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Abstract
Emerging evidence suggests that combinatorial action of numerous biologically active compounds may be a
valuable source in a variety of therapeutic applications. Several nutraceuticals have demonstrated to augment the
efficacy of pharmacological approaches or provide physiological benefit to improve age-related decline. Recently,
the possibilities of anti-ageing interventions have multiplied also to ameliorate the mitochondrial alterations in
ageing-associated diseases. In this report, we approached a novel treatment strategy by combining two bioactive
dietary constituents (resveratrol and equol) to determine their effect on mitochondrial function. Taking into account
that the biological activities of resveratrol and equol has been observed in a wide range of biological processes,
they were selected to examine whether combining them would be more effective to modulate mitochondrial
function. In HUVEC cells our results demonstrate that the co-administration of these natural products increased
mitochondrial mass and mitochondrial DNA content. Additionally, combined use of both compounds increased
SIRT1 enzymatic activity and induced mitochondrial biogenesis factors such as PGC1-α, TFAM and NRF-1. Therefore,
identification of this novel synergism may provide a new perspective for future treatments aiming to modulate the
mitochondrial activity with implications in maintaining endothelial function which is crucial in the regulation of
immune response. Further studies to discover the molecular details of this crosstalk and to identify new
combinations of active compounds affecting the mitochondrial function will be extremely beneficial to prevent
mitochondrial decline.

Background
Ageing process is characterized by a general decline in cellular activity and it is also associated with a decrease in
mitochondrial function correlated to the onset and progression of age-related pathologies [1]. Mitochondria play
an essential role in ageing and human umbilical vein endothelial cells (HUVEC) have been established as a cellular
model to follow mitochondrial dysfunction during the ageing process [2,3]. Consistent with this notion, it is imperative to uncover the molecular mechanisms underlying the
regulation of the decline of mitochondria in order to identify potential therapeutic targets. Several regulatory factors
are implicated in the modulation of mitochondrial function
[4] and peroxisome proliferator-activated receptor (PPAR)
γ – coactivator-1 (PGC1-α) has emerged as a master
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regulator for the mitochondrial transcription and translation
machinery [5]. Moreover, PGC1-α appears to act as a central
coordinator of multiple transcription factors [6]. In particular, it has been shown that PGC1-α is able to strongly interact and co-activate the nuclear respiratory factor 1 (NRF-1)
[7]. Furthermore, NRF-1 is implicated in the interaction with
several mitochondrial genes including the mitochondrial
transcription factor A (TFAM), one of the most important
mammalian transcription factors for mitochondrial DNA
(mtDNA) [8]. Noteworthy, recent evidence has highlighted
NAD+-dependent protein deacetylase sirtuin 1 (SIRT1) as a
critical factor for the regulation of mitochondrial function.
Indeed, SIRT1 with PGC1-α and its regulatory circuit have
been recognized to have a direct involvement in the control
of mitochondrial biogenesis and metabolism [9]. Therefore,
PGC1-α constitutes an energy sensing cellular platform that
controls mitochondrial function and its network provides a
link between mitochondria and ageing that may be useful as
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an anti-ageing strategy. Recently, synergy assessment has
become a key area in medicine research in order to enhance efficiency of treatments and affect not only one single
target, but several targets. Numerous nutraceuticals have
been found to target and attenuate the progression of agerelated dysfunction [10,11]. Currently, there are a variety of
dietary strategies to ameliorate mitochondrial function in
ageing [12]. For instance, among isoflavones (members of
the class of flavonoids) equol (the main active product of
daidzein metabolism) has recently attracted scientific
interest because of its powerful antioxidant activity with
implications in treating age-related diseases [13], however
its influence on mitochondria is still poorly understood.
On the contrary, resveratrol is a naturally occurring
polyphenol with wide-ranging health benefits including
well-established properties in promoting mitochondrial
biogenesis during ageing [14]. The present study aims
to investigate the effects of resveratrol and equol on
mitochondrial biogenesis using the two compounds individually and in combination.

Materials and methods
Cell cultures

HUVEC were obtained from Lonza and maintained in
endothelial basal medium (EBM-2) supplemented with
growth factors (Lonza, Walkersville, MD). Cells were grown
at 37°C in 5% CO2 and serial passages were performed
when the cells reached a 80% confluence. As described by
Grillari et al. [15] at around 30 passages when the cells
exhibited the irreversible growth arrest, they were used for
the experimental procedures. HUVEC cells were treated
with resveratrol (trans-3, 4, 5,-trihydroxystilbene) (purity 98%) purchased from Cayman Chemical Company
(Ann Arbor, MI) and equol ((3S)-3-(4-Hydroxyphenyl)7-chromanol) (purity 98%) purchased from INDOFINE
Chemical Company (Hillsborough, NJ).
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MitoTracker® Red staining

