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Polyphenols are secondary metabolites of plants that have been widely studied for
their health benefits as antioxidants. In the last decade, several clinical trials and epidemiological studies have shown that long‐term consumption of polyphenol‐rich diet
protects against chronic diseases such as cancers and cardiovascular diseases. Current cardiovascular studies have also suggested an important role of gut microbiota
and circadian rhythm in the pathogenesis metabolic and cardiovascular diseases. It
is known that polyphenols can modulate the composition of core gut microbiota
and interact with circadian clocks. In this article, we summarize recent findings,
review the molecular mechanisms and the potential of polyphenols as dietary supplements for regulating gut microbiota and circadian rhythms,

and discuss future

research directions.
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I N T RO D U CT I O N

2‐mg polyphenol per gram fresh weight (Puupponen‐Pimiä et al.,
2002). For humans, common sources of polyphenols include tea, red

Polyphenols are secondary metabolites of plants that are generally

wine, and other fruit and herbal products. Polyphenols in these dietary

involved in defence against UV radiation or invading pathogens. Phe-

supplements have been extensively studied for their potential health

nolic compounds are highly variable in their structure and occurrence

benefits, as antioxidants. However, polyphenols are recognized as

but generally contain at least one or more benzene rings linked to a

xenobiotics and have relatively low bioavailability in our body. Poly-

hydroxyl group (Puupponen‐Pimiä et al., 2002; Tomas‐Barberan &

phenols may be readily absorbed in the small intestine or remain

Espin, 2001). Polyphenols are water‐soluble phenolic compounds

almost unchanged in colon depending on the structural complexity

and are categorized into several types including flavonoids, phenolic

and polymerization (Pandey & Rizvi, 2009). In general, less than 10%

acids, and phenolic amides according to their chemical structure (Tsao,

of total polyphenol intake is absorbed in the small intestine while

2010). Polyphenols can be found in a wide range of fruits, vegetables,

the remainder may accumulate in the large intestine and be subjected

and beverages, while fruits like grapes and berries contain more than

to enzymic attack by the gut microbiota to form smaller, low molecular
weight phenolic metabolites which may then be absorbed into the

Abbreviations: CVD, cardiovascular disease; EGCG, epigallocatechin‐3‐gallate; HFD, high‐fat
diet; Nampt, nicotinamide phosphoribosyltransferase; TMAO, trimethylamine‐N‐oxide

body (Espín, González‐Sarrías, & Tomás‐Barberán, 2017; Pandey &
Rizvi, 2009).
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Cardiovascular diseases (CVDs) are a major contributor to morbidity and mortality in developed countries (Organization, 2009).
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pioneer microbial gut colonization process, initiated before birth
(Collado, Rautava, Aakko, Isolauri, & Salminen, 2016).

Towards the end of the 20th century, a large number of clinical trials

Significant interest has been focused on gut microbiota due to accu-

and epigenetics studies have strongly correlated the long‐term con-

mulating evidence that microbiota play an important role in health and

sumption of a polyphenol‐rich diet with protection against chronic dis-

diseases (Cardona et al., 2013; Espín et al., 2017). Changes in the compo-

eases such as cancers and CVDs (Arts & Hollman, 2005; Mitjavila &

sition of gut microbiota are associated with pathologies of the cardiovas-

Moreno, 2012; Pounis et al., 2018). The risk of CVD was reduced by

cular system. In addition, not only the composition of gut microbiota but

46% in individuals with a diet rich in polyphenols (Tresserra‐Rimbau

their changes in metabolic profile has also been identified as a major con-

et al., 2014). Also, polyphenols can affect the composition of core gut

tributing factor in the development of CVDs. A number of clinical and ani-

microbiota, while gut microbiota also determines the health effect of

mal studies have provided strong evidence that links different species of

polyphenols, and this reciprocal interaction between polyphenol and gut

microbiota with the development of CVDs and thrombosis (Kiouptsi &

microbiota has been well established (Anhê et al., 2015; Selma, Espin, &

Reinhardt, 2018). Gut microbiota also regulates the hepatic synthesis

Tomas‐Barberan, 2009). On the other hand, recent researches have

and plasma level of von Willebrand factor (VWF) via toll‐like receptor 2

shown that many plant compounds, including polyphenols, interact with

(TLR2) and leads to defective thrombus growth in mice (Jäckel et al.,

circadian clocks by modulating the amplitude and period of the transcrip-

2017). Moreover, clinical studies have suggested an involvement of

tion and expression of clock genes (Miranda et al., 2013; Qi et al., 2017;

innate immune pathways in gut microbiota‐mediated CVDs (Ridker

Ribas‐Latre et al., 2015b). Current cardiovascular researches have sug-

et al., 2017). However, the underlying mechanism on how individual spe-

gested a strong correlation on the gut microbiota and circadian rhythm

cies trigger the progression of CVDs is largely unresolved.

with metabolic and CVDs (Reinke & Asher, 2019; Tang, Kitai, & Hazen,

Trimethylamine‐N‐oxide (TMAO), a compound that is generated by a

2017). These suggest that polyphenols could be good candidates in

two‐step process by both the host and by gut microbiota, is implicated in

targeting CVDs via modulating gut microbiota and circadian rhythm.

the development of atherosclerosis. Dietary L‐carnitine, choline, and lec-

Among the beneficial effect of polyphenol in chronic health and disease,

ithin are converted to trimethylamine by the TMA‐generating lyase

the current review focuses on the present understanding of the biological

(CutC/D) of gut microbiota, especially Firmicutes and Proteobacteria, then

effect and importance of polyphenols in the interaction with gut microbi-

host flavin‐containing monoamine oxidases (FMO) are responsible for

ota and circadian rhythm in animal models of CVD.

the conversion to TMAO (Rath, Heidrich, Pieper, & Vital, 2017;
Velasquez, Ramezani, Manal, & Raj, 2016). Plasma TMAO concentration
is positively correlated to the mortality risk in patients with stable coro-
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nary artery disease, carotid intima‐media thickness in obese individuals
or patients with thrombosis risk (Kiouptsi & Reinhardt, 2018;
Randrianarisoa et al., 2016; Senthong et al., 2016; Wang et al., 2011;

Gut microbiota is a complex ecosystem consisting of numerous species

Zhu et al., 2016). TMAO has been shown to exacerbate atherosclerosis

of microbials that are highly interactive with the host organisms from

in apolipoprotein E (ApoE) knockout mouse model (Wang et al., 2011)

birth. This interaction forms a symbiotic signalling system in which

while Jonsson et al. found no correlation between plasmaTMAO concen-

the host environment affects the composition gut microbiota while

trations and atherosclerotic lesion size (Lindskog Jonsson et al., 2018).

gut microbiota also produce metabolites that influence the host

This discrepancy could be due to the difference in experimental design.

(Cardona, Andrés‐Lacueva, Tulipani, Tinahones, & Queipo‐Ortuño,

Jonsson et al. supplemented choline at 8‐week‐old mice when the ath-

2013). Therefore, gut microbiota have been considered as a virtual

erosclerotic disease already started to develop (Coleman, Hayek, Keidar,

endocrine system with their metabolites communicating with distal

& Aviram, 2006). These may suggest that gut microbiota is critical in mod-

organs and affecting organ functions. Currently, the majority of the

ulating dietary choline‐associated early‐stage atherosclerosis develop-

gut microbiota identified consist of five phyla: Bacteroidetes, Firmicutes,

ment. Inhibition of host FMO was beneficial in reducing atherosclerosis,

Actinobacteria, Proteobacteria, and Verrucomicrobia. Their relative abun-

although it is also accompanied by several serious side effects including

dance and diversity of species are highly variable but, usually, anaerobic

hepatic inflammation (Shih et al., 2015; Warrier et al., 2015). Therefore,

Bacteroidetes and Firmicutes contribute more than 90% of the total gut

reduction of TMAO level by non‐lethal inhibition of gut microbial enzyme

microbiota population (Castaner et al., 2018; Qin et al., 2010). The ratio

activities may become a novel therapeutic strategy to prevent the devel-

of the Firmicutes to Bacteroidetes varies across individuals, and the var-

opment of CVD and arterial thrombosis (Wang et al., 2015).

iations are mainly caused by differences in host genomes and environmental factors, such as usage of antibiotic and probiotics, lifestyle,
hygiene status, and diet (Qin et al., 2010). The Firmicutes to
Bacteroidetes ratio is significantly increased in obese mice (Ley et al.,

3 | E F F E C T S OF P O L Y P HE N O L S I N
MODULATING GUT MICROBIOTA

2005). Due to advances in genome sequencing technologies, bioinformatics has become an excellent research tool to identify and character-

Some reports have shown that the effects of dietary polyphenols are

ize the composition of microbiota. Similarities between the microbiota

limited due to their poor bioavailability, which is a major concern for

in the placenta and the infant meconium were detected, suggesting a

their development as therapeutic agents (Subramanian et al., 2010).
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However, growing studies support the hypothesis that polyphenols

intake of quercetin (0.08% in diet) ameliorated hyperglycaemia and

with poor bioavailability, such as resveratrol (3,5,4′‐trihydroxy‐trans‐

dyslipidaemia and reduced the risk for cardiovascular complication in

stilbene), are possibly acting primarily through the gut microbiota

db/db mice (Jeong, Kang, Choi, Kim, & Kim, 2012). However, the

remodelling (Anhê et al., 2015). Polyphenols that are not absorbed in

mechanisms underlying the prevention of cardiovascular complication

the small intestine reach the colon where they interact with gut micro-

by quercetin remains uncertain. A reduction in Firmicutes/Bacteroidetes

biota and affect the microbial composition and function. The majority

ratio was observed with quercetin in an ex vivo simulation of the

of previous polyphenol researches focused on the effects on their

human colon (Parkar, Trower, & Stevenson, 2013). Quercetin was

antimicrobial activity. The newly emerging concept of polyphenol

reported to have minimum inhibitory concentrations (MIC) much lower

supplementions is to assess them as potential prebiotics which shape

for Ruminococcus gauvreauii, compared to Bifidobacterium catenulatum

the composition of gut microbiota (Etxeberria et al., 2013). Current

and Enterococcus caccae (Firrman et al., 2016). Ruminococcus produce

researches suggested that either shaping the gut microbiota to favour

butyrate as the end product metabolite, which can adjust the phase of

specific species or lowering the Firmicutes/Bacteroidetes ratio can pro-

the hepatic circadian clocks in mice (Leone et al., 2015). These data

vide beneficial effects to the host (Espín et al., 2017). Recent publica-

suggest that polyphenols may also affect circadian rhythm, partly by

tions on the effect of polyphenol in modulation of gut microbiota in

altering the gut microbiota populations. Rutin, also known as

metabolic diseases and animal models of CVD are summarized in

quercetin‐3‐O‐rutinoside, is a glycosylated quercetin and has been

Table 1.

identified as the most potent protein disulphide isomerase (PDI) inhib-

Resveratrol inhibited TMAO‐induced atherosclerosis in ApoE−/−

itor which inhibits thrombus formation (Jasuja et al., 2012; Zwicker

mice (Chen et al., 2016) and it also increased the relative abundance

et al., 2019). Interestingly, rutin had no inhibitory influence on most

of Bacteroidetes, Lactobacillus, Bifidobacterium, and Akkermansia and a

gut microbiota but enhanced the adherence of probiotic Lactobacillus

reduction in the Firmicutes/Bacteroidetes ratio in mice. Chen et al. sug-

rhamnosus (Duda‐Chodak, 2012). However, the direct mechanisms

gest that resveratrol attenuates TMAO‐induced atherosclerosis by

underlying the promotion of cardiovascular health by rutin, through

decreasing TMAO levels via gut microbiota remodelling (Chen et al.,

the modulation of gut microbiota, have still to be defined.

2016). Resveratrol treatment also increases the fasting‐induced adipose factor (Fiaf), a key gene for the deposition of triglycerides, which
may be associated with the prebiotic effect of resveratrol on gut
microbiota (Qiao et al., 2014). Other polyphenols, such as quercetin
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and apple procyanidins, have also been reported to reduce
Firmicutes/Bacteroidetes ratio in rat and mouse models (Lyu et al.,

Gut microbiota possesses innate metabolic pathways that generate de

2017). Thus, polyphenols can play critical roles in shaping the gut

novo and potentially bioactive compounds from dietary polyphenols.

microbiota composition, especially under CVD conditions.

