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Manuel Suárez, Anna Arola-Arnal, Miquel Mulero, Maria-Josepa Salvadó, Lluís Arola, 
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A B S T R A C T   

Background: Phenolic compounds are one of the most heterogeneous group of plant secondary metabolites with 
over 50,000 diverse molecules identified so far. Despite the low bioavailability of native forms, they have been 
shown to exert several beneficial effects against chronic diseases such as diabetes, cardiovascular disease, and 
neurodegenerative diseases. There are different factors that may affect their absorption and distribution in tis-
sues, but the exact mechanisms remain unclear. Recently, the time of the day and the season of the year in which 
they are consumed have emerged as another factor that may significantly impact on their metabolism and 
bioactivities. 
Scope and approach: This review emphasizes the importance of the interaction between phenolic compounds and 
biological rhythms and its impact on the bioactivities of these metabolites. This may have implications for the 
food industry as food rich in phenolic compounds may exert different effects depending on the time of 
consumption. 
Key findings and conclusions: Phenolic compounds broad activity could be explained by their extensive trans-
formation, including metabolization in the colon by the gut microbiota, which leads to the production of 
multitude of different metabolites. Biological rhythms play a significant role in this metabolism affecting their 
bioactivities and, at the same time, phenolic compounds may exert their effects by promoting homeostasis at a 
basal signalling level through interactions with the biological clock system. This is in accordance with the 
xenohormesis hypothesis, which explains that chemical cues synthetized by plants are able to allow animals to 
favourably adapt to changing environmental conditions.   

1. Phenolic compounds 

Dietary phenolic compounds have received tremendous scientific 
and consumers attention due to their roles in human health. These 
compounds are bioactive molecules obtained from plant-based foods 
such as fruits, nuts, seeds, leaves and roots, plant-derived beverages such 
as tea or wine, and algal-derived products (Del Rio et al., 2013; 
Pérez-Jiménez, Neveu, Vos, & Scalbert, 2010). They are an important 
class of plant secondary metabolites which play crucial physiological 
roles generally involved in the attraction of pollinators, the execution of 
structural functions, the protection against ultraviolet (UV) radiation 
and the defence of plants against microbial invasion and herbivores 
(Cutrim & Cortez, 2018; Sharma et al., 2019). Under abiotic stress 

conditions, such as drought, heavy metal, salinity, high/low tempera-
ture, and UV radiations, plants increase phenolic compounds synthesis, 
especially polyphenols, as a defence mechanism to cope with environ-
mental unfavourable conditions (Sharma et al., 2019). This complex 
large group of phytochemicals is chemically characterized by the pres-
ence of at least one hydroxyl group in the structure bonded directly to an 
aromatic ring and can be classified in flavonoids (isoflavones, flavones, 
flavonols, flavanols, flavanones and anthocyanidins) and non-flavonoids 
(phenolic alcohols, phenolic acids, stilbenes and lignans) (Manach, 
Scalbert, Morand, Rémésy, & Jiménez, 2004). Structurally phenolic 
compounds are very heterogeneous, and over 50,000 diverse molecules 
have been identified so far (Ziaullah & Rupasinghe, 2015)). 

The study of these compounds may be challenging due to their 
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heterogenicity and variety, and the complexity of their matrices, and 
because they are easily oxidized. However, it became an emerging field 
of interest for the scientific community due to their strong antioxidant 
properties and capacity to neutralize free radicals. Indeed, they have 
demonstrated to be the main contributor for antioxidant effects in fruits, 
even superior to that of the vitamin C (Tsao, 2010). In the last years 
different studies have demonstrated that phenolic compounds are also 
able to exert different effects at molecular level including the modula-
tion of nuclear receptors, miRNAs and enzymatic activity as well as 
epigenetic modifications affecting different signalling pathways (Pan, 
Lai, Wu, & Ho, 2013). In this regard, they are also of interest for different 
industry sectors such as food and nutraceutical. Moreover, when added 
to foods, their antioxidants properties delay the formation of toxic 
oxidation products, maintain nutritional quality, and extend the 
shelf-life of products (Grobelna, Anna; Kalisz et al., 2020; Grobelna et al, 
2019a, 2019b; Kalisz et al., 2020; Shahidi & Yeo, 2018). In addition, 
these compounds can be also of interest for agriculture, in which some 
can be used as allelochemicals (Mousavi, Karami, Haghighi, Alizadeh, & 
Maggi, 2021) and biostimulants (Mazrou, 2019) as well as other 
chemicals such as azadirachtin, a limonoid terpenoid found in Azadir-
achta indica, which has shown to be potent insecticide in ecological 
agriculture (Kharwar et al., 2020). 