The HUVEC cells were subdivided into three groups, which
were treated, as previously tested [16], with resveratrol, 10
μM for 48 hours, equol 10 μM [17] for 48 hours, and with
the composition containing resveratrol and equol 10 μM
for 48 hours, respectively. The mitochondrial mass in
HUVEC was determined selectively loading mitochondria
with Mitotracker fluorescent red dye (Invitrogen, Carlsbad,
CA). Fluorescent calcein (green) and Hoechst 33258 (blue)
dyes were used to stain the cytoplasm and the nuclei,
respectively. Optical sections of HUVEC were captured
at ×60-magnification and the mitochondrial density-area
was calculated with respect to cytoplasmatic volume using
Zeiss AxioVision imaging software (Zeiss, Oberkochen,
Germany). Only cells with intact cytoplasmatic calcein
stain were included in the analysis.
Quantitative real-time PCR for mitochondrial DNA

Total DNA was extracted from HUVEC cells using the
DirectPCR lysis reagent (Viagen Biotech, Los Angeles, CA).
The number of mtDNA copies was quantified by qRT-PCR
according to the protocols of Adabbo et al. [18]. Two different housekeeping genes were used (cytochrome oxidase
III and β-actin) for normalization. mtDNA per nuclear genome was calculated as the ratio of cytochrome oxidase III
(mitochondrial) DNA to β-actin (nuclear) DNA. Quantification was performed using the ΔΔCT method.
SIRT1 activity assay

Nuclear SIRT1 activity was evaluated in cells treated with
resveratrol, equol and resveratrol + equol as described previously by Ferrara et al. [19]. We measured SIRT1 using a
deacetylase fluorometric assay kit (Sir2 Assay Kit, CycLex,
Ina, Nagano, Japan). The final reaction mixture (100 μL)
contained 50 mM Tris–HCl (pH 8.8), 4 mM MgCl2, 0.5
mM DTT, 0.25 mA/mL Lysyl endopeptidase, 1 μM

Figure 1 The combined treatment of resveratrol and equol strongly increased the number of mitochondria in HUVEC cells.
(A) Mitotracker fluorescent intensities were analysed to assess the mitochondrial biogenesis. (B) Relative mitochondrial DNA (mtDNA) content
was estimated by qRT-PCR. Representative data of at least 3 experiments each performed in triplicate. (*= P < 0.05, **= P < 0.01). C: control; E:
equol; R: resveratrol; E+R: equol + resveratrol.
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the primary goal of this investigation was to determine
whether combining resveratrol and equol would increase
the expression of key factors involved in mitochondrial
biogenesis. Several studies were conducted showing the
synergistic effect of resveratrol with different compounds
[20] but the combination with equol has never been tested
on the mitochondrial function. The Mitotracker staining
showed that mitochondria were located in the perinuclear

Figure 2 Increase of SIRT1 enzymatic activity by combined
administration of resveratrol and equol. Fluorimetric SIRT1
activity assay to determine the effect achieved in HUVEC by the
combined exposure to equol and resveratrol. Representative data
of at least 3 experiments each performed in triplicate. (*= P < 0.05,
**= P < 0.01). AFU: arbitrary fluorescence units; C: control; E: equol;
R: resveratrol; E+R: equol + resveratrol.

Trichostatin A, 200 μM NAD, and 5 μL of extract nuclear
sample. All determinations were performed in triplicate.
Measuring the mRNA expression of mitochondrial
biogenesis factors via qRT-PCR

The qRT-PCR technique was used to determine the effect
of resveratrol, equol and of the mixture of the two compounds (resveratrol + equol) (10 μM for 24 h) on mRNA
expression of mitochondrial biogenesis factors such as Nrf1, TFAM and PGC1-α in HUVEC cells using Light Cycler
technology (Roche Molecular Biochemicals, Mannheim,
Germany). The total RNA was isolated with Mini RNA isolation II Kit (Zymo Research, Orange, CA) and was reverse
transcribed using SuperScript III RNase H-free reverse
transcriptase (Invitrogen, Carlsbad, CA). Efficiency of the
PCR reaction was determined performing dilution series of
a standard sample. The housekeeping gene hypoxanthine
phosphoribosyltransferase (HPRT) was used for internal
normalization and quantification was performed using
ΔΔCT method.
Statistical analysis

Differences between various treatments were analysed by
unpaired Student’s t-tests with P values <0.01 considered
highly significant and P < 0.05 considered significant.