Gut microbiota is critically important in turning ingested polyphenols

Akkermasia muciniphila belongs to the Verrucomicrobia phylum

into bioavailable products as most of polyphenol are not well absorbed

which is a mucin‐degrading microbe. Recent studies demonstrate that

by our body. As mentioned, 90% of ingested polyphenols are not

levels of A. muciniphila inversely correlated with body weight in human

absorbed in the small intestine and reach the large intestine. They

and rodent models. The abundance of A. muciniphila was decreased in

are then metabolized by gut microbiota into bioavailable products. In

obese and Type 2 diabetic mice (Everard et al., 2013). Recently, 16S

general, the glycosylated forms of polyphenol compounds are

rRNA metagenomic analysis suggests that A. muciniphila can stimulate

ingested, and the gut microbiota metabolizes these dietary polyphe-

the gut microbial richness and a reduction in the Firmicutes/

nols to lower molecular weight phenolic compounds, such as small

Bacteroidetes ratio, leading to an anti‐inflammatory action in the

phenolic acids (Bode et al., 2013). These gut microbiota‐derived

intestinal tract and the enhancement of the intestinal barrier (Naito,

metabolites of polyphenols sometimes provide essential, bioavailable

Uchiyama, & Takagi, 2018; Wu et al., 2017). Oral administration of

polyphenolic acids. Polyphenols are substrates for a variety of enzymic

A. Po in western diet‐fed ApoE−/− mice attenuates atherosclerotic

processes by gut microbiota that provide polyphenol derivatives in a

lesions by ameliorating endotoxemia‐induced inflammation (Li, Lin,

form capable of being absorbed (Marín, Miguélez, Villar, & Lombó,

Vanhoutte, Woo, & Xu, 2016). Grape and cranberry extracts are

2015; Pasinetti et al., 2018). Thus, the beneficial effects of polyphe-

reported to increase the abundance of A. muciniphila and help to sup-

nols are also based on how the gut microbiota metabolizes these

press obesity and insulin resistance (Anhê & Marette, 2017;

compounds.

Roopchand et al., 2015). The procyanidin fraction separated from

There is growing evidence that the metabolism of polyphenols by

apple is also shown to induce Akkermasia populations and has anti‐

gut microbiota can influence their bioactivity. The importance of the

inflammatory effects in mice fed with high‐fat, high‐sucrose diet

presence of gut microbiota for metabolizing polyphenol have been

(Masumoto et al., 2016). These results suggest that the enrichment

demonstrated in models either treated with antibiotics or germ‐free

of this particular microbe by polyphenol supplements could be used

animal. For example, grape seed extract is shown to produce 3‐

for the probiotic treatment of obesity‐related CVDs.

hydroxybenzoic acid (3‐HBA), 3‐(3′‐hydroxyphenyl)propionic acid

Another polyphenol, quercetin, which is found in onion, has a dif-

(3‐HPP), and 3‐(3′‐hydroxyphenyl)propionic acid (3‐HPPA) through

ferential effect on the growth of gut microbiota. Chronic dietary

enzymatic processing by either Lactobacillus plantarum, Lactobacillus

HFHS‐diet mice

HFHS‐diet mice

40 mg·ml−1 of water

Not specify

HFHS‐diet rat

30 mg·kg−1·day−1

HF‐diet mice

(Anhê, Roy, et al., 2015)

(Masumoto et al., 2016)

↓Obesity
↓Circulating LPS
↓Firmicutes
↑Akkermansia genera
↓Clostridium, Lachnospiraceae, and
Bifidobacterium

(Etxeberria et al., 2015)

(Neyrinck et al., 2013)

↓Visceral obesity and liver
steatosis
↑Insulin sensitivity
↓Circulating LPS

Amelioration of insulin
resistance
↓Body weight gain

↓Inflammation
↓Hypercholesterolaemia

(Etxeberria et al., 2015)

↑Akkermansia (30% increase)

↑Bacteroidetes (10.8% to 27.3%), ↓Firmicutes
(85.0% to 56.0%)
↑Bacteroidaceae

↑Bifidobacterium spp. Lactobacillus spp,
acteroides–Prevotella spp.

No change in Bacteroidetes and Firmicutes

(Qiao et al., 2014)

(Chen et al., 2016)

↓Plasma TMA and/or
TMAO levels
Attenuate atherosclerosis

↑Bacteroides, Lactobacillus, Bifidobacterium,
and Akkermansia
↓Prevotella, Ruminococcaceae_unclassified, and
Biophila
↑Bacteroidetes (20.6% to 34.0%), ↓Firmicutes
(60.1% to 50.1%)
↑Lactobacillus and Bifidobacterium
↓Enterococcus faecalis

↑Fasting‐induced adipose
factor (Fiaf)
↓Obesity
No profound effects

(Chen et al., 2016)

Reference

↓Plasma TMA and/or
TMAO levels

Metabolic or functional
consequence

↑Bacteroides, Lactobacillus, Bifidobacterium,
and Akkermansia
↓Prevotella, uncultured Ruminococcaceae
(Ruminococcaceae_uncultured),
Anaerotruncus, Alistipes, Helicobacter, and
uncultured Peptococcaceae
(Peptococcaceae_uncultured)
↑Bacteroidetes (35.1% to 44.1%), ↓Firmicutes
(50.3% to 35.4%)

Changes in microbiota

ET AL.

Apple polyphenol fraction (30%
Procyanidin)

Cranberry powdered extract (37%
flavonols, 39%
proanthocyanidins, 12% phenolic
acids, and 13% anthocyanins)

Quercetin

0.2% in drinking water (6 mg·day
per mouse)

HFFS‐diet rat

15 mg·kg−1

Pomegranate peel extract (PPE;
containing 8% punicalagin and
5% ellagic acid)

HF‐diet mice

200 mg·kg−1·day−1

−1

WT mice
ApoE−/− mice

0.4% in diet
0.4% in diet

Resveratrol

Animal model

Dose

Effect of polyphenol on the microbiota in animal models of cardiovascular or metabolic diseases

Polyphenol

TABLE 1
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casei, Lactobacillus acidophilus, or Bifidobacterium lactis (Chen et al.,

(Kang et al., 2015). Gut microbiota is also important in metabolizing

2012; Marín et al., 2015; Wang et al., 2014). Studies using germ‐free

anthocyanins from blackcurrants, to PCA and GA which confers pro-

or antibiotic‐treated mice also support the importance of gut microbes

tective effects against obesity and insulin resistance (Esposito et al.,

for the conversion of these polyphenols into bioactive and bioavail-

2015). These suggest that the metabolism of polyphenol by gut micro-

able metabolites in vivo (Gross et al., 2010; Sánchez‐Patán et al.,

biota is important in producing important bioactive compounds

2012; Stalmach, Edwards, Wightman, & Crozier, 2013). Antibiotic‐

(Table 2). However, most of these compounds are not well studied

treated mice or germ‐free mice can also be used for faecal transplan-

and more work is needed on the detailed mechanisms used by the

tation experiments to examine the effect of the reconstitution of gut

specific microbe populations metabolizing the polyphenols and how

microbiota. For example, Anhê et al. suggested that germ‐free mice

these bioactive compounds directly affect cardiovascular health.

reconstituted with the gut microbiota of camu camu extract‐treated
mice gained less weight and displayed higher energy expenditure than
those colonized with the high‐fat, high‐sucrose control (Anhê et al.,

5
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2019). Wang et al. showed that both antibiotics‐treated mice and
germ‐free mice lack protocatechuic acid (PCA), a metabolite of

Every organism has a core biological rhythm that orchestrates biolog-

cyanidin‐3 to 0‐β‐glucoside (Cy‐3‐G) in the plasma (Wang et al.,

ical process in adjusting to daily environmental changes, which is also

2012). However, interpretation of results from such antibiotic‐based

known as circadian. Circadian rhythm, originally from Latin “circa”

studies may be confounded by incomplete elimination of particular

meaning around and “diem” meaning a day, generally oscillates with

microbial species or the selection of resistant species (Kennedy, King,

a cycle around 24‐hr light and dark period in response to daily cycles

& Baldridge, 2018).

of abiotic and biotic factors (Bass & Takahashi, 2010). The circadian

Daidzein, an isoflavone found in soy, is metabolized by the gut

system is composed by networks of molecular clocks throughout the

microbiota to equol (Yuan, Wang, & Liu, 2007). Equol is more bioactive

core and peripheral tissues, including blood vessels and perivascular

than daidzein in terms of anti‐oestrogenic activity, antioxidant capac-

adipose tissues (Reppert & Weaver, 2002). While circadian rhythms

ity, and anti‐cancer effects (Arques, Rodriguez, Langa, Landete, &

are autonomous and self‐sustaining, the system has remarkable

−/−

Medina, 2015). Equol treatment in ApoE

mice fed with high‐fat diet

plasticity, and there are internal or external factors that can modify cir-

(HFD) reduces atherosclerotic lesions in the aorta, reduces triglycer-

cadian rhythms from the molecular to behavioural level (Monk, 2010;

ides, total cholesterol, and LDL cholesterol, and increases HDL choles-

Potter, Cade, Grant, & Hardie, 2016). These factors are called

terol (Zhang et al., 2016).

“zeitgeber” or a cue to adjust the endogenous circadian cycle.

Gut microbiota affects the pattern of resveratrol metabolites pro-

Desynchronization of the circadian system, or the misalignment

duced. Resveratrol is modified by glucuronidation and sulfation reac-

between circadian rhythms and metabolisms (e.g., for night‐shift

tions in the liver and intestine (Margherita Springer et al., 2019). One

workers), is thought to contribute to the development of certain

of the most studied metabolites of resveratrol is piceid (or polydatin),

chronic diseases, including obesity and CVDs (Mukherji et al., 2015).

which has higher bioavailability than resveratrol (Wang et al., 2015)

A normal day–night blood pressure difference is essential in main-

and Bacillus cereus in the gut microbiota was responsible for the trans-

taining a robust cardiovascular system. Circadian blood pressure is

formation of resveratrol into piceid (Cichewicz & Kouzi, 1998). Piceid

controlled by the orchestration of exogenous cue of day–night alter-

also shows antioxidant and anti‐inflammatory activities and its molecu-

ations and the endogenous changes in the circadian of neurohormonal

lar targets, including SIRT1 and NF‐κB, are similar to those of resvera-

levels mediated by clock genes (Paschos & FitzGerald, 2010). Clinical

trol. Interestingly, its antioxidant activity is higher than that of

studies have reported the circadian pattern of physiological and path-

resveratrol (Fabris, Momo, Ravagnan, & Stevanato, 2008). The gut

ological cardiovascular events. These suggest the attribution of diurnal

microbiota pays a very important part in resveratrol metabolism by

variation to cardiovascular variables such as heart rate, blood pressure,

increasing its availability from precursors and producing resveratrol‐

and endothelial functions (Kawano et al., 2002; Otto et al., 2004;

derived metabolites (Fabris et al., 2008).

Panza, Epstein, & Quyyumi, 1991; Singh et al., 2003; Walters, Skene,

Anthocyanins, polyphenols that are found in plants, have beneficial

Hampton, & Ferns, 2003). A “non‐dipping” blood pressure may exhibit

effects on targeting obesity and CVD (Tsuda, 2012). The beneficial

a night/day ratio more than 0.9 (Muxfeldt, Cardoso, & Salles, 2009).

effects of some anthocyanins are mediated by metabolism by the

Various vascular and metabolic dysfunctions are associated with the

gut microbiota. A large proportion of dietary anthocyanins consumed

non‐dipping phenotype (Ayala et al., 2013). The non‐dipping hyperten-

is degraded by gut microbiota as free anthocyanidins, protocatechuic

sive patients exhibit endothelial dysfunction, manifested by a reduc-

acid (PCA), and gallic acid (GA; Aura et al., 2005). PCA exerts its

tion in NO release and a compromised endothelium‐dependent

cardioprotective effects and restores cardiac function in Type 1 dia-

vasodilation (Anea et al., 2009; Viswambharan et al., 2007). More than

betic

Kumfu,

75% of patients with symptomatic heart failure are “non‐dippers”

Pannangpetch, Chattipakorn, & Chattipakorn, 2014). GA also

(Mallion et al., 2008). Abnormal sympathetic activation among non‐

increased NO levels by increasing phosphorylation of endothelial

dippers is also observed with inappropriate release of noradrenaline

NOS (Radtke, Kiderlen, Kayser, & Kolodziej, 2004). GA reduced blood

at rest, a blunted nocturnal fall in noradrenaline and adrenaline

pressure in spontaneously hypertensive rats (SHR) by inhibiting ACE

excretion rates, as well as an enhanced responsiveness of α1

rats

by

reducing

oxidative

stress

(Semaming,

Bacillus cereus

Resveratrol

(Wang et al., 2012)
(Semaming et al., 2014)
(Esposito et al., 2015)

(Kang et al., 2015)
(Radtke et al., 2004)
(Hidalgo et al., 2012)
(Chen et al., 2012)

(Yuan et al., 2007)
(Zhang et al., 2016)

(Cichewicz & Kouzi, 1998)
(Fabris et al., 2008)

• Antiatherogenic effect
• Cardioprotective effect
• Anti‐obesity

• Increase NO
• Reduce blood pressure

• Reduces atherosclerotic lesions
• Improve metabolic profiles

• Similar to resveratrol, but higher
bioavailability than resveratrol

ET AL.