Different beneficial effects of phenolic compounds consumption 

have been shown in several epidemiological studies, including anti-
cancer, anti-inflammatory, antibacterial activities, analgesic, anti- 
allergic, and anti-Alzheimer’s properties, which may help in the treat-
ment and/or prevention of different chronic diseases such as diabetes, 
cardiovascular disease, and neurodegenerative diseases (García-Conesa 
& Larrosa, 2020; Luca et al., 2020; Shahidi & Yeo, 2018; Tsao, 2010). In 
addition, recent studies have shown that phenolic compounds from 
Moringa oleifera which protect this plant against stress factors, may have 
a potential pharmacological use due to their anti-inflammatory and 
anti-hypertensive effects in both experimental models and clinical trials 
(Oldoni et al., 2021; Ożarowski et al., 2021). These findings reveal the 
effects of phenolics to promote health and the relevance of studying 
their role in the metabolism. Nevertheless, despite this broad activity the 
phenolic compounds present in food have shown a low bioavailability 
(Manach et al., 2004). Indeed, different studies have revealed that 
phenolics bioavailability is affected by different external and internal 
host factors such as dose, length of the treatment, sex and age 
(D’Archivio, Filesi, Varì, Scazzocchio, & Masella, 2010). Host health 
status has also recently pointed out as other factor influencing the 
bioavailability of phenolic compounds (Margalef, Pons, Iglesias-Carres, 
Bravo, et al., 2017; Margalef, Pons, Iglesias-Carres, Quiñones, et al., 
2017). Due to this low bioavailability, only a small part of the ingested 
phenolics is absorbed by the small intestine (5–10%) while the rest 

Fig. 1. Metabolism of a grape seed proanthocyanidin extract (GSPE). Tissue and systemic distribution of the main polyphenol metabolites identified by HPLC- 
MS/MS in Wistar rats after oral administration of GSPE (1 g/kg). Part of the native polyphenols found in the extract are absorbed at small intestine level and 
distributed to different tissues including the liver. Other native polyphenols reach the colon where they are metabolized by the gut microbiota, via deglycosylation, 
dehydroxylation and demethylation reactions, and absorbed for their distribution. In the liver, polyphenols metabolites undergo further biotransformation by 
glucuronidation, sulfation and/or methylation reactions. In addition, these metabolites may be transferred back into the intestine through the enterohepatic cycle. 
Adapted from (Guerrero et al., 2013; Margalef et al., 2015a, 2015b). 
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(90–95%) reach the colon. In the small intestine they are transformed by 
conjugation reactions including glucuronidation, sulfation and/or 
methylation and absorbed by the enterocytes. In the colon they are 
metabolized by the gut microbiota (via deglycosylation, dehydrox-
ylation and demethylation reactions) and absorbed by the colonocytes 
(Ozdal et al., 2016). The absorbed phenolic compounds and their 
derived metabolites are transported to the liver by the portal circulation 
and they are further metabolized by the above-mentioned conjugation 
reactions. In addition, these metabolites may be transferred back into 
the intestine through the enterohepatic cycle (Van Duynhoven et al., 
2011). Finally, the absorbed phenolic metabolites are transported 
through the systemic circulation to the different tissues and organs 
(Cardona, Andrés-Lacueva, Tulipani, Tinahones, & Queipo-Ortuño, 
2013). This complex absorption and metabolism process is illustrated in 
Fig. 1, taking as example the case of a grape seed proanthocyanidin 
extract (GSPE) in which our group have extensive experience. Therefore, 
phenolic compounds are subject to an extensive transformation leading 
to the production of several different metabolites, which explains the 
large inter-individual variability in response to their consumption. 

In addition to the factors mentioned above, biological rhythms have 
been shown to influence the activity of bioactive compounds, including 
phenolic compounds (Arola-Arnal et al., 2019). In this context, the time 
of the day or the season of the year should be taken into account when 
investigating the bioactivities of these compounds. This has led to the 
development of a new research area called chrononutrition. Moreover, it 
has been proposed that animals are able to favourably adapt to changing 
environmental conditions through the consumption of chemical cues 
synthetized by plants, which is known as xenohormesis (Howitz & Sin-
clair, 2008). According to this hypothesis, plants experiencing mild 
stress activate their own cellular defences by synthetizing phytochemi-
cals such as phenolic compounds that, when they are incorporated 
through the diet, will allow mammals to adjust their metabolism in 
anticipation of adverse conditions promoting their survival. Thus, 
phenolic compounds and especially polyphenols may provide physio-
logical and metabolic signals facilitating the adaptation to the envi-
ronment (Baur & Sinclair, 2008). Hence, we hypothesize that phenolic 
compounds may exert their beneficial effects promoting homeostasis 
maintenance at a basal signalling level, including interactions with the 
biological clock system. 

