell and animal

studies. Before reaching the target cells, resveratrol might have been

rapidly degraded in the gastrointestinal tract, over-metabolized by gut

microbiota, and/or overconsumed by other non-target cells.

The low bioavailability of resveratrol in target cells limits its thera-

peutic efficiency. Developing effective drug delivery systems for

specific transfer of resveratrol into cardiovascular cells might be a fea-

sible solution to improve bioavailability. Besides, micronization of res-

veratrol can be another approach to increase its bioavailability. By

reducing the particle size of pharmaceutical compounds, their physical

structures are greatly modified such that better solubility, permeabil-

ity, and eventually bioavailability can be achieved (Aguiar et al., 2016).

Optimization of drug delivery of resveratrol may resolve the lack of

consistency between preclinical and clinical findings.

4.3 | Distinct experimental settings

The gap between preclinical and clinical findings may also be attrib-

uted to the distinct experimental settings. In particular, many cell cul-

ture and rodent experiments were prevention studies while human

trials were more likely to be progression studies. The recruited partici-

pants of the human studies are often patients in certain disease states

such as metabolic syndrome, Type 2 diabetes mellitus, hypertension,

and non-alcoholic fatty liver disease. Notably, the initiation and pro-

gression of diseases often involve different pathways, and the organs

of the patients might have already been affected or even severely

damaged by such diseases. As a result, resveratrol may fail to activate

related pathways to significantly rescue or repair the dysfunctional

organs. Furthermore, in rodent studies, the animals are sometimes

treated by resveratrol for months, which is comparable to decades in

humans. However, the majority of recent clinical investigations are

limited to a much shorter timescale of 1 to 6 months. Studies of long-

term resveratrol use should be considered. Nevertheless, we should

not be too optimistic when observing positive outcomes in animal

models.

4.4 | Inter-individual difference

Inter-individual difference might also account for the inconsistent out-

comes of resveratrol-related studies. Gender is always one of the

most critical biological factors in testing drug responses. Gender dif-

ferences in resveratrol metabolism have been observed in human

(Dellinger, Gomez Garcia, & Meyskens, 2014). In addition, a larger pro-

portion of resveratrol clinical studies only sampled male individuals

from Western countries (Zordoky et al., 2015). This may also overlook

the contribution of ethnicity to differences of resveratrol-induced

effects among Westerners and non-Westerners. Recently, the intesti-

nal microbiota have been shown to plays an active role in metaboliz-

ing resveratrol or resveratrol precursors to control the bioavailability

of resveratrol derivatives (P. Wang & Sang, 2018). Notably, remark-

able inter-individual differences in resveratrol metabolism have been

observed in human intestinal microbiota, probably due to different

microbiota composition (Bode et al., 2013). Several clinical studies

involved subjects associated with obesity, metabolic syndrome,

and/or diabetes (Zordoky et al., 2015), and these subjects are more

likely to develop dysbiosis. Furthermore, the intestinal microbiota

composition depends greatly on the geographical locations and the
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dietary habits of particular individuals (Senghor, Sokhna, Ruimy, &

Lagier, 2018). Hence, it is reasonable to postulate that Westerners

and non-Westerners would show different intestinal responses to res-

veratrol. We may need to consider the effects of dysbiosis when in

any analysis of the effects and efficacy of resveratrol.

5 | FUTURE PERSPECTIVES:
UNADDRESSED ISSUES

In the context of molecular mechanisms, several questions remain to

be addressed in further investigations. Earlier studies have indicated

that both AMPK and SIRT1 can regulate each other for downstream

signalling cascades (Ruderman et al., 2010). Interestingly, resveratrol is

still able to induce AMPK activation in SIRT1-knockout mice (Price

et al., 2012), implying that resveratrol may directly activate AMPK

independently of the SIRT1/LKB1/AMPK axis. The downstream

events have already been extensively studied, and, therefore, new

studies should focus on the upstream events about how resveratrol

affects the AMPK/SIRT1 interaction or partnership.

As AMPK activation greatly depends upon the cellular energy

level, it is reasonable to postulate that resveratrol may be involved in

cellular events that alter the AMP/ATP and ADP/ATP ratios. Hence,

cellular events like glycolysis, fatty acid metabolism, amino acid

metabolism, and mitochondrial oxidative phosphorylation may be the

potential upstream targets of resveratrol-induced AMPK activity.

Exercise elevates the AMP/ATP ratio for subsequent AMPK activa-

tion. As resveratrol may act as an exercise mimetic, the exercise-

induced cellular energy utilization might provide crucial hints for fur-

ther characterization of pharmacological actions of resveratrol.