Piceid

Equol

Gallic acid (GA)

Lactobacillus plantarum 299v and Bacillus subtilis

Bacteroides Ovatus spp., Strepotococcus
intermedius
spp., and Ruminococcus productus spp.

Protocatechuic acid (PCA)

3‐(3′‐hydroxyphenyl)propionic acid (3‐HPP) • Evokes aortic relaxation
• Preserves insulin‐stimulated eNOS
phosphorylation and NO
production

Enterococcus casseliflavus, Clostridium coccoides,
and Clostridium orbiscindens

Lactobacillus spp. and Bifidobacterium spp.

(Marín et al., 2015)
(Wang et al., 2014)
(Northover, 1967)

• Anti‐inflammatory activity
• Prevent venous constriction

3‐hydroxybenzoic acid (3‐HBA)

Lactobacillus plantarum, Lactobacillus casei,
Lactobacillus acidophilus, and Bifidobacterium
lactis

(Marín et al., 2015)
(Wang et al., 2014)
(Najmanová et al., 2016; Qian,
Babu, Symons, & Jalili,
2017)

(Wang et al., 2014)
(Najmanová et al., 2016)

• Reduce blood pressure
• Vasodilatory activity

Reference

Protective effect

3‐(3′‐hydroxyphenyl)propionic acid (3‐
HPPA)

Metabolite

Lactobacillus plantarum

Daidzein

Anthocyanins

Grape seed extract
(Proanthocyanidins)

Possible microbials responsible
for metabolism

Polyphenol‐derived gut microbiota metabolites in animal models of cardiovascular or metabolic diseases

Polyphenol

TABLE 2
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adrenoceptors (Agarwal, 2010; Nielsen et al., 1999; Uzu, Takeji,

clock genes and impact the amplitude or period of the transcription

Yamauchi, & Kimura, 2001).

of the genes. Several polyphenols have been reported to have a direct

The disruption of circadian rhythm also plays a critical role in the

effect on the core clock gene expression.

pathogenesis of vascular remodelling (Anea, Sullivan, & Rudic, 2009;

Polyphenols interact with the circadian rhythm by affecting the

Anea, Zhang, et al., 2009). Throughout aging, the intrinsic circadian

expression of the core and peripheral circadian clock gene expressions.

clock mechanism decays (Farajnia, Deboer, Rohling, Meijer, & Michel,

Two major factors that need to be considered in the effect of the poly-

2014) and disrupted circadian clocks may result in impairment of vas-

phenol are the bioavailability of the compounds and the timing of the

cular remodelling and premature vascular aging and associated with

administration. A compound (not just limited to polyphenol) could pos-

diseases including hypertension, stenotic atherosclerotic lesions, vas-

itively affect the clock at certain time of a day while possibly be nega-

cular graft failure, and diabetic vasculopathies (Bunger et al., 2005;

tive at other times. Specifically, the major polyphenols reported

Kondratov, Kondratova, Gorbacheva, Vykhovanets, & Antoch, 2006).

capable of modulating the molecular clock to date are resveratrol

Disruption of circadian rhythm leads to endothelial dysfunction (Anea,

and the proanthocyanidins. Here, we will be discussing the recent find-

Zhang, et al., 2009) as well as smooth muscle cellularity and extracel-

ings on the effect of these polyphenols on circadian rhythm related to

lular matrix reformation which is highly correlated to the onset of

obesity and cardiovascular complications.

hypertension and CVD (Sutton‐Tyrrell et al., 2005). Moreover, the
co‐existence of arterial stiffening and non‐dipping status could exacerbate the adverse cardiovascular effects including augmented nocturnal

6.1 | Resveratrol and SIRT1 interaction in
orchestrating circadian rhythms

cardiac outputs (Celik, Yilmaz, & Esmen, 2015).
Circadian clock genes are critical in maintaining the robust relation-

Resveratrol is a polyphenol phytoalexin present in a variety of plant

ship between circadian and cardiovascular system. For example, defi-

species and in red wine. Preclinical studies have demonstrated the

ciency of Bmal1 impairs adaptive vascular remodelling and increases

protective effects of resveratrol in CVD, diabetes, cancer, and neuro-

collagen deposition in the medial layer (Anea, Zhang, et al., 2009).

degenerative diseases (Xia, Daiber, Förstermann, & Li, 2017). In

CLOCK and BMAL are also critical in maintaining glucose homeostasis,

2008, the first study showed that the expression of circadian clock

while Clock mutant mice show phenotypes of cardiovascular and met-

genes Per1, Per2, and Bmal1 was altered by resveratrol, in cultured

abolic diseases such as obesity and hypertension (Rudic et al., 2004;

rat fibroblast cells (Oike & Kobori, 2008). HFD can cause phase delay

Turek et al., 2005). Mice with functional loss of Per2 show vascular

in the circadian rhythm of adiponectin and results in obesity and

senescence and endothelial dysfunctions with reduced PGs, elevated

CVDs (Barnea, Madar, & Froy, 2008), while resveratrol treatment

vasoconstrictor COX‐1 expression, and significant reduction in the

(30 mg·kg−1·day−1) normalized the adipose tissue‐specific clock in mice

endothelium‐dependent relaxation response to ATP‐stimulated endo-

via targeting the clock‐related gene Rev‐Erbα (Miranda et al., 2013).

thelial NO release (Viswambharan et al., 2007). More importantly,

Moreover, resveratrol feeding (0.1% in diet) also attenuated HFD‐

growing evidence has pointed towards a potential interaction

induced obesity and weight gain in mice models by normalizing the

between gut microbiota with the host circadian‐metabolic axis. Gut

nearly flat daily circadian rhythms of Per2, Clock, and Bmal1 gene

microbiota may interfere with the host circadian via microbial metab-

expression (Sun et al., 2015). These studies confirm that the circadian

olites such as butyrate, polyphenolic derivatives, vitamins, and amines,

rhythm is one of the targets of the beneficial effect of resveratrol. Res-

while disruption of host circadian system may also influence the gut

veratrol has many potential targets and the most studied is the histone

microbiota (Parkar, Kalsbeek, & Cheeseman, 2019). These suggest that

deacetylase, SIRT1 (Li, Xia, & Forstermann, 2012; Xia et al., 2017; Xia,

circadian clock genes are important in maintaining the robust relation-

Forstermann, & Li, 2014). As both calorie restriction and resveratrol

ship between circadian rhythm and cardiovascular health.

strongly affect both circadian rhythm and lifespan, it had been suggested that the SIRT1/PGC‐1α axis may be involved in this
resveratrol‐mediated beneficial effect (Oike & Kobori, 2008).

6 | POLYPHENOL AND CIRCADIAN
REGULATION

SIRT1 has been extensively investigated in terms of its
vasoprotective effects, preventing endothelial senescence and vascular remodelling, promoting angiogenesis, enhancing endothelium‐

Food consumption is a major “zeitgeber”, especially to the peripheral

dependent vasodilatation, and suppressing vascular inflammation

tissue clock. The two major aspects of how nutrition affects the circa-

(Bai, Vanhoutte, & Wang, 2014; Man et al., 2016; Stein & Matter,

dian clock include the composition of the diet and the timing of food

2011). SIRT1 is also expressed in a circadian manner (Asher et al.,

intake. Appropriate nutrition is believed to help maintain robust circa-

2008), with a high oscillating rhythm in young animals, which is nearly

dian rhythms and metabolic and cardiovascular health (Potter et al.,

flattened in aged animals (Chang & Guarente, 2013). Circadian tran-

2016). Apart from essential dietary compounds such as fatty acids,

scription of core circadian genes including Clock, Bmal1, Cry, and Per

non‐essential dietary compounds including alcohol and caffeine are

is also related to SIRT1 (Asher et al., 2008). SIRT1 directly activates

well known to influence the circadian system (Brager, Ruby, Prosser,

the transcription of Bmal1, the major circadian clock gene, and, via

& Glass, 2010; Sherman et al., 2011). Recent studies also show that

PGC‐1α, increases the amplitude of other circadian clock genes

plant compounds including polyphenols can interact with circadian

(Chang & Guarente, 2013). SIRT1 also deacetylates BMAL1 to affect

MAN

ET AL.

BJP

1285

its circadian regulatory activity (Belden & Dunlap, 2008). The

(250 mg·kg−1) modulated BMAL1 acetylation, Nampt expression, and

SIRT1/PGC‐1α axis is involved in the crosstalk between the circadian

NAD+ level in rat liver depending on the time of administration

clock and energy metabolism (Masri, Orozco‐Solis, Aguilar‐Arnal, Cer-

(Ribas‐Latre et al., 2015a). Proanthocyanidins are shown to increase

vantes, & Sassone‐Corsi, 2015). PGC‐1α, a target of SIRT1, is a strong

BMAL1 acetylation, Nampt expression, and NAD+ level in the dark

transcription factor and the key regulator of energy metabolism and

cycle while the effect is opposite in light cycle in rat (Ribas‐Latre,

intimately involved in obesity and obesity‐related cardiovascular disor-

Baselga‐Escudero, et al., 2015a). Also, expression of Clock and Per2

ders (Liang & Ward, 2006). On the other hand, one of the transcrip-

genes and Nampt is also increased by proanthocyanidins in white adi-

tional

nicotinamide

pose tissue in mice (Ribas‐Latre, Baselga‐Escudero, et al., 2015a).

phosphoribosyltransferase (Nampt), an enzyme required for the bio-

targets

of

CLOCK‐BMAL1

is

Grape seed proanthocyanidin extract is also shown to increase endo-

synthesis of NAD+, which ensures the rhythmic regulation of SIRT1

thelial NOS, 5′‐AMP‐activated protein kinase (AMPK), and SIRT1

activity (Nakahata, Sahar, Astarita, Kaluzova, & Sassone‐Corsi, 2009;

expression critically by the induction of Krüpple‐like factors (KLFs) in

Ramsey et al., 2009). NAD+ plays a pivotal role in circadian

the light cycle of rats (Cui, Liu, Feng, Zhao, & Gao, 2012). Recent

epigenomic regulation and shows robust diurnal rhythms in synchro-

studies have demonstrated that these KLFs, a family of evolutionarily

nized cells and mice (Bellet et al., 2013). While NAD+ levels affect

conserved zinc‐finger transcription factors, are highly linked to circa-

the activity of SIRT1, the deacetylase function of SIRT1 also affects

dian clocks (Fan, Hsieh, Sweet, & Jain, 2018; Guillaumond et al.,

circadian levels of metabolites NAD+ and acetyl‐CoA (Nakahata &

2010; Spörl et al., 2012). This evidence suggest that the SIRT1–KLFs

Bessho, 2016). The components of this amplifying loop, including

axis could also be an important modulator of the health benefits of

SIRT1 and PGC‐1α and the NAD+ synthetic enzyme Nampt, are crit-

proanthocyanidins. These reports also suggest that proanthocyanidins

ical in the intrinsic circadian regulation (Chang & Guarente, 2013).

may regulate lipid and glucose metabolism by adjusting the circadian

These findings raise the possibility that resveratrol modulates

rhythm and depend largely on the time of administration.

circadian rhythm in preventing obesity and related cardiovascular
complications via SIRT1‐mediated metabolic axis (Figure 1).
Interestingly, Gadacha et al. have also suggested that the timing of

6.3 | Tea polyphenol epigallocatechin‐3‐gallate and
circadian rhythm

resveratrol consumption is critical for its positive health effect
(Gadacha et al., 2009). Resveratrol, well known as an antioxidant, also