2. Biological rhythms 

Biological rhythms are periodic variations in the intensity of bio-
logical processes and vital functions of living organisms caused by 
different factors such as the rotation of the Earth around its axis 
(circadian cycle) and its translation around de sun (seasonal cycle). They 
allow for the adjustment of the organisms to environmental changes 
such as food availability or predator activity. Thus, circadian and sea-
sonal rhythms enable organisms to optimize the metabolism and energy 
utilization to sustain life adapting their behaviour and physiology to the 
appropriate time of the day or of the year respectively. In this sense, 
physiological and behavioural systems of mammals such as sleep-wake 
cycle, cardiovascular activity, endocrine system, blood pressure, body 
temperature, renal activity, gastrointestinal tract activity and hepatic 
metabolism are regulated to a greater or lower extent by circadian 
rhythms (Claustrat, Brun, & Chazot, 2005; Levi & Schibler, 2007; Ohdo, 
2003). These time-of-day-dependent rhythms are due to changes in 
energy expenditure and nutrient utilization that occur in cycles of 24 h 
(McGinnis & Young, 2016). The central clock regulatory system is 
located in the hypothalamic suprachiasmatic nucleus (SCN), which 
contains 10,000–15,000 neurons. This master clock can work autono-
mously, without any external input, but can be reprogrammed by 
external environmental cues named zeitgebers such as light, the most 
important one, which is perceived by the retina through the reti-
nohypothalamic tract (Reppert & Weaver, 2002). Central clock provides 
signals, via the autonomic nervous system or circulating humoral factors 

including melatonin and cortisol (Dibner, Schibler, & Albrecht, 2009), 
to several peripheral oscillators to maintain rhythmicity and to ensure 
temporally coordinated physiology. These peripheral clocks are present 
in almost all other mammalian tissues, including liver, muscle, pancreas, 
and adipose tissue, where they maintain circadian rhythms and regulate 
tissue-specific gene expression and functionality. Peripheral oscillators 
are also regulated by behavioural signals such as physical activity and, 
most notably, fasting/feeding states (Levi & Schibler, 2007). Therefore, 
although circadian clock regulates multiple metabolic pathways, me-
tabolites availability and feeding behaviour can also influence rhythms, 
being two systems that are reciprocally regulated. Thus, food entrains 
the liver clock, whereas light acts through the brain clock to control 
feeding time. In mammals, the circadian machinery is an intracellular 
mechanism sharing the same molecular components in SCN neurons and 
peripheral cells. The central feature of this molecular rhythmicity is the 
transcription–translation autoregulatory feedback loop which cycles 
with a periodicity of 24 h (Ohdo, 2003). The transcriptional activators of 
this feedback system are the circadian locomotor output cycles kaput 
(CLOCK) and the brain and muscle Arnt-like protein-1 (BMAL1). CLOCK 
and BMAL1 form a heterodimer that can activate the transcription upon 
binding to E-box (5′-CACGTG -3′) and E-box-like sequences found in the 
promoters of circadian-responsive genes. Its target factors Period (PER) 
and Cryptochrome (CRY) are rhythmically accumulated in the cyto-
plasm, oligomerize after reaching an appropriate concentration and 
translocate to the nucleus where interact with Clock and Bmal1 inhib-
iting their own transcription. All the above mentioned clock elements 
exhibit a 24 h transcriptional oscillation in SCN cells and peripheral 
tissues, except for Clock that has been shown not to oscillate in the SCN 
(Dunlap, 1999; Lowrey & Takahashi, 2004; Reppert & Weaver, 2002; 
Young & Kay, 2001). 

These clock genes are also responsible for circannual rhythms mod-
ulation. In peripheral organs, circannual rhythmicity is not self- 
sustained and requires maintenance by photoperiod signals. These sig-
nals are recognised in the retina and transmitted to the pineal gland by 
multi-synaptic neuronal pathways. The pineal gland integrates these 
photoperiod signals and regulates the production of melatonin, which is 
rhythmically produced at night (Korf, 2018). Thus, melatonin signals 
encode night length. Importantly, melatonin can regulate many physi-
ological factors in humans, and those include immunity, metabolism and 
body temperature. Thus, melatonin controls the rhythmicity and sea-
sonality of body physiology (Claustrat et al., 2005). 

Biological rhythms may impact on the physiology and metabolism of 
the organism by through different mechanisms including: 1) modulation 
of the expression of enzymes involved in the rate-limiting steps of 
metabolic pathways, 2) interaction of the clock machinery with proteins 
such as nuclear receptors and nutrient sensors, and 3) regulation of 
metabolites levels (Sahar & Sassone-Corsi, 2012). However, this rhyth-
micity can be desynchronized from the central circadian clock by 
different factors, including environmental conditions (light-dark cycles), 
lifestyle and behavioural choices (work schedules, eating patterns, and 
social jet lag) or the presence of diseases. A large body of studies has 
extensively shown that this chronic circadian misalignment leads to 
serious health consequences, increasing the risk of developing obesity, 
metabolic and cardiovascular diseases (CVD), cancer or diabetes (Can-
nizzaro et al., 2020; Guerrero-Vargas, Espitia-Bautista, Buijs, & Escobar, 
2018; Johnston, Ordovás, Scheer, & Turek, 2016; Kecklund & Axelsson, 
2016). In this sense, many of them have been focused on evaluating the 
effect of circadian disruption on shift workers, which frequently expe-
rience circadian misalignment due to alterations of sleep-wake and 
fast-feeding timings. 