Besides, the above-described cellular events are also tightly related to

NAD metabolism and any resulting alterations in the NAD/NADH

ratio may also contribute to SIRT1 activation by resveratrol. Extensive

study is still required to uncover the elusive mechanisms of

resveratrol-mediated AMPK and SIRT1 activation in the context of

cellular energy homeostasis.

UCP2, the downstream molecule of both AMPK and SIRT1, plays

important roles in counteracting oxidative stress during pathogenesis

of CVDs. However, comprehensive information on the interplay

among AMPK, SIRT1, and UCP2 is still lacking. As the precise phos-

phorylation site on UCP2 remains unclear, it is possible that AMPK or

SIRT1 might transcriptionally or post-transcriptionally regulate UCP2.

L. Wang et al. discovered the active participation of Hippo pathway

proteins (i.e., YAP and TAZ) in mechanotransduction of endothelial

cells upon shear stress (L. Wang et al., 2016). As resveratrol was previ-

ously shown to target YAP/TAZ signalling in cancer cells through

AMPK activation (Jiang et al., 2016), it may also target the YAP/TAZ

cascade in endothelial cells to induce similar effects as laminar shear

stress.

The circadian clock plays pivotal roles in numerous physiological

events. Only until recently, have researchers become aware of the

effects of dysregulated circadian clock in development of CVDs

(Thosar et al., 2018). As noted, nearly all the cells possess their own

self-sustained circadian clocks. It is, therefore, of significance to iden-

tify more potential cell targets for resveratrol-induced circadian regu-

lation in the cardiovascular system. Future investigations shall aim to

determine whether resveratrol can rejuvenate the circadian rhythms

of aging population and whether such alterations are beneficial to car-

diovascular health.

The inconsistent findings between preclinical and clinical studies

might be attributable to poor distribution of resveratrol to the desired

tissues/cells. Although in vitro resveratrol treatment exhibits remark-

able beneficial outcomes in many cell types, the low resveratrol bio-

availability during in vivo studies (e.g., animal experiments and human

trials) might limit its therapeutic potential. This generates the need to

develop a better drug delivery system to raise resveratrol concentra-

tions at target tissues or cells in order to optimize therapeutic effects.

Several nano-approaches such as nanoparticles and liposomes have

been used to deliver resveratrol into selected tissues to achieve opti-

mal cardioprotective effects and to minimize side effects (Neves, Mar-

tins, Segundo, & Reis, 2016). In a Phase I clinical trial, micronization of

resveratrol enhanced the plasma resveratrol levels by 3.6-fold and

increased the resveratrol delivery to livers in patients with hepatic

metastases (Howells et al., 2011). Nanocarriers and/or micronized res-

veratrol might be potential solutions to overcome low bioavailability

of resveratrol in vivo. Further studies are required for optimization of

these delivery approaches. In contrast to resveratrol administration

alone, the synergistic effects of resveratrol in combination with other

supplements or exercise should also be under consideration.

In addition, in order to better resolve the inconsistency between

preclinical and clinical findings, efforts ought to be made in future

explorations to minimize the effects of inter-individual difference

(e.g., age, gender, region, and microbiota composition). Importantly,

the inter-individual difference of microbiota composition may affect

the metabolism of resveratrol. Prior to regular resveratrol supplement,

the intestinal microbiome of patients might need some restoration or

normalization in order to optimize the therapeutic effects of

resveratrol.

6 | CONCLUDING REMARKS

The recognition of the cardioprotective benefits of resveratrol in

1992, exemplified by the “French paradox”, initiated a range of studies

in an attempt to uncover the molecular basis of resveratrol action.

Beneficial to our cardiovascular system, resveratrol exerts a number

of favourable effects on longevity regulation, energy metabolism,

stress resistance, exercise mimetics, circadian clock, and microbiota

composition. Notably, the dual pattern of resveratrol action, particu-

larly in terms of oxidative stress and oestrogen action, and inter-

individual difference among patients, especially the diverse intestinal

microbiota composition, should not be overlooked, as we unravel the

clinical importance of resveratrol. Further efforts are still required to

broaden our understanding towards the underlying mechanistic net-

work and to narrow the knowledge gap between preclinical studies

and human trials of resveratrol.
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6.1 | Nomenclature of targets and ligands

Key protein targets and in this article are hyperlinked to corresponding

entries in http://www.guidetopharmacology.org, the common portal

for data from IUPHAR/BPS Guide to PHARMACOLOGY (Harding

et al., 2018), and are permanently archived in the Concise Guide to

PHARMACOLOGY 2017/18 (Alexander, Cidlowski et al., 2017;

Alexander, Fabbro et al., 2017; Alexander, Kelly et al., 2017a, b).
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