Dietary tea polyphenols have been shown to ameliorate CVDs, meta-

exhibits pro‐oxidant properties and increases oxidative stress in a

bolic syndrome, and memory impairment via circadian‐related mecha-

dose‐dependent manner when administered during the inactive period

nisms. Epigallocatechin‐3‐gallate (EGCG) is a major catechin found in

in rat models (Gadacha et al., 2009). It is highly possible that the time

green tea with antioxidant, anti‐inflammatory, and cardioprotective

of consumption of resveratrol may strongly affect its function to the

effects (Tipoe, Leung, Hung, & Fung, 2007). In mice fed a high‐fat,

circadian rhythm and cardiovascular system (Figure 1). As cardiovascu-

high‐fructose diet‐, circadian rhythm is desynchronized, and the circa-

lar complications in humans most often occur in the morning,

dian clock gene and clock‐controlled genes are expressed with poor

researches in resveratrol effect should be focused in this time point

oscillation (Hatori et al., 2012). EGCG treatment (2 g·L−1 in drinking

to maximize the beneficial effect.

water) ameliorates the diet‐induced decline of circadian function and
normalizes the circadian expression of Clock, Bmal1, and Cry1 by reg-

6.2
Effects of proanthocyanidins on circadian
rhythms and metabolic diseases

ulating the level of SIRT1–PGC‐1α loop (Mi et al., 2017). Also, EGCG

Proanthocyanidins are oligomeric flavonoids found in high amounts in

vents adipocyte hypertrophy and fat accumulations in both brown and

grape seeds. Grape seed extract has been widely used to study the

white adipose tissues. These results suggest that EGCG is beneficial to

health effects of proanthocyanidins. Proanthocyanidin consumption

cardiovascular health by regulating the circadian rhythm in the liver

leads to a varied range of beneficial effects including improvement in

and fat tissue. Interestingly, this beneficial effect of EGCG was only

insulin resistance (Montagut et al., 2010), reduction of CVDs, and obe-

demonstrated in the dark cycle of mice.

|

treatment reduces fatty acid synthesis and elevates β‐oxidation in
mice fed with a high‐fat, high‐fructose diet (Mi et al., 2017). This pre-

sity (Rasmussen, Frederiksen, Struntze Krogholm, & Poulsen, 2005).
Proanthocyanidins could modulate circadian rhythms by maintaining high levels of melatonin during the light cycle. Grape seed

6.4 | Other polyphenol studies in modulating
circadian rhythms

proanthocyanidin extract (250 mg·kg−1) altered the pattern of expression of clock genes, in the rat hypothalamus and modulated the serum

Recently, He et al. reported that treatment with nobiletin increased

melatonin level when it was administered during the light cycle, but

the amplitude of the expression of circadian clock genes and attenu-

not during the dark. This indicates that modulation of clock genes

ated the effect of metabolic decreases, in a circadian‐related manner

expression by proanthocyanidins is highly dependent on the time of

(He et al., 2016). In db/db mice fed with HFD (a model of diabetes

administration (Ribas‐Latre et al., 2015).

and diet‐induced obesity), nobiletin (200 mg·kg−1) prevented HFD‐

Also, Bmal1 is reported to be a target of proanthocyanidin along

induced weight gain and fat mass increase. Deletion of clock genes

with Nampt and NAD+. Grape seed proanthocyanidin extract

abolished the beneficial effects of nobiletin, reinforcing the importance
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FIGURE 1 Resveratrol and SIRT1 interaction in orchestrating circadian rhythms. The circadian rhythm is governed by transcriptional
autoregulatory mechanisms. BMAL1 and CLOCK form a heterodimer to positively regulate the expression of target genes. PER and CRY
proteins repress the transcription activity of CLOCK–BMAL1, representing a negative feedback loop. Orphan nuclear receptors REV‐ERBα and
REV‐ERBβ and RORα proteins also contribute to the transcriptional control of the Bmal1 and Clock genes. RORα activation of Bmal1 transcription
requires the SIRT1 substrate PGC‐1α. Nampt, SIRT1, and PGC‐1α form an amplifying regulatory loop driving the expression of circadian genes.
Nampt, Sirt1, and Pgc‐1α are expressed in a phased, circadian manner. In addition, the circadian transcription of the NAD+ biosynthetic enzyme
Nampt renders SIRT1 activity circadian. SIRT1 functions as a positive regulator of BMAL1 and circadian components: (a) SIRT1 deacetylates PER2
thereby facilitating its ubiquitination and degradation by the proteasome. (b) SIRT1 stimulates Pgc‐1α transcription. (c) SIRT1 deacetylates and
thereby activates PGC‐1α. (d) SIRT1 and PGC‐1α cooperatively bind to the Bmal1 promoter to activate transcription. In this way, SIRT1 and PGC‐
1α function together to regulate Bmal1 gene expression and the amplitude of the circadian machinery. Central circadian control declines with
aging. Aged mice show decreased levels of SIRT1 and other circadian regulatory proteins and an inability to adjust to abrupt light re‐entrainment.
Brain‐specific overexpression of SIRT1 in aged mice improves circadian function. Disruption of the circadian expression of SIRT1 and clock genes
leads to metabolic and cardiovascular diseases. High‐fat diet disrupts the circadian expression pattern of Per2, Clock, and Bmal1. This nearly flat
daily circadian rhythms can be largely normalized by resveratrol treatment. Mechanistically, resveratrol reversed the HFD‐induced expression of
Rev‐ERBα. Moreover, resveratrol also increases the expression and activity of SIRT1. However, resveratrol treatment in the inactive period may
also increase oxidative stress which increases the risk of metabolic and cardiovascular diseases. HFD, high‐fat diet; NAD+, nicotinamide adenine
dinucleotide; Nampt, nicotinamide phosphoribosyltransferase; SIRT1‐Tg, SIRT1 overexpression

of circadian rhythms (He et al., 2016). Other polyphenols, such as

the detailed mechanisms on how these polyphenols benefit cardiovas-

homoorientin (in passion flower extract), also increased the amplitude

cular health in a circadian‐dependent manner remain unclear.

of Per1, Per2, and Cry1 gene expression as well as corticosterone circadian rhythm (Toda, Hitoe, Takeda, Shimizu, & Shimoda, 2017). Gut
microbiota‐derived polyphenol metabolites also affect circadian

7

|

S U M M A RY A ND F U T U RE D I R E C T I O N S

rhythms. Secoisolaricylresinol diglucoside, a polyphenol from sunflower, is metabolized by Firmicutes to enterolactone which modulated

The gut microbiota provide the first line of interaction with polyphe-

the expression of clock genes (Damdimopoulou et al., 2011). However,

nols. The effect of polyphenols on manipulating the gut microbiota
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species and the metabolites of polyphenols produced by the gut

At this stage, and considering the observations made in different

microbiota are important to determine the effects and bioavailability

models, we would suggest that the SIRT1/PGC‐1α signalling loop is

of polyphenols. On the other hand, the effects of polyphenols on

a critical component of the effects of polyphenols on circadian rhythm

entraining circadian rhythms is very clear. Currently, there is no strong

which mediates cardiovascular health. SIRT1 is an important regulator

evidence for a causal relationship between the effects of polyphenolst

for cardiovascular health (Bai et al., 2014; Man et al., 2016; Stein &

on circadian rhythm and the gut microbiota, in terms of their benefit

Matter, 2011), while PGC‐1α is the key regulator of energy metabo-

for CVD. The scattered evidence from different studies on polyphe-

lism and crucially involved in obesity and related cardiovascular disor-

nols, circadian rhythm, or gut microbiota suggests that the beneficial

ders (Liang & Ward, 2006). The SIRT1/PGC‐1α loop is thereby highly

effect of polyphenols is highly dependent on the crosstalk between

important in studying the crosstalk between circadian rhythm, metab-

circadian rhythm and gut microbiota. This review has highlighted the

olism, and the cardiovascular system. This may also suggest that

importance of a robust circadian rhythm and gut microbiota in the

mitochondria play an important role in polyphenol‐mediated circadian

beneficial response to polyphenols, in CVD models.

clock regulation. Moreover, other polyphenols may also act on the

The effects of polyphenols, especially resveratrol, in CVDs are well

SIRT1/PGC‐1α loop by up‐regulating Nampt and NAD+. Therefore,

studied and reported. The controversy of the effect of polyphenols in

further experiments may focus on how these different polyphenols

metabolic complications and CVD in both experimental and clinical

stimulate the up‐regulation of Nampt and NAD+ and act on the

studies may be explained in part by the personalized gut microbiota

SIRT1/PGC‐1α loop to normalize circadian rhythm. Such studies may

populations, as well as the differences in the time of consumption.

also help to explain the discrepancy of in vitro and in vivo studies.

Therefore, with the advances in microbiota sequencing techniques,

At last, although most of the results on polyphenols studies are so

studies of polyphenols should pay particular attention to the popula-

far promising, further studies are warranted in both animals and

tion of the gut microbiota in the experimental model. Also, there are

humans. As there is a growing evidence for the interrelationship

many differences found between different studies, in terms of formu-

between gut microbiota and host circadian rhythms, understanding

lation, dose, source, and identity of the polyphenol under investiga-

the effects of polyphenols on both gut microbiota and host circadian

tion, which should be taken into account very carefully (Potì, Santi,

rhythms is crucial. The use of models with clock genes knockouts,

Spaggiari, Zimetti, & Zanotti, 2019). Consensus in the source and dose

may give more insights on the dependence of the intrinsic clocks for

of polyphenol should be considered in future studies. New studies of

polyphenol actions. Supplementation of polyphenols together with

polyphenols and circadian rhythms should note that the timing of

specific probiotic may also enhance the bioavailability and effect of

polyphenol administration is critical for the beneficial effects. For

the treatment. One may consider that as the rodents in animal models

example, resveratrol supplement studies may show different results

are nocturnal animals, the evaluation of the results from the light/dark

depending on the time of day that the participants took the supple-

treatment may be very different in humans. The detailed assessment

ment in clinical studies. Therefore, future researches on polyphenols

of the beneficial effect of polyphenols in humans will be necessary.

should also be more informative by studying different administration

The researches in personalized approaches in polyphenol supplement,

time points that could increase their protective effects against meta-

including specific times of consumption, to maximize the beneficial

bolic disorders, also associated with circadian rhythm disruption.

effects and administration with specific probiotics to remodel the gut

Currently, most of the studies on the effects of polyphenols on gut
microbiota and circadian rhythm are based on correlations. So far,

microbiota, may be a new strategy for nutritional interventions to target
CVDs.

there is no clear causal relationship found, and the interaction
between polyphenols, the microbiota, and circadian rhythms should
be further examined. Because most polyphenols actually have low bio-

7.1

|

Nomenclature of targets and ligands

availability, the mechanisms identified in cell lines or animal models are
not readily translatable to clinical studies. It is possible that the actions
of polyphenols in vivo are highly dependent on gut microbiota. For
example, Nohr et al. proposed that the beneficial effect of resveratrol
in anti‐inflammation and preventing CVDs could be due to the inhibition of Gram‐negative bacteria‐derived LPSs in the gut (Nohr et al.,
2016). Therefore, changes in the microbiota composition (e.g.,
Firmicutes/Bacteroidetes ratio) or specific species (e.g., A. muciniphila)

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al., 2018), and are permanently archived in the
Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al.,
2017a; Alexander et al., 2017b; Alexander, Christopoulos et al.,
2017; Alexander, Cidlowski et al., 2017).

should be carefully described in further studies. The use of humanized
rodent model may be a good solution to address further questions in

ACKNOWLEDGEMENTS

the dynamics of microbiota and polyphenols (Bowey, Adlercreutz, &

Original works from the authors' laboratory contributing to this review

Rowland, 2003). Humanized (gnotobiotic) rodents are germ‐free ani-

were supported by Grants LI‐1042/1‐1, LI‐1042/3‐1, LI‐1042/5‐1,

mals inoculated with human fecal microbiota. So far, no studies have

and XI 139/2‐1 from the Deutsche Forschungsgemeinschaft (DFG),

reported the composition of the gut microbiota in humanized rodents

Bonn, Germany. N.X., A.D., and H.L. were supported by research

fed with polyphenol‐rich diets.