Especially remarkable, the changes in dietary habits observed in last 
decades have also a high influence on the onset of these disruptions, as 
hypercaloric diets rich in free sugars and high-fat content are related 
with the development of metabolic diseases and related comorbidities. 
Taking into consideration all this evidence that link disruption of bio-
logical rhythms and health diseases, in their recent review Zimmet et al. 
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(2019) introduced the term “circadian syndrome”, defining it as the 
underlying aetiological factor of metabolic syndrome. These authors 
describe this circadian syndrome as the joint of the metabolic syndrome 
cluster and their comorbidities including sleep apnea, depression and 
non-alcoholic fatty liver disease (Zimmet et al., 2019). 

3. Phenolic compounds and biological rhythms modulation 

The bioactivity of compounds is usually determined without taking 
into account the time of their administration. However, as discussed 
above, it seems evident that biological rhythms must be considered as 
many physiological and metabolic processes present time-dependent 
oscillations. Therefore, the time of the day or the season of the year in 
which dietary compounds are consumed must be a main determinant of 
the effect of diet on health (Johnston et al., 2016). This concept led to 
the development of the chrononutrition field, but unfortunately, there 
are not many studies evaluating the effects of the timing of the admin-
istration of bioactive components on their bioavailability and efficacy. 
Those that have been carried out so far are mainly focused on the study 
of foods or nutraceuticals rich in melatonin, an important component of 
the internal clock, or its precursors tryptophan and/or serotonin. For 
example, in a study using tryptophan enriched infant milk formulas to 
improve the development of the wake-sleep rhythms, the infants 
receiving the enriched formula during dark time showed improvements 
in the sleep parameters studied, in comparison with those receiving the 
enriched formula during light time or receiving standard infant com-
mercial milk. The urinary metabolites of serotonin suggest that the 
observed improvements were due to an increased use of serotonin to 
melatonin synthesis (Aparicio et al., 2007). In other studies, the con-
sumption twice a day as the lunch and dinner desserts of either a diet 
enriched with Jerte Valley cherries and a Jerte Valley cherry-based 
nutraceutical product, both rich in melatonin, serotonin, and trypto-
phan (González-Gómez et al., 2009), improved the antioxidant status of 
young, middle-aged, and elderly individuals (Garrido et al., 2010; Gar-
rido, González-Gómez et al., 2013). The timing of the meal was critical 
for achieving the beneficial effects of these dietary interventions since 
serotonin and melatonin have opposite circadian rhythms. Thus, con-
sumption of cherries at lunchtime allowed for an increase in the diurnal 
circulating serotonin concentration which indirectly also led to an in-
crease in the nocturnal circulating melatonin concentration by 
enhancing the amount of serotonin available to be converted into 
melatonin at night (Garrido, Terrón, & Rodríguez, 2013). Moreover, this 
is a bidirectional interaction, and not only the biological rhythms may 
affect dietary components metabolism and functionality but also the 
other way around. Indeed, in the case of phenolic compounds, it has 
been shown that they are able to impact on the clock system, leading to 
changes in gene expression. 

3.1. Biological rhythms impact on phenolic compounds activity 

As discussed before, biological rhythms may significantly impact on 
dietary compounds bioavailability and activities. In the case of phenolic 
composition it has been shown that its bioavailability follows endoge-
nous circadian rhythms inducing changes in its antioxidant properties 
(Soengas, Cartea, Velasco, & Francisco, 2018). Moreover, their effec-
tivity has been suggested to be closely related to the circadian rhythm of 
many physiological processes. Regarding glucose homeostasis it is 
known that glucose metabolism is tightly regulated in a diurnal rhythm 
based on the external light-dark cycle (Challet, 2013; Johnston, 2014) 
and internal feeding-fasting cycles (Al-Naimi, Hampton, Richard, Tzung, 
& Morgan, 2004; Kalsbeek, La Fleur, & Fliers, 2014). Thus, the 
misalignment of this feed-fasted state could be related to the predispo-
sition to suffer from certain pathologies such as T2D or CVD, which have 
been observed especially in shift-working people (Al-Naimi et al., 2004; 
Pan, Schernhammer, Sun, & Hu, 2011). Several studies have reported 
the diurnal and/or nocturnal effect of phenolic compounds on specific 

physiological contexts. In this regard, our group has reported the ability 
of GSPE on the modulation of the circadian rhythm of liver clock-core 
and clock-controlled genes, which were dependent on the administra-
tion time (ZT0, at the beginning of the light phase vs. ZT12, at the 
beginning of the dark phase) (Ribas-Latre et al., 2015). In particular, 
oral administration of GSPE to male Wistar rats led to increased ratio of 
hepatic acetylated BMAL1 only at ZT12. In addition, this research 
pointed out that nicotinamide phosphoribosyl transferase (NAMPT), the 
rate limiting enzyme in nicotinamide adenine dinucleotide -NAD-bio-
synthesis) and NAD were important molecular targets of GSPE in the 
liver. In this regard, GSPE was able to modulate the levels of NAMPT and 
NAD in opposite ways depending on its administration time (reducing 
their levels in the diurnal treatment and increasing their levels in the 
nocturnal treatment). In consequence, this polyphenolic extract could 
act as a hepatic adaptation factor through the improvement of the en-
ergetic profile as well as through the increase of mitochondrial func-
tional and oxidation at night, when rats are active. Finally, it was 
concluded that BMAL1 acetylation pattern, which was dependent on the 
GSPE administration time, could explain the Nampt overexpression and 
the following NAD peak in the liver, only when the polyphenol extract 
was administered at night. Moreover, in another study, GSPE showed 
different effects depending on the administration time in male Wistar 
rats. In this study, when administrated at ZT0 (light on), GSPE was able 
to delay the diurnal decrease in melatonin levels and altered the oscil-
lations of some metabolites in plasma as well as Bmal1 and Nampt 
expression pattern in the hypothalamus. However, when administrated 
at ZT12 (light off) no effects were observed (Ribas-Latre, Del Bas, 
Baselga-Escudero, Casanova, Arola-Arnal, Salvadó, Arola, et al., 2015). 
In addition, acute resveratrol (RSV) administration in male Wistar rats 
synchronized with a 12-h dark-light cycle, showed opposite effects on 
lipoperoxidation tissue level depending of the time of the day, being 
pro-oxidant when administered during light span and antioxidant when 
administered during the night-time (Gadacha et al., 2009). More 
concisely, this research evaluated the dosing-time dependency of acute 
RSV administration on lipoperoxidation levels in several male rat tissues 
(heart, liver, and kidney). A powerful antioxidant effect in these tissues 
was found when RSV was administered during the active phase (at 
dark). However, when administered during the rest phase (at light), RSV 
exerted pro-oxidant effects in the three organs, but in absence of any 
harmful effect at the tested dose. Authors indicated that this opposite 
effect of RSV depending on the administration time could be due to 
circadian changes in basal level of superoxide dismutase (SOD) isoforms 
and after resveratrol treatment in several organs. On the other hand, it 
has been demonstrated that a single-dose of a polyphenol-rich extract 
from the algae Fucus vesiculosus is able to slightly reduce the elevated 
postprandial blood glucose responses in the evening in healthy women 
(Murray, Dordevic, Ryan, & Bonham, 2019). Another study in young 
men evaluated the effects of timing of an acute catechin-rich green tea 
ingestion on postprandial glucose metabolism (Takahashi et al., 2019). 
The main finding of this study was that the acute ingestion of 
catechin-rich green tea reduced postprandial plasma glucose concen-
trations, in the evening but not in the morning. 

In addition to circadian rhythms, circannual rhythms may also in-
fluence phenolics bioavailability and functionality. In this context, our 
group has recently shown that exposure of Fischer 344 rats to distinct 
photoperiods influences the bioavailability of red grape polyphenols 
(Iglesias-Carres et al., 2019). Moreover, hypothalamic leptin sensitivity 
was influenced by polyphenol-rich seasonal fruits (cherry and grape), in 
a photoperiod-dependent manner in Fischer 344 rats (Ibars et al., 2018). 
Thus, a significant increased hypothalamic gene expression of leptin 
receptor isoform B (Obrb) was observed only when cherries were 
consumed in short-day photoperiod. In addition, hypothalamic 
pro-opiomelanocortin (Pomc) expression, which is under leptin regula-
tion, was significantly increased by grapes and cherries intake only 
when consumed in the SD photoperiod, indicating a clear photoperiod 
effect. Furthermore, consumption of polyphenol-rich fruit out of season 
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led to metabolism disruption, including lipid and glucose homeostasis, 
in both standard and cafeteria diet-fed rats (Mariné-Casadó et al., 2019) 
and causes changes in the white adipose tissue gene expression and in its 
morphology to a phenotype prone to fat accumulation (Gibert-Ramos, 
Crescenti, & Salvadó, 2018). Thus, cherry consumption for example, 
which is a fruit characteristic of long photoperiod, led to increased 
glycemia and insulinemia when consumed in short photoperiod by 
obese rats, and led to enhanced whole-body lipid utilization, resembling 
the substrate oxidation pattern observed in the animals exposed to 18 h 
of light. Taken all together, the most optimum phenolics profile in plant 
products should be in accordance with their seasonality and may also 
vary depending on the time of the day. Hence, their consumption in the 
wrong time may contribute to misleading signals promoting the devel-
opment of metabolic diseases such as metabolic syndrome and obesity 
(Arola-Arnal et al., 2019). Further studies are needed to elucidate the 
mechanisms involved and the connection between specific phenolic 
compounds from seasonal foods and metabolism according to the period 
of the year. 