grants from the Boehringer Ingelheim Stiftung for the collaborative

1288

BJP

research consortium “novel and neglected cardiovascular risk factors:
molecular mechanisms and therapeutic implications”.
CONF LICT OF INT E RE ST
The authors declare no conflicts of interest.
ORCID
Huige Li

https://orcid.org/0000-0003-3458-7391

RE FE R ENC E S
Agarwal, R. (2010). Regulation of circadian blood pressure—From mice to
astronauts. Current Opinion in Nephrology and Hypertension, 19(1),
51–58. https://doi.org/10.1097/MNH.0b013e3283336ddb
Alexander, S. P., Fabbro, D., Kelly, E., Marrion, N. V., Peters, J. A., Faccenda,
E., … Southan, C. (2017a). The Concise Guide to PHARMACOLOGY
2017/18: Catalytic receptors. British Journal of Pharmacology, 174
(Suppl 1), S225–S271. https://doi.org/10.1111/bph.13876
Alexander, S. P., Fabbro, D., Kelly, E., Marrion, N. V., Peters, J. A., Faccenda,
E., … Southan, C. (2017b). The Concise Guide to PHARMACOLOGY
2017/18: Enzymes. British Journal of Pharmacology, 174(Suppl 1),
S272–S359. https://doi.org/10.1111/bph.13877
Alexander, S. P. H., Christopoulos, A., Davenport, A. P., Kelly, E., Marrion, N.
V., Peters, J. A., … CGTP Collaborators (2017). The Concise Guide to
PHARMACOLOGY 2017/18: G protein‐coupled receptors. British
Journal of Pharmacology, 174, S17–S129. https://doi.org/10.1111/
bph.13878
Alexander, S. P. H., Cidlowski, J. A., Kelly, E., Marrion, N. V., Peters, J. A.,
Faccenda, E., … CGTP Collaborators (2017). The Concise Guide to
PHARMACOLOGY 2017/18: Nuclear hormone receptors. British Journal of Pharmacology, 174, S208–S224. https://doi.org/10.1111/
bph.13880
Anea, C. B., Sullivan, J., & Rudic, R. D. (2009). Pathological vascular remodeling in mice with disrupted circadian rhythm. The FASEB Journal, 23(1
Supplement), 1033.1033–1033.1033.
Anea, C. B., Zhang, M., Stepp, D. W., Simkins, G. B., Reed, G., Fulton, D. J.,
& Rudic, R. D. (2009). Vascular disease in mice with a dysfunctional circadian clock. Circulation, 119(11), 1510–1517. https://doi.org/
10.1161/CIRCULATIONAHA.108.827477
Anhê, F. F., & Marette, A. (2017). A microbial protein that alleviates metabolic syndrome. Nature Medicine, 23(1), 11–12. https://doi.org/
10.1038/nm.4261
Anhê, F. F., Nachbar, R. T., Varin, T. V., Trottier, J., Dudonné, S., Le Barz, M.,
… Roy, D. (2019). Treatment with camu camu (Myrciaria dubia) prevents obesity by altering the gut microbiota and increasing energy
expenditure in diet‐induced obese mice. Gut, 68(3), 453–464. https://
doi.org/10.1136/gutjnl‐2017‐315565
Anhê, F. F., Roy, D., Pilon, G., Dudonné, S., Matamoros, S., Varin, T. V., …
Marette, A. (2015). A polyphenol‐rich cranberry extract protects from
diet‐induced obesity, insulin resistance and intestinal inflammation in
association with increased Akkermansia spp. population in the gut
microbiota of mice. Gut, 64(6), 872–883. https://doi.org/10.1136/
gutjnl‐2014‐307142
Anhê, F. F., Varin, T. V., Le Barz, M., Desjardins, Y., Levy, E., Roy, D., &
Marette, A. (2015). Gut microbiota dysbiosis in obesity‐linked metabolic diseases and prebiotic potential of polyphenol‐rich extracts.
Current Obesity Reports, 4(4), 389–400. https://doi.org/10.1007/
s13679‐015‐0172‐9

MAN

ET AL.

Arques, J. L., Rodriguez, E., Langa, S., Landete, J. M., & Medina, M. (2015).
Antimicrobial activity of lactic acid bacteria in dairy products and gut:
Effect on pathogens. BioMed Research International, 2015, 584183.
Arts, I. C., & Hollman, P. C. (2005). Polyphenols and disease risk in epidemiologic studies. The American Journal of Clinical Nutrition, 81(1),
317S–325S. https://doi.org/10.1093/ajcn/81.1.317S
Asher, G., Gatfield, D., Stratmann, M., Reinke, H., Dibner, C., Kreppel, F., …
Schibler, U. (2008). SIRT1 regulates circadian clock gene expression
through PER2 deacetylation. Cell, 134(2), 317–328. https://doi.org/
10.1016/j.cell.2008.06.050
Aura, A. M., Martin‐Lopez, P., O'Leary, K. A., Williamson, G., Oksman‐
Caldentey, K. M., Poutanen, K., & Santos‐Buelga, C. (2005). In vitro
metabolism of anthocyanins by human gut microflora. European Journal
of Nutrition, 44(3), 133–142. https://doi.org/10.1007/s00394‐004‐
0502‐2
Ayala, D. E., Moyá, A., Crespo, J. J., Castiñeira, C., Domínguez‐Sardiña, M.,
Gomara, S., … Hygia Project Investigators (2013). Circadian pattern of
ambulatory blood pressure in hypertensive patients with and without
type 2 diabetes. Chronobiology International, 30(1–2), 99–115.
https://doi.org/10.3109/07420528.2012.701489
Bai, B., Vanhoutte, P. M., & Wang, Y. (2014). Loss‐of‐SIRT1 function during
vascular ageing: Hyperphosphorylation mediated by cyclin‐dependent
kinase 5. Trends in Cardiovascular Medicine, 24(2), 81–84. https://doi.
org/10.1016/j.tcm.2013.07.001
Barnea, M., Madar, Z., & Froy, O. (2008). High‐fat diet delays and fasting
advances the circadian expression of adiponectin signaling components
in mouse liver. Endocrinology, 150(1), 161–168.
Bass, J., & Takahashi, J. S. (2010). Circadian integration of metabolism and
energetics. Science, 330(6009), 1349–1354. https://doi.org/10.1126/
science.1195027
Belden, W. J., & Dunlap, J. C. (2008). SIRT1 is a circadian deacetylase for
core clock components. Cell, 134(2), 212–214. https://doi.org/
10.1016/j.cell.2008.07.010
Bellet, M. M., Nakahata, Y., Boudjelal, M., Watts, E., Mossakowska, D. E.,
Edwards, K. A., … Sassone‐Corsi, P. (2013). Pharmacological modulation
of circadian rhythms by synthetic activators of the deacetylase SIRT1.
Proceedings of the National Academy of Sciences, 110(9), 3333–3338.
https://doi.org/10.1073/pnas.1214266110
Bode, L. M., Bunzel, D., Huch, M., Cho, G.‐S., Ruhland, D., Bunzel, M., …
Kulling, S. E. (2013). In vivo and in vitro metabolism of trans‐
resveratrol by human gut microbiota. The American Journal of Clinical
Nutrition, 97(2), 295–309. https://doi.org/10.3945/ajcn.112.049379
Bowey, E., Adlercreutz, H., & Rowland, I. (2003). Metabolism of isoflavones
and lignans by the gut microflora: A study in germ‐free and human flora
associated rats. Food and Chemical Toxicology, 41(5), 631–636. https://
doi.org/10.1016/S0278‐6915(02)00324‐1
Brager, A. J., Ruby, C. L., Prosser, R. A., & Glass, J. D. (2010). Chronic ethanol disrupts circadian photic entrainment and daily locomotor activity
in the mouse. Alcoholism: Clinical and Experimental Research, 34(7),
1266–1273.
Bunger, M. K., Walisser, J. A., Sullivan, R., Manley, P. A., Moran, S. M.,
Kalscheur, V. L., … Bradfield, C. A. (2005). Progressive arthropathy in
mice with a targeted disruption of the Mop3/Bmal‐1 locus. Genesis,
41(3), 122–132. https://doi.org/10.1002/gene.20102
Cardona, F., Andrés‐Lacueva, C., Tulipani, S., Tinahones, F. J., & Queipo‐
Ortuño, M. I. (2013). Benefits of polyphenols on gut microbiota and
implications in human health. The Journal of Nutritional Biochemistry,
24(8), 1415–1422. https://doi.org/10.1016/j.jnutbio.2013.05.001
Castaner, O., Goday, A., Park, Y.‐M., Lee, S.‐H., Magkos, F., Shiow, S.‐A. T.
E., & Schröder, H. (2018). The gut microbiome profile in obesity: A

MAN

ET AL.

systematic review. International Journal of Endocrinology, 2018. https://
doi.org/10.1155/2018/4095789
Celik, G., Yilmaz, S., & Esmen, S. E. (2015). Non‐dipping blood pressure patterns and arterial stiffness parameters in patients with Behcet's
disease. Hypertension Research, 38, 856–861. https://doi.org/
10.1038/hr.2015.86

BJP

1289

Everard, A., Belzer, C., Geurts, L., Ouwerkerk, J. P., Druart, C., Bindels, L. B.,
… Cani, P. D. (2013). Cross‐talk between Akkermansia muciniphila and
intestinal epithelium controls diet‐induced obesity. Proceedings of the
National Academy of Sciences, 110(22), 9066–9071. https://doi.org/
10.1073/pnas.1219451110

Chang, H.‐C., & Guarente, L. (2013). SIRT1 mediates central circadian control in the SCN by a mechanism that decays with aging. Cell, 153(7),
1448–1460. https://doi.org/10.1016/j.cell.2013.05.027

Fabris, S., Momo, F., Ravagnan, G., & Stevanato, R. (2008). Antioxidant
properties of resveratrol and piceid on lipid peroxidation in micelles
and monolamellar liposomes. Biophysical Chemistry, 135(1–3), 76–83.
https://doi.org/10.1016/j.bpc.2008.03.005

Chen, H., Hayek, S., Guzman, J. R., Gillitt, N. D., Ibrahim, S. A., Jobin, C., &
Sang, S. (2012). The microbiota is essential for the generation of black
tea theaflavins‐derived metabolites. PLoS ONE, 7(12), e51001. https://
doi.org/10.1371/journal.pone.0051001

Fan, L., Hsieh, P. N., Sweet, D. R., & Jain, M. K. (2018). Krüppel‐like factor
15: Regulator of BCAA metabolism and circadian protein rhythmicity.
Pharmacological Research, 130, 123–126. https://doi.org/10.1016/j.
phrs.2017.12.018

Chen, M.‐I., Yi, L., Zhang, Y., Zhou, X., Ran, L., Yang, J., … Mi, M. T. (2016).
Resveratrol attenuates trimethylamine‐N‐oxide (TMAO)‐induced atherosclerosis by regulating TMAO synthesis and bile acid metabolism
via remodeling of the gut microbiota. MBio, 7(2), e02210–e02215.

Farajnia, S., Deboer, T., Rohling, J. H., Meijer, J. H., & Michel, S. (2014).
Aging of the suprachiasmatic clock. The Neuroscientist, 20(1), 44–55.
https://doi.org/10.1177/1073858413498936

Cichewicz, R. H., & Kouzi, S. A. (1998). Biotransformation of resveratrol to
piceid by Bacillus cereus. Journal of Natural Products, 61(10),
1313–1314. https://doi.org/10.1021/np980139b
Coleman, R., Hayek, T., Keidar, S., & Aviram, M. (2006). A mouse model for
human atherosclerosis: Long‐term histopathological study of lesion
development in the aortic arch of apolipoprotein E‐deficient (E0) mice.
Acta Histochemica, 108(6), 415–424. https://doi.org/10.1016/j.
acthis.2006.07.002
Collado, M. C., Rautava, S., Aakko, J., Isolauri, E., & Salminen, S. (2016).
Human gut colonisation may be initiated in utero by distinct microbial
communities in the placenta and amniotic fluid. Scientific Reports, 6,
23129. https://doi.org/10.1038/srep23129
Cui, X., Liu, X., Feng, H., Zhao, S., & Gao, H. (2012). Grape seed
proanthocyanidin extracts enhance endothelial nitric oxide synthase
expression through 5′‐AMP activated protein kinase/Surtuin 1–
Krüpple like factor 2 pathway and modulate blood pressure in ouabain
induced hypertensive rats. Biological and Pharmaceutical Bulletin, 35
(12), 2192–2197. https://doi.org/10.1248/bpb.b12‐00598
Damdimopoulou, P., Nurmi, T., Salminen, A., Damdimopoulos, A. E., Kotka,
M., van der Saag, P., et al. (2011). A single dose of enterolactone activates estrogen signaling and regulates expression of circadian clock
genes in mice. The Journal of Nutrition, 141(9), 1583–1589.
Duda‐Chodak, A. (2012). The inhibitory effect of polyphenols on human
gut microbiota. Journal of Physiology and Pharmacology, 63(5), 497–503.
Espín, J. C., González‐Sarrías, A., & Tomás‐Barberán, F. A. (2017). The gut
microbiota: A key factor in the therapeutic effects of (poly) phenols.
Biochemical Pharmacology, 139, 82–93. https://doi.org/10.1016/j.
bcp.2017.04.033
Esposito, D., Damsud, T., Wilson, M., Grace, M. H., Strauch, R., Li, X., …
Komarnytsky, S. (2015). Black currant anthocyanins attenuate weight
gain and improve glucose metabolism in diet‐induced obese mice with
intact, but not disrupted, gut microbiome. Journal of Agricultural and
Food Chemistry, 63(27), 6172–6180. https://doi.org/10.1021/acs.
jafc.5b00963