On the other hand, gut microbiota has been postulated as one of the 

main elements in maintaining biological rhythms. Indeed, germ-free 
mice exhibited impaired circadian clock gene expression, despite the 
existence of light and dark signals (Leone et al., 2015). Moreover, 
diurnal and seasonal oscillations in gut microbes have been described 
(Carey, Walters, & Knight, 2013; R. M. Voigt, Summa, et al., 2016). In 
addition, mutations of the circadian protein CLOCK promotes intestinal 
dysbiosis (Robin M. Voigt, Summa, et al., 2016). Hence, the interaction 
between phenolic compounds and biological rhythms may be at least 
partially mediated by the gut microbiota. Thus, intestinal microbiota 
oscillations due to biological rhythms may affect to phenolic compounds 
metabolism and transformation in the colon and, therefore, leads to the 
production of different derived metabolites with different functional-
ities. Indeed, there have been studies that have shown evidence of this 
interaction between polyphenols-gut microbiota and circadian rhythms 
(Guo, Ho, Zhang, Cao, Wang, & Shao et al., 2019; Guo, Song, Ho, Zhang, 
Zhang, & Cao, et al., 2019; Man, Xia, Daiber, & Li, 2020). 

Fig. 2. Phenolic modulation of circadian intracellular machinery. This mechanism, which shares the same components in suprachiasmatic nucleus (SCN) 
neurons and peripheral cells, is characterized by the transcription-translation autoregulatory feedback loop in 24 h. The circadian locomotor output cycles kaput 
(CLOCK) and the brain and muscle Arnt-like protein-1 (BMAL1) are the major components. CLOCK-BMAL1 heterodimer can active the transcription of circadian- 
responsive genes upon binding to E-box sequences found in the promoters. Its target factors Period (PER) and Cryptochrome (CRY) are rhythmically accumu-
lated in the cytoplasm, where oligomerize once reached an appropriate concentration and migrate into the nucleus interacting with Clock and Bmal1 inhibiting their 
own transcription. Multitude phenolic compounds or products have shown to regulate the pattern of the circadian rhythmicity acting in specific points of the 
intracellular machinery. 
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3.2. Phenolic compounds effects on biological rhythms 

As mentioned above, dietary compounds may influence biological 
rhythms by modulating clock genes expression. In fact, nutritional 
challenges have been shown to affect the clock system (Eckel-Mahan 
et al., 2013). In this regard, in addition to macronutrients, the capability 
of several bioactive compounds to act in the modulation of clock genes is 
currently under study by the scientific community. 