Firrman, J., Liu, L., Zhang, L., Argoty, G. A., Wang, M., Tomasula, P., … Xiao,
W. (2016). The effect of quercetin on genetic expression of the commensal gut microbes Bifidobacterium catenulatum, Enterococcus
caccae and Ruminococcus gauvreauii. Anaerobe, 42, 130–141.
https://doi.org/10.1016/j.anaerobe.2016.10.004
Gadacha, W., Ben‐Attia, M., Bonnefont‐Rousselot, D., Aouani, E., Ghanem‐
Boughanmi, N., & Touitou, Y. (2009). Resveratrol opposite effects on
rat tissue lipoperoxidation: Pro‐oxidant during day‐time and antioxidant at night. Redox Report, 14(4), 154–158. https://doi.org/10.1179/
135100009X466131
Gross, G., Jacobs, D. M., Peters, S., Possemiers, S., van Duynhoven, J.,
Vaughan, E. E., & van de Wiele, T. (2010). In vitro bioconversion of
polyphenols from black tea and red wine/grape juice by human intestinal microbiota displays strong interindividual variability. Journal of
Agricultural and Food Chemistry, 58(18), 10236–10246. https://doi.
org/10.1021/jf101475m
Guillaumond, F., Gréchez‐Cassiau, A., Subramaniam, M., Brangolo, S.,
Peteri‐Brünback, B., Staels, B., … Teboul, M. (2010). Krüppel‐like factor
KLF10 is a link between the circadian clock and metabolism in liver.
Molecular and Cellular Biology, 30(12), 3059–3070. https://doi.org/
10.1128/MCB.01141‐09
Harding, S. D., Sharman, J. L., Faccenda, E., Southan, C., Pawson, A. J., Ireland, S., … NC‐IUPHAR (2018). The IUPHAR/BPS Guide to
PHARMACOLOGY in 2018: Updates and expansion to encompass
the new guide to IMMUNOPHARMACOLOGY. Nucleic Acids Research,
46(D1), D1091–D1106. https://doi.org/10.1093/nar/gkx1121
Hatori, M., Vollmers, C., Zarrinpar, A., DiTacchio, L., Bushong, E. A., Gill, S.,
… Panda, S. (2012). Time‐restricted feeding without reducing caloric
intake prevents metabolic diseases in mice fed a high‐fat diet. Cell Metabolism, 15(6), 848–860. https://doi.org/10.1016/j.cmet.2012.04.019
He, B., Nohara, K., Park, N., Park, Y.‐S., Guillory, B., Zhao, Z., … Chen, Z.
(2016). The small molecule nobiletin targets the molecular oscillator
to enhance circadian rhythms and protect against metabolic syndrome.
Cell Metabolism, 23(4), 610–621. https://doi.org/10.1016/j.cmet.
2016.03.007

Etxeberria, U., Arias, N., Boqué, N., Macarulla, M., Portillo, M., Martínez, J.,
& Milagro, F. I. (2015). Reshaping faecal gut microbiota composition by
the intake of trans‐resveratrol and quercetin in high‐fat sucrose diet‐
fed rats. The Journal of Nutritional Biochemistry, 26(6), 651–660.
https://doi.org/10.1016/j.jnutbio.2015.01.002

Hidalgo, M., Oruna‐Concha, M. J., Kolida, S., Walton, G. E., Kallithraka, S.,
Spencer, J. P., … de Pascual‐Teresa, S. (2012). Metabolism of anthocyanins by human gut microflora and their influence on gut bacterial
growth. Journal of Agricultural and Food Chemistry, 60(15),
3882–3890. https://doi.org/10.1021/jf3002153

Etxeberria, U., Fernández‐Quintela, A., Milagro, F. I., Aguirre, L., Martínez,
J. A., & Portillo, M. P. (2013). Impact of polyphenols and polyphenol‐
rich dietary sources on gut microbiota composition. Journal of Agricultural and Food Chemistry, 61(40), 9517–9533. https://doi.org/
10.1021/jf402506c

Jäckel, S., Kiouptsi, K., Lillich, M., Hendrikx, T., Khandagale, A., Kollar, B., …
Reinhardt, C. (2017). Gut microbiota regulate hepatic von Willebrand
factor synthesis and arterial thrombus formation via Toll‐like
receptor‐2. Blood, 130(4), 542–553. https://doi.org/10.1182/blood‐
2016‐11‐754416

1290

BJP

MAN

ET AL.

Jasuja, R., Passam, F. H., Kennedy, D. R., Kim, S. H., van Hessem, L., Lin, L.,
… Flaumenhaft, R. (2012). Protein disulfide isomerase inhibitors constitute a new class of antithrombotic agents. The Journal of Clinical
Investigation, 122(6), 2104–2113. https://doi.org/10.1172/JCI61228

Mallion, J.‐M., Neuder, Y., Ormezzano, O., Rochette, G. B., Salvat, M., &
Baguet, J. P. (2008). Study of nycthemeral variations in blood pressure
in patients with heart failure. Blood Pressure Monitoring, 13(3),
163–165. https://doi.org/10.1097/MBP.0b013e3282fd16f8

Jeong, S.‐M., Kang, M.‐J., Choi, H.‐N., Kim, J.‐H., & Kim, J.‐I. (2012). Quercetin ameliorates hyperglycemia and dyslipidemia and improves
antioxidant status in type 2 diabetic db/db mice. Nutrition Research
and Practice, 6(3), 201–207. https://doi.org/10.4162/nrp.2012.6.3.201

Man, A. W., Bai, B., Yang, K., Guo, Y., Xu, C., Tse, H.‐F., … Xu, A. (2016).
Endothelial SIRT1 prevents adverse arterial remodeling by facilitating
HERC2‐mediated degradation of acetylated LKB1. Oncotarget, 7(26),
39065.

Kang, N., Lee, J. H., Lee, W., Ko, J. Y., Kim, E. A., Kim, J. S., … Jeon, Y. J.
(2015). Gallic acid isolated from Spirogyra sp improves cardiovascular
disease through a vasorelaxant and antihypertensive effect. Environmental Toxicology and Pharmacology, 39(2), 764–772. https://doi.org/
10.1016/j.etap.2015.02.006

Marín, L., Miguélez, E. M., Villar, C. J., & Lombó, F. (2015). Bioavailability of
dietary polyphenols and gut microbiota metabolism: Antimicrobial
properties. BioMed Research International, 2015, 1–18. https://doi.
org/10.1155/2015/905215

Kawano, H., Motoyama, T., Yasue, H., Hirai, N., Waly, H. M., Kugiyama, K.,
& Ogawa, H. (2002). Endothelial function fluctuates with diurnal variation in the frequency of ischemic episodes in patients with variant
angina. Journal of the American College of Cardiology, 40(2), 266–270.
https://doi.org/10.1016/S0735‐1097(02)01956‐3
Kennedy, E. A., King, K. Y., & Baldridge, M. T. (2018). Mouse microbiota
models: Comparing germ‐free mice and antibiotics treatment as tools
for modifying gut bacteria. Frontiers in Physiology, 9. https://doi.org/
10.3389/fphys.2018.01534
Kiouptsi, K., & Reinhardt, C. (2018). Contribution of the commensal microbiota to atherosclerosis and arterial thrombosis. British Journal of
Pharmacology, 175(24), 4439–4449.
Kondratov, R. V., Kondratova, A. A., Gorbacheva, V. Y., Vykhovanets, O. V.,
& Antoch, M. P. (2006). Early aging and age‐related pathologies in mice
deficient in BMAL1, the core componentof the circadian clock. Genes &
Development,
20(14),
1868–1873.
https://doi.org/10.1101/
gad.1432206
Leone, V., Gibbons, S. M., Martinez, K., Hutchison, A. L., Huang, E. Y.,
Cham, C. M., … Chang, E. B. (2015). Effects of diurnal variation of gut
microbes and high‐fat feeding on host circadian clock function and
metabolism. Cell Host & Microbe, 17(5), 681–689. https://doi.org/
10.1016/j.chom.2015.03.006
Ley, R. E., Bäckhed, F., Turnbaugh, P., Lozupone, C. A., Knight, R. D., & Gordon, J. I. (2005). Obesity alters gut microbial ecology. Proceedings of the
National Academy of Sciences, 102(31), 11070–11075. https://doi.org/
10.1073/pnas.0504978102
Li, H., Xia, N., & Forstermann, U. (2012). Cardiovascular effects and molecular targets of resveratrol. Nitric Oxide: Biology and Chemistry/Official
Journal of the Nitric Oxide Society, 26(2), 102–110. https://doi.org/
10.1016/j.niox.2011.12.006
Li, J., Lin, S., Vanhoutte, P. M., Woo, C. W., & Xu, A. (2016). Akkermansia
muciniphila protects against atherosclerosis by preventing metabolic
endotoxemia‐induced inflammation in Apoe−/− mice. Circulation, 133
(24),
2434–2446.
https://doi.org/10.1161/CIRCULATIONAHA.
115.019645

Masri, S., Orozco‐Solis, R., Aguilar‐Arnal, L., Cervantes, M., & Sassone‐
Corsi, P. (2015). Coupling circadian rhythms of metabolism and chromatin remodelling. Diabetes, Obesity and Metabolism, 17(S1), 17–22.
https://doi.org/10.1111/dom.12509
Masumoto, S., Terao, A., Yamamoto, Y., Mukai, T., Miura, T., & Shoji, T.
(2016). Non‐absorbable apple procyanidins prevent obesity associated
with gut microbial and metabolomic changes. Scientific Reports, 6,
31208. https://doi.org/10.1038/srep31208
Mi, Y., Qi, G., Fan, R., Ji, X., Liu, Z., & Liu, X. (2017). EGCG ameliorates diet‐
induced metabolic syndrome associating with the circadian clock.
Biochimica et Biophysica Acta (BBA) ‐ Molecular Basis of Disease, 1863
(6), 1575–1589. https://doi.org/10.1016/j.bbadis.2017.04.009
Miranda, J., Portillo, M. P., Madrid, J. A., Arias, N., Macarulla, M. T., &
Garaulet, M. (2013). Effects of resveratrol on changes induced by
high‐fat feeding on clock genes in rats. British Journal of Nutrition,
110(8), 1421–1428. https://doi.org/10.1017/S0007114513000755
Mitjavila, M., & Moreno, J. (2012). The effects of polyphenols on oxidative
stress and the arachidonic acid cascade. Implications for the
prevention/treatment of high prevalence diseases. Biochemical Pharmacology, 84(9), 1113–1122. https://doi.org/10.1016/j.bcp.2012.07.017
Monk, T. H. (2010). Enhancing circadian zeitgebers. Sleep, 33(4), 421–422.
https://doi.org/10.1093/sleep/33.4.421
Montagut, G., Bladé, C., Blay, M., Fernández‐Larrea, J., Pujadas, G.,
Salvadó, M. J., et al. (2010). Effects of a grapeseed procyanidin extract
(GSPE) on insulin resistance. The Journal of Nutritional Biochemistry, 21
(10), 961–967.
Mukherji, A., Kobiita, A., Damara, M., Misra, N., Meziane, H., Champy, M.‐
F., & Chambon, P. (2015). Shifting eating to the circadian rest phase
misaligns the peripheral clocks with the master SCN clock and leads
to a metabolic syndrome. Proceedings of the National Academy of
Sciences, 112(48), E6691–E6698. https://doi.org/10.1073/pnas.1519
807112
Muxfeldt, E. S., Cardoso, C. R. L., & Salles, G. F. (2009). Prognostic value of
nocturnal blood pressure reduction in resistant hypertension. Archives
of Internal Medicine, 169(9), 874–880. https://doi.org/10.1001/
archinternmed.2009.68

Liang, H., & Ward, W. F. (2006). PGC‐1α: A key regulator of energy metabolism. Advances in Physiology Education, 30(4), 145–151. https://doi.
org/10.1152/advan.00052.2006

Naito, Y., Uchiyama, K., & Takagi, T. (2018). A next‐generation beneficial
microbe: Akkermansia muciniphila. Journal of Clinical Biochemistry and
Nutrition, 63(1), 33–35. https://doi.org/10.3164/jcbn.18‐57

Lindskog Jonsson, A., Caesar, R., Akrami, R., Reinhardt, C., Fåk Hållenius, F.,
Borén, J., & Bäckhed, F. (2018). Impact of gut microbiota and diet on
the development of atherosclerosis in ApoE−/− mice. Arteriosclerosis,
Thrombosis, and Vascular Biology, 38(10), 2318–2326. https://doi.org/
10.1161/ATVBAHA.118.311233

Najmanová, I., Pourová, J., Vopršalová, M., Pilařová, V., Semecký, V.,
Nováková, L., & Mladěnka, P. (2016). Flavonoid metabolite 3‐(3‐
hydroxyphenyl) propionic acid formed by human microflora decreases
arterial blood pressure in rats. Molecular Nutrition & Food Research, 60
(5), 981–991. https://doi.org/10.1002/mnfr.201500761

Lyu, M., Wang, Y.‐f., G‐w, F., Wang, X.‐y., Xu, S.‐y., & Zhu, Y. (2017).
Balancing herbal medicine and functional food for prevention and
treatment of cardiometabolic diseases through modulating gut microbiota. Frontiers in Microbiology, 8, 2146. https://doi.org/10.3389/
fmicb.2017.02146

Nakahata, Y., & Bessho, Y. (2016). The circadian NAD+ metabolism: Impact
on chromatin remodeling and aging. BioMed Research International,
2016, 1–7. https://doi.org/10.1155/2016/3208429
Nakahata, Y., Sahar, S., Astarita, G., Kaluzova, M., & Sassone‐Corsi, P.
(2009). Circadian control of the NAD+ salvage pathway by CLOCK‐

MAN

ET AL.

BJP

1291

https://doi.org/10.1126/

polyphenol‐rich diet: An analysis from the Moli‐sani study. Nutrition,
48, 87–95. https://doi.org/10.1016/j.nut.2017.11.012

Neyrinck, A. M., Van Hée, V. F., Bindels, L. B., De Backer, F., Cani, P. D., &
Delzenne, N. M. (2013). Polyphenol‐rich extract of pomegranate peel
alleviates tissue inflammation and hypercholesterolaemia in high-fat
diet‐induced obese mice: potential implication of the gut microbiota.
British Journal of Nutrition, 109(5), 802-809.

Puupponen‐Pimiä, R., Aura, A.‐M., Oksman‐Caldentey, K.‐M., Myllärinen,
P., Saarela, M., Mattila‐Sandholm, T., & Poutanen, K. (2002). Development of functional ingredients for gut health. Trends in Food Science &
Technology, 13(1), 3–11. https://doi.org/10.1016/S0924‐2244(02)
00020‐1

Nielsen, F., Hansen, H., Jacobsen, P., Rossing, P., Smidt, U., Christensen, N.,
… Parving, H.‐H. (1999). Increased sympathetic activity during sleep
and nocturnal hypertension in type 2 diabetic patients with diabetic
nephropathy. Diabetic Medicine, 16(7), 555–562. https://doi.org/
10.1046/j.1464‐5491.1999.00127.x

Qi, G., Mi, Y., Liu, Z., Fan, R., Qiao, Q., Sun, Y., … Liu, X. (2017). Dietary tea
polyphenols ameliorate metabolic syndrome and memory impairment
via circadian clock related mechanisms. Journal of Functional Foods,
34, 168–180. https://doi.org/10.1016/j.jff.2017.04.031

SIRT1. Science,
science.1170803

324(5927),

654–657.

Nohr, M. K., Kroager, T. P., Sanggaard, K. W., Knudsen, A. D., Stensballe, A.,
Enghild, J. J., … Pedersen, S. B. (2016). SILAC‐MS based characterization of LPS and resveratrol induced changes in adipocyte proteomics
—Resveratrol as ameliorating factor on LPS induced changes. PLoS
ONE, 11(7), e0159747. https://doi.org/10.1371/journal.pone.0159747
Northover, B. (1967). The effect of anti‐inflammatory drugs on vascular
smooth muscle. British Journal of Pharmacology and Chemotherapy, 31
(3), 483–493. https://doi.org/10.1111/j.1476‐5381.1967.tb00413.x
Oike, H., & Kobori, M. (2008). Resveratrol regulates circadian clock genes
in Rat‐1 fibroblast cells. Bioscience, Biotechnology, and Biochemistry,
72(11), 3038–3040. https://doi.org/10.1271/bbb.80426
Organization, W. H. (2009). Global health risks: Mortality and burden of disease attributable to selected major (risks. ed.). Geneva: World Health
Organization.
Otto, M. E., Svatikova, A., de Mattos Barretto, R. B., Santos, S., Hoffmann,
M., Khandheria, B., & Somers, V. (2004). Early morning attenuation of
endothelial function in healthy humans. Circulation, 109(21),
2507–2510. https://doi.org/10.1161/01.CIR.0000128207.26863.C4
Pandey, K. B., & Rizvi, S. I. (2009). Plant polyphenols as dietary antioxidants
in human health and disease. Oxidative Medicine and Cellular Longevity,
2(5), 270–278. https://doi.org/10.4161/oxim.2.5.9498
Panza, J. A., Epstein, S. E., & Quyyumi, A. A. (1991). Circadian variation in
vascular tone and its relation to α‐sympathetic vasoconstrictor activity.
New England Journal of Medicine, 325(14), 986–990. https://doi.org/
10.1056/NEJM199110033251402
Parkar, S. G., Kalsbeek, A., & Cheeseman, J. F. (2019). Potential role for
the gut microbiota in modulating host circadian rhythms and metabolic
health.
Microorganisms,
7(2),
41.
https://doi.org/10.3390/
microorganisms7020041
Parkar, S. G., Trower, T. M., & Stevenson, D. E. (2013). Fecal microbial
metabolism of polyphenols and its effects on human gut microbiota.
Anaerobe, 23, 12–19. https://doi.org/10.1016/j.anaerobe.2013.07.009
Paschos, G. K., & FitzGerald, G. A. (2010). Circadian clocks and vascular
function. Circulation Research, 106(5), 833–841. https://doi.org/
10.1161/CIRCRESAHA.109.211706
Pasinetti, G. M., Singh, R., Westfall, S., Herman, F., Faith, J., & Ho, L. (2018).
The role of the gut microbiota in the metabolism of polyphenols as
characterized by gnotobiotic mice. Journal of Alzheimer's Disease, 63
(Preprint), 1–13.
Potì, F., Santi, D., Spaggiari, G., Zimetti, F., & Zanotti, I. (2019). Polyphenol
health effects on cardiovascular and neurodegenerative disorders: A
review and meta‐analysis. International Journal of Molecular Sciences,
20(2), 351. https://doi.org/10.3390/ijms20020351
Potter, G. D., Cade, J. E., Grant, P. J., & Hardie, L. J. (2016). Nutrition and
the circadian system. British Journal of Nutrition, 116(3), 434–442.
https://doi.org/10.1017/S0007114516002117
Pounis, G., Costanzo, S., Bonaccio, M., Di Castelnuovo, A., de Curtis, A.,
Ruggiero, E., … Lacoviello, L. (2018). Reduced mortality risk by a

Qian, Y., Babu, P., Symons, J., & Jalili, T. (2017). Metabolites of flavonoid
compounds preserve indices of endothelial cell nitric oxide bioavailability under glucotoxic conditions. Nutrition & Diabetes, 7(9), e286.
https://doi.org/10.1038/nutd.2017.34
Qiao, Y., Sun, J., Xia, S., Tang, X., Shi, Y., & Le, G. (2014). Effects of resveratrol on gut microbiota and fat storage in a mouse model with high‐fat‐
induced obesity. Food & Function, 5(6), 1241–1249.
Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C., …
Levenez, F. (2010). A human gut microbial gene catalogue established
by metagenomic sequencing. Nature, 464(7285), 59–65. https://doi.
org/10.1038/nature08821
Radtke, O. A., Kiderlen, A. F., Kayser, O., & Kolodziej, H. (2004). Gene
expression profiles of inducible nitric oxide synthase and cytokines in
Leishmania major‐infected macrophage‐like RAW 264.7 cells treated
with gallic acid. Planta Medica, 70(10), 924–928. https://doi.org/
10.1055/s‐2004‐832618
Ramsey, K. M., Yoshino, J., Brace, C. S., Abrassart, D., Kobayashi, Y.,
Marcheva, B., … Bass, J. (2009). Circadian clock feedback cycle through
NAMPT‐mediated NAD+ biosynthesis. Science, 324(5927), 651–654.
https://doi.org/10.1126/science.1171641
Randrianarisoa, E., Lehn‐Stefan, A., Wang, X., Hoene, M., Peter, A.,
Heinzmann, S. S., … Stefan, N. (2016). Relationship of serum
trimethylamine N‐oxide (TMAO) levels with early atherosclerosis in
humans. Scientific Reports, 6, 26745. https://doi.org/10.1038/
srep26745
Rasmussen, S. E., Frederiksen, H., Struntze Krogholm, K., & Poulsen, L.
(2005). Dietary proanthocyanidins: Occurrence, dietary intake, bioavailability, and protection against cardiovascular disease. Molecular
Nutrition & Food Research, 49(2), 159–174. https://doi.org/10.1002/
mnfr.200400082
Rath, S., Heidrich, B., Pieper, D. H., & Vital, M. (2017). Uncovering the
trimethylamine‐producing bacteria of the human gut microbiota.
Microbiome, 5(1), 54. https://doi.org/10.1186/s40168‐017‐0271‐9
Reinke, H., & Asher, G. (2019). Crosstalk between metabolism and circadian clocks. Nature Reviews Molecular Cell Biology, 1, 227–241.
Reppert, S. M., & Weaver, D. R. (2002). Coordination of circadian timing in
mammals. Nature, 418(6901), 935–941. https://doi.org/10.1038/
nature00965
Ribas‐Latre, A., Baselga‐Escudero, L., Casanova, E., Arola‐Arnal, A., Salvadó,
M., Arola, L., & Bladé, C. (2015b). Chronic consumption of dietary
proanthocyanidins modulates peripheral clocks in healthy and obese
rats. The Journal of Nutritional Biochemistry, 26(2), 112–119. https://
doi.org/10.1016/j.jnutbio.2014.09.006
Ribas‐Latre, A., Baselga‐Escudero, L., Casanova, E., Arola‐Arnal, A., Salvadó,
M.‐J., Bladé, C., & Arola, L. (2015a). Dietary proanthocyanidins modulate BMAL1 acetylation, Nampt expression and NAD levels in rat
liver. Scientific Reports, 5, 10954. https://doi.org/10.1038/srep10954
Ribas‐Latre, A., Del Bas, J. M., Baselga‐Escudero, L., Casanova, E., Arola‐
Arnal, A., Salvadó, M. J., … Bladé, C. (2015). Dietary proanthocyanidins
modulate melatonin levels in plasma and the expression pattern of

1292

BJP

MAN

ET AL.

clock genes in the hypothalamus of rats. Molecular Nutrition & Food
Research, 59(5), 865–878. https://doi.org/10.1002/mnfr.201400571

Stein, S., & Matter, C. M. (2011). Protective roles of SIRT1 in atherosclerosis. Cell Cycle, 10(4), 640–647. https://doi.org/10.4161/cc.10.4.14863

Ridker, P. M., Everett, B. M., Thuren, T., MacFadyen, J. G., Chang, W. H.,
Ballantyne, C., … CANTOS Trial Group (2017). Antiinflammatory therapy with canakinumab for atherosclerotic disease. New England
Journal of Medicine, 377(12), 1119–1131. https://doi.org/10.1056/
NEJMoa1707914

Subramanian, L., Youssef, S., Bhattacharya, S., Kenealey, J., Polans, A. S., &
van Ginkel, P. R. (2010). Resveratrol: Challenges in translation to the
clinic—A critical discussion. Clinical Cancer Research, 16(24),
5942–5948. https://doi.org/10.1158/1078‐0432.CCR‐10‐1486