Indeed, phenolic compounds can function as zeitgebers for this mo-
lecular clock machinery regulating these genes expression (Fig. 2). This 
was first evidenced in 2008 (Oike & Kobori, 2008) by an in vitro study 
with RSV, which was able to regulate circadian clock genes in Rat-1 
fibroblast cells. These findings support the potential interaction be-
tween phenolics functionality and circadian rhythms, which is of 
increasing research interest. In this sense, and regarding in vitro studies, 
several approaches have been done to disrupt circadian oscillations of 
clock genes by applying oxidative stress (H2O2, acrylamide) or meta-
bolic (free fatty acids) stimuli on human hepatoma carcinoma cells 
(HepG2) as well as on primary hepatocytes. In such situations, the 
subsequent application of several types of phenolic compounds (e.g. 
RSV, Cichoric acid (CA), Green tea polyphenols) satisfactorily read-
dressed the misled circadian rhythm (R. Guo et al., 2018; Qi et al., 2018; 
Tan et al., 2019). Interestingly, these effects were linked to others 
beneficial effects of phenolic compounds including antioxidant, 
anti-inflammatory or anti-steatosis effects, among others. Additionally, 
the role of the central master clock in mediating the effects of phenolics 
has been investigated by knocking-down the regulator genes Bmal1 and 
Cry using small interfering RNA (siRNA). This silencing, partially 
abrogated the beneficial effects of phenolic compounds, strengthening 
in consequence the pivotal role of the clock machinery in mediating 
these effects (R. Guo et al., 2018; Qi et al., 2018; Tan et al., 2019). For 
instance, CA regulated the circadian rhythm expressions of clock genes 
and, Bmal1 silencing inhibited the effects of CA on lipid drop accumu-
lation by downregulation of the p-Akt/Akt pathway and elevation of 
fatty acid synthase and acetyl coenzyme A carboxylase protein and 
mRNA levels and in HepG2 cells (R. Guo et al., 2018). A similar 
approach was used for studying the beneficial role of RSV on acrylamide 
oxidative damage. This study showed that RSV-mediated activation of 
Nrf2/NQO-1, which are essential antioxidant cell modulators, dis-
appeared after knocking down Bmal1, indicating that RSV is able to 
restore the cellular redox status in a Bmal1-dependent manner (R. Guo 
et al., 2018). In consequence, these studies have contributed to a better 
understanding of the interaction between phenolic compounds and 
circadian clock and its influence on oxidative stress, inflammation 
response as well as metabolic disorders. Furthermore, other authors 
have shown that some biological processes that follow circadian oscil-
lations, such as triacylglycerol secretion (Del Bas et al., 2008) and 
microRNA expression (Arola-Arnal & Bladé, 2011), are strongly modu-
lated by phenolic products such as GSPE (Arola-Arnal & Bladé, 2011; Del 
Bas et al., 2008), cocoa proanthocyanidin extract (CPE) and pure epi-
gallocatechin gallate isolated from green tea (EGCG) (Arola-Arnal & 
Bladé, 2011). Interestingly, GSPE is also able to mimic melatonin action 
by upregulating BMAL1 expression, and consequently it is able to 
modulate the circadian rhythm of clock genes in HepG2 cells (Rib-
as-Latre, Del Bas, Baselga-Escudero, Casanova, Arola-Arnal, Salvadó, 
Bladé, et al., 2015). Hence, although GSPE did not affect the percentage 
of rhythmicity of any studied clock gene (Bmal1, Clock, Rorα, REV-Erbα, 
Per2 and Cry1), it increased the amplitude of REV-ERBα. On the other 
hand, GSPE significantly shifted the acrophase of both the core clock and 
clock-controlled genes. Additionally, the altered gene expression of 
Bmal1 and Rorα clearly suggested both genes as targets of GSPE. Finally, 
it was also shown that the molecular mechanisms by which melatonin 
and GSPE induced the overexpression of Bmal1 were different, being 
dependent on the melatonin receptor 1 (MT1) in the case of melatonin 
but independent from this receptor in the case of GSPE. In this regard, by 
using an elegant approach, Shinozaji et al. (Shinozaki et al., 2017) 

showed a remarkable effect of several flavonoids on circadian rhythms. 
For this purpose, they tested the modifications in the circadian clock 
amplitude, period, and phase induced by the addition of polyphenols 
(transiently or continuously) in embryonic fibroblasts from PER2: 
LUCIFERASE (PER2:LUC) mice. They discovered that the transient 
treatment with some flavonoids induced a phase delay of the PER2:LUC 
rhythm at the down slope phase. On the other hand, the continuous 
application of nobiletin and tangeretin, which are polymethoxy flavo-
noids, increased the amplitude and lengthened the period of the PER2: 
LUC rhythm. Interestingly, this nobiletin-induced phase delay was 
dependent on ERK activity, because the co-treatment with the ERK in-
hibitor U0126 abrogated such nobiletin effect. 

The influence of phenolic compounds on the circadian rhythm 
modulation has also been addressed in vivo. For example, it has been 
shown that there is a significant coordination between circadian clock 
machinery and hepatic metabolism (Zhou et al., 2014). In particular, it 
was shown that CLOCK/BMAL1 regulates circadian change of mouse 
hepatic insulin sensitivity by SIRT1. Importantly, RSV abolished the 
negative effect of constant darkness on SIRT-1 activity, as well as on 
glucose and insulin intolerance (Zhou et al., 2014). This suggests that 
RSV could be an interesting option for combating metabolic disorders 
under circadian misalignment conditions thorough modulating the 
circadian regulation of SIRT1. Additionally, it has also been shown in 
the adipose tissue that RSV reverses the alteration induced by high-fat 
diet (HFD) feeding in the expression of Rev-Erbα in male Wistar rats 
(Miranda et al., 2013). Furthermore, another study showed that RSV 
was able to restore the circadian rhythmic disorder of lipid metabolism 
induced by HFD in male C57BL/6 mice. Specifically, RSV modulated the 
expression rhythm of clock genes (Clock, Bmal1 and Per2) and 
clock-controlled lipid metabolism related genes (Sirt1, Pparγ, Srebp-1c, 
Acc1 and Fas). In consequence, RSV was able to restore the circadian 
misalignment due to HFD (Sun et al., 2015). Similar studies have been 
done with other phenolic compounds like EGCG (Mi et al., 2017). Other 
studies have addressed the effect of GSPE on molecular clock machinery 
in a healthy vs. obesity scenario. In this regard, the oral administration of 
GSPE for 21 days to healthy male Wistar rats induced the overexpression 
of core clock genes in a dose-dependent manner. Additionally, the 
acetylated level of BMAL1, which is a SIRT1 target, also increased in a 
dose dependent manner in the liver and mesenteric white adipose tissue 
(WAT) of these animals (Ribas-Latre et al., 2015). In the same study, the 
administration of GSPE to cafeteria diet-fed obese rats was able to 
counteract the perturbations induced by obesity in the clock genes 
mainly in the liver and gut, but surprisingly the polyphenol rich extract 
was less effective in normalizing the clock gene disruption in WAT. This 
reinforces the concept that the clock machinery is also an important 
target for phenolic compounds in its already known protective effect 
against obesity (Ribas-Latre et al., 2015). 