Roopchand, D. E., Carmody, R. N., Kuhn, P., Moskal, K., Rojas‐Silva, P.,
Turnbaugh, P. J., & Raskin, I. (2015). Dietary polyphenols promote
growth of the gut bacterium Akkermansia muciniphila and attenuate
high‐fat diet‐induced metabolic syndrome. Diabetes, 64(8),
2847–2858. https://doi.org/10.2337/db14‐1916
Rudic, R. D., McNamara, P., Curtis, A.‐M., Boston, R. C., Panda, S.,
Hogenesch, J. B., & FitzGerald, G. A. (2004). BMAL1 and CLOCK,
two essential components of the circadian clock, are involved in glucose homeostasis. PLoS Biology, 2(11), e377. https://doi.org/10.1371/
journal.pbio.0020377
Sánchez‐Patán, F., Cueva, C., Monagas, M., Walton, G. E., Gibson, M. G. R.,
Quintanilla‐López, J. E., … Bartolomé, B. (2012). In vitro fermentation
of a red wine extract by human gut microbiota: Changes in microbial
groups and formation of phenolic metabolites. Journal of Agricultural
and Food Chemistry, 60(9), 2136–2147. https://doi.org/10.1021/
jf2040115
Selma, M. V., Espin, J. C., & Tomas‐Barberan, F. A. (2009). Interaction
between phenolics and gut microbiota: Role in human health. Journal
of Agricultural and Food Chemistry, 57(15), 6485–6501. https://doi.
org/10.1021/jf902107d
Semaming, Y., Kumfu, S., Pannangpetch, P., Chattipakorn, S. C., &
Chattipakorn, N. (2014). Protocatechuic acid exerts a cardioprotective
effect in type 1 diabetic rats. The Journal of Endocrinology, 223(1),
13–23. https://doi.org/10.1530/JOE‐14‐0273
Senthong, V., Wang, Z., Li, X. S., Fan, Y., Wu, Y., Wilson Tang, W., & Hazen,
S.
L.
(2016).
Intestinal
microbiota‐generated
metabolite
trimethylamine‐N‐oxide and 5‐year mortality risk in stable coronary
artery disease: The contributory role of intestinal microbiota in a
COURAGE‐like patient cohort. Journal of the American Heart Association, 5(6), e002816.
Sherman, H., Gutman, R., Chapnik, N., Meylan, J., Le Coutre, J., & Froy, O.
(2011). Caffeine alters circadian rhythms and expression of disease and
metabolic markers. The International Journal of Biochemistry & Cell Biology, 43(5), 829–838. https://doi.org/10.1016/j.biocel.2011.02.008
Shih, D. M., Wang, Z., Lee, R., Meng, Y., Che, N., Charugundla, S., … Lusis,
A. J. (2015). Flavin containing monooxygenase 3 exerts broad effects
on glucose and lipid metabolism and atherosclerosis. Journal of Lipid
Research, 56(1), 22–37. https://doi.org/10.1194/jlr.M051680
Singh, R. B., Cornélissen, G., Weydahl, A., Schwartzkopff, O., Katinas, G.,
Otsuka, K., … Halberg, F. (2003). Circadian heart rate and blood pressure variability considered for research and patient care. International
Journal of Cardiology, 87(1), 9–28. https://doi.org/10.1016/S0167‐
5273(02)00308‐X
Springer, M., & Moco, S. (2019). Resveratrol and Its Human Metabolites—
Effects on Metabolic Health and Obesity. Nutrients, 11(1), 143.
Spörl, F., Korge, S., Jürchott, K., Wunderskirchner, M., Schellenberg, K.,
Heins, S., … Wenck, H. (2012). Krüppel‐like factor 9 is a circadian transcription factor in human epidermis that controls proliferation of
keratinocytes. Proceedings of the National Academy of Sciences, 109
(27), 10903–10908. https://doi.org/10.1073/pnas.1118641109
Stalmach, A., Edwards, C. A., Wightman, J. D., & Crozier, A. (2013). Colonic
catabolism of dietary phenolic and polyphenolic compounds from Concord grape juice. Food & Function, 4(1), 52–62. https://doi.org/
10.1039/C2FO30151B

Sun, L., Wang, Y., Song, Y., Cheng, X.‐R., Xia, S., Rahman, M. R. T., … le, G.
(2015). Resveratrol restores the circadian rhythmic disorder of lipid
metabolism induced by high‐fat diet in mice. Biochemical and Biophysical Research Communications, 458(1), 86–91. https://doi.org/10.1016/
j.bbrc.2015.01.072
Sutton‐Tyrrell, K., Najjar, S. S., Boudreau, R. M., Venkitachalam, L.,
Kupelian, V., Simonsick, E. M., … Newman, A. (2005). Elevated aortic
pulse wave velocity, a marker of arterial stiffness, predicts cardiovascular events in well‐functioning older adults. Circulation, 111(25),
3384–3390. https://doi.org/10.1161/CIRCULATIONAHA.104.483628
Tang, W. W., Kitai, T., & Hazen, S. L. (2017). Gut microbiota in cardiovascular health and disease. Circulation Research, 120(7), 1183–1196.
https://doi.org/10.1161/CIRCRESAHA.117.309715
Tipoe, G. L., Leung, T.‐M., Hung, M.‐W., & Fung, M.‐L. (2007). Green tea
polyphenols as an anti‐oxidant and anti‐inflammatory agent for cardiovascular protection. Cardiovascular & Haematological Disorders‐Drug
Targets (Formerly Current Drug Targets‐Cardiovascular & Hematological
Disorders), 7(2), 135–144. https://doi.org/10.2174/1871529077
80830905
Toda, K., Hitoe, S., Takeda, S., Shimizu, N., & Shimoda, H. (2017). Passionflower extract induces high‐amplitude rhythms without phase shifts in
the expression of several circadian clock genes in vitro and in vivo.
International Journal of Biomedical Science : IJBS, 13(2), 84–92.
Tomas‐Barberan, F., & Espin, J. C. (2001). Phenolic compounds and related
enzymes as determinants of quality in fruits and vegetables. Journal of
Science and Food Agriculture, 81(9), 853–876. https://doi.org/10.1002/
jsfa.885
Tresserra‐Rimbau, A., Rimm, E. B., Medina‐Remón, A., Martínez‐González,
M. A., De la Torre, R., Corella, D., … Fiol, M. (2014). Inverse association
between habitual polyphenol intake and incidence of cardiovascular
events in the PREDIMED study. Nutrition, Metabolism, and Cardiovascular Diseases, 24(6), 639–647. https://doi.org/10.1016/j.numecd.
2013.12.014
Tsao, R. (2010). Chemistry and biochemistry of dietary polyphenols. Nutrients, 2(12), 1231–1246.
Tsuda, T. (2012). Dietary anthocyanin‐rich plants: Biochemical basis and
recent progress in health benefits studies. Molecular Nutrition & Food
Research, 56(1), 159–170. https://doi.org/10.1002/mnfr.201100526
Turek, F. W., Joshu, C., Kohsaka, A., Lin, E., Ivanova, G., McDearmon, E., &
Turek, F. W. (2005). Obesity and metabolic syndrome in circadian
Clock mutant mice. Science, 308(5724), 1043–1045. https://doi.org/
10.1126/science.1108750
Uzu, T., Takeji, M., Yamauchi, A., & Kimura, G. (2001). Circadian rhythm
and postural change in natriuresis in non‐dipper type of essential
hypertension. Journal of Human Hypertension, 15(5), 323–327.
https://doi.org/10.1038/sj.jhh.1001185
Velasquez, M., Ramezani, A., Manal, A., & Raj, D. (2016). Trimethylamine
N‐oxide: The good, the bad and the unknown. Toxins, 8(11), 326.
https://doi.org/10.3390/toxins8110326
Viswambharan, H., Carvas, J. M., Antic, V., Marecic, A., Jud, C., Zaugg, C. E.,
… Yang, Z. (2007). Mutation of the circadian clock gene Per2 alters vascular endothelial function. Circulation, 115(16), 2188–2195. https://
doi.org/10.1161/CIRCULATIONAHA.106.653303

MAN

ET AL.

BJP

1293

Walters, J. F., Skene, D. J., Hampton, S. M., & Ferns, G. A. (2003). Biological
rhythms, endothelial health and cardiovascular disease. Medical Science
Monitor, 9(1), RA1–RA8.

Xia, N., Daiber, A., Förstermann, U., & Li, H. (2017). Antioxidant effects of
resveratrol in the cardiovascular system. British Journal of Pharmacology, 174(12), 1633–1646. https://doi.org/10.1111/bph.13492

Wang, D., Xia, M., Yan, X., Li, D., Wang, L., Xu, Y., … Ling, W. (2012). Gut
microbiota metabolism of anthocyanin promotes reverse cholesterol
transport in mice via repressing miRNA‐10b. Circulation Research, 111
(8), 967–981. https://doi.org/10.1161/CIRCRESAHA.112.266502

Xia, N., Forstermann, U., & Li, H. (2014). Resveratrol and endothelial nitric
oxide. Molecules, 19(10), 16102–16121. https://doi.org/10.3390/
molecules191016102

Wang, H.‐L., Gao, J.‐P., Han, Y.‐L., Xu, X., Wu, R., Gao, Y., & Cui, X. H.
(2015). Comparative studies of polydatin and resveratrol on mutual
transformation and antioxidative effect in vivo. Phytomedicine, 22(5),
553–559. https://doi.org/10.1016/j.phymed.2015.03.014

Yuan, J. P., Wang, J. H., & Liu, X. (2007). Metabolism of dietary soy
isoflavones to equol by human intestinal microflora—Implications for
health. Molecular Nutrition & Food Research, 51(7), 765–781. https://
doi.org/10.1002/mnfr.200600262

Wang, J., Bi, W., Cheng, A., Freire, D., Vempati, P., Zhao, W., … Schmeidler,
J. (2014). Targeting multiple pathogenic mechanisms with polyphenols
for the treatment of Alzheimer's disease‐experimental approach and
therapeutic implications. Frontiers in Aging Neuroscience, 6, 42.

Zhang, T., Hu, Q., Shi, L., Qin, L., Zhang, Q., & Mi, M. (2016). Equol attenuates atherosclerosis in apolipoprotein E‐deficient mice by inhibiting
endoplasmic reticulum stress via activation of Nrf2 in endothelial cells.
PLoS ONE, 11(12), e0167020. https://doi.org/10.1371/journal.
pone.0167020

Wang, Z., Klipfell, E., Bennett, B. J., Koeth, R., Levison, B. S., DuGar, B., …
Hazen, S. L. (2011). Gut flora metabolism of phosphatidylcholine promotes cardiovascular disease. Nature, 472(7341), 57–63. https://doi.
org/10.1038/nature09922

Zhu, W., Gregory, J. C., Org, E., Buffa, J. A., Gupta, N., Wang, Z., … Hazen,
S. L. (2016). Gut microbial metabolite TMAO enhances platelet hyperreactivity and thrombosis risk. Cell, 165(1), 111–124. https://doi.org/
10.1016/j.cell.2016.02.011

Wang, Z., Roberts, A. B., Buffa, J. A., Levison, B. S., Zhu, W., Org, E., …
Hazen, S. L. (2015). Non‐lethal inhibition of gut microbial
trimethylamine production for the treatment of atherosclerosis. Cell,
163(7), 1585–1595. https://doi.org/10.1016/j.cell.2015.11.055

Zwicker, J. I., Schlechter, B. L., Stopa, J. D., Liebman, H. A., Aggarwal, A.,
Puligandla, M., … CATIQ Investigators11 (2019). Targeting protein
disulfide isomerase with the flavonoid isoquercetin to improve hypercoagulability in advanced cancer. JCI Insight, 4(4). https://doi.org/
10.1172/jci.insight.125851

Warrier, M., Shih, D. M., Burrows, A. C., Ferguson, D., Gromovsky, A. D.,
Brown, A. L., … Brown, J. M. (2015). The TMAO‐generating enzyme flavin monooxygenase 3 is a central regulator of cholesterol balance. Cell
Reports, 10(3), 326–338. https://doi.org/10.1016/j.celrep.2014.12.036
Wu, W., Lv, L., Shi, D., Ye, J., Fang, D., Guo, F., … Li, L. (2017). Protective
effect of Akkermansia muciniphila against immune‐mediated liver
injury in a mouse model. Frontiers in Microbiology, 8, 1804. https://
doi.org/10.3389/fmicb.2017.01804

How to cite this article: Man AWC, Xia N, Daiber A, Li H. The
roles of gut microbiota and circadian rhythm in the cardiovascular protective effects of polyphenols. Br J Pharmacol.
2020;177:1278–1293. https://doi.org/10.1111/bph.14850