4. Conclusions 

Biological rhythms must be considered when studying phenolic 
compounds as they have been demonstrated to significantly impact on 
their bioavailability and functionality. Moreover, despite to the complex 
absorption and metabolism process to which dietary phenolic com-
pounds are subjected, leading to the production of thousands of different 
metabolites, they have been shown to exert several beneficial effects. 
This broad range of activity may be due to their capability to promote 
homeostasis at a basal signalling level through interactions with the 
biological clock system. Indeed, a multitude of studies has shown that 
circadian and circannual rhythms may affect their absorption and 
metabolism, impacting their bioactivity and functionality. Moreover, 
dietary phenolic compounds have been proven to exert many beneficial 
metabolic and physiological effects in different experimental studies by 
modulating genes related to the clock machinery and associated sig-
nalling pathways. The studies discussed here support the xenohormesis 
hypothesis, which postulates that stress signalling molecules produced 
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by plants, such as phenolic compounds, allows mammals to better cope 
with the imbalances produced throughout their life. Further studies are 
needed in order to elucidate the specific mechanisms involved in this 
interesting two-way phenolic compounds-biological rhythms 
interaction. 

CRediT authorship contribution statement 

JAR, JSR, FIB, GA, MS, AA, MM, MJS, LA, CTF and BM: writing. JAR, 
CTF and BM: reviewing & editing; JSR: artwork. 

Acknowledgements 

In memory of Prof. Maria Cinta Bladé. 
This study was funded by the Ministerio de Economía, Industria y 

Competitividad (AGL2016-77105-R) and the European Union though the 
operative program European Regional Development Fund of Catalonia 
(PECT-NUTRISALT, 2014–2020). JAR is Martí i Franquès Postdoctoral 
Fellow supported by Universitat Rovira i Virgili. JSR is supported by 
Ministerio de Ciencia, Innovación y Universidades. AAA, GA and FIB are 
Serra-Hunter Fellows supported by Generalitat de Catalunya; CTF is 
Beatriu de Pinós Postdoctoal Fellow supported by Secretaria d’Universi-
tats i Recerca del Departament d’Empresa i Coneixement de la Generalitat de 
Catalunya. 

References 

Al-Naimi, S., Hampton, S. M., Richard, P., Tzung, C., & Morgan, L. M. (2004). 
Postprandial metabolic profiles following meals and snacks eaten during simulated 
night and day shift work. Chronobiology International, 21(6), 937–947. https://doi. 
org/10.1081/CBI-200037171 

Aparicio, S., Garau, C., Esteban, S., Nicolau, M. C., Rivero, M., & Rial, R. V. (2007). 
Chrononutrition: Use of dissociated day/night infant milk formulas to improve the 
development of the wake-sleep rhythms. Effects of tryptophan. Nutritional 
Neuroscience, 10(3–4), 137–143. https://doi.org/10.1080/10284150701455916 
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Mariné-Casadó, R., Domenech-Coca, C., del Bas, J. M., Bladé, C., Caimari, A., & Arola, L. 
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Pérez-Jiménez, J., Neveu, V., Vos, F., & Scalbert, A. (2010). Identification of the 100 
richest dietary sources of polyphenols: An application of the Phenol-Explorer 
database. European Journal of Clinical Nutrition, 64, S112–S120. https://doi.org/ 
10.1038/ejcn.2010.221 

Qi, G., Wu, W., Mi, Y., Shi, R., Sun, K., Li, R., et al. (2018). Tea polyphenols direct Bmal1- 
driven ameliorating of the redox imbalance and mitochondrial dysfunction in 
hepatocytes. Food and Chemical Toxicology, 122, 181–193. https://doi.org/10.1016/ 
j.fct.2018.10.031 

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. J., 
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Salvadó, M.-J., et al. (2015). Dietary proanthocyanidins modulate melatonin levels 
in plasma and the expression pattern of clock genes in the hypothalamus of rats. 
Molecular Nutrition & Food Research, 59(5), 865–878. https://doi.org/10.1002/ 
mnfr.201400571 

Ribas-Latre, A., Del Bas, J. M., Baselga-Escudero, L., Casanova, E., Arola-Arnal, A., 
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