Results and discusssion
Combination of resveratrol and equol induces
mitochondrial biogenesis in endothelial cells

In the current study, we examined the combined treatment of resveratrol and equol on HUVEC cells to identify
their effects on the mitochondrial biogenesis. In particular,

Figure 3 Effect of resveratrol and equol on mRNA expression
of PGC1-α (A), NRF-1 (B), TFAM (C) in HUVEC. qRT-PCR
measurement to assess the mRNA expression of the mitochondrial
biogenesis factors. Representative data of at least 3 experiments
each performed in triplicate. (*= P < 0.05, **= P < 0.01). C: control;
E: equol; R: resveratrol; E+R: equol + resveratrol.
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region in HUVEC (data not shown). Treatment with resveratrol increased significantly the density-area ratio in
Mitotracker-labeled endothelial cells as compared to the
cytoplasmatic volume (Figure 1A).
Indeed, the analysis of Mitotracker intensity showed that
resveratrol induced an increase in mitochondrial mass
compared to non-treated cells (Figure 1A). Equol alone
was not effective in terms of augmenting the mitochondrial
mass, however the combined treatment (resveratrol +
equol) was more effective respect to resveratrol alone
(Figure 1A). It is important to point out that mitochondrial
dysfunction tend to induce a wide range of adaptations of
nuclear gene expression, named the retrograde response
[21]. Typical of this adaptive process (mitohormesis)
[22-24] is the up-regulation of mitochondrial biogenesis [25]. A robust adaptive response may further explain the increase in mitochondrial mass.
The enhanced mitochondrial biogenesis in cells treated
with both compounds simultaneously was also confirmed
by the increased cellular mtDNA content (Figure 1B).
Overall, we found that co-treatment with resveratrol and
equol positively affect mitochondrial biogenesis.
Induction of SIRT1 by the association of resveratrol and
equol

It has been consistently demonstrated that activation of
SIRT1 stimulates mitochondrial biogenesis and resveratrol
has been utilized as a SIRT1 activator to regulate mitochondrial function [26]. Since equol exhibits a wide range
of biological properties, it may be a sirtuin-targeting nutraceutical to prevent mitochondrial decline. Analysis of the
effect of a combined administration of resveratrol and
equol showed an increase in SIRT1 enzymatic activity in
HUVEC endothelial cells (Figure 2). Although equol was
much less effective to induce SIRT1, the effect of a combination of resveratrol and equol was greater than the response achieved by the single compounds (Figure 2).
Therefore, the combination of resveratrol with equol is
also associated with the activation of SIRT1.
The association of resveratrol and equol activates
mitochondrial biogenesis factor

PGC1-α is a key component in modulating mitochondrial
function and interacts with transcription factors such as
NRF-1and TFAM. Specifically, PGC1-α is involved in regulating the expression of mtDNA via increased expression
of TFAM which is co-activated by NRF-1 [27]. Moreover,
NRF-1 in addition to regulating the activation of TFAM is
also a downstream effector of SIRT1/PGC1-α [28]. Accordingly we used qRT-PCR measurements to analyse the
expression of PGC1-α, NRF-1and TFAM. The results indicate that these mitochondrial biogenesis factors were
strongly increased by combined treatment of resveratrol
and equol (Figure 3).
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Conclusions
Collectively, these data demonstrate that the combination
of two known natural products, resveratrol and equol exerts a synergistic effect on mitochondrial function because
stimulates the mitochondrial biogenesis more than the
single compounds alone. Clearly, more work is needed to
provide novel insights into the mechanisms by which resveratrol and equol synergize to regulate the mitochondrial
dynamics. However, the co-administration of these agents
may be a possible nutraceutical and/or anti-ageing strategy for a number of mitochondria-associated disorders.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
GS, SD and DZ conceived and designed the experiments. NS, SD performed
the experiments. MV participated in the design of the experiments and
critically revised the manuscript. All authors read and approved the final
manuscript.
Author details
1
Department of Medicine and Health Sciences, University of Molise,
Campobasso 86100, Italy. 2Paladin Pharma S.p.A., R&D Division, Torino 10126,
Italy. 3Institute of Human Virology, Department of Biochemistry and
Molecular Biology, University of Maryland-School of Medicine, Baltimore, MD
21201, USA.
Received: 28 January 2013 Accepted: 15 June 2013
Published: 11 July 2013
References
1. López-Lluch G, Irusta PM, Navas P, de Cabo R: Mitochondrial biogenesis
and healthy aging. Exp Gerontol 2008, 43:813–819.
2. Hampel B, Malisan F, Niederegger H, Testi R, Jansen-Dürr P: Differential
regulation of apoptotic cell death in senescent human cells. Exp Gerontol
2004, 39:1713–1721.
3. Jendrach M, Pohl S, Vöth M, Kowald A, Hammerstein P, Bereiter-Hahn J:
Morpho-dynamic changes of mitochondria during ageing of human
endothelial cells. Mech Ageing Dev 2005, 126:813–821.
4. Scarpulla RC: Nuclear control of respiratory chain expression by nuclear
respiratory factors and PGC-1-related coactivator. Ann N Y Acad Sci 2008,
1147:321–334.
5. Scarpulla RC: Transcriptional paradigms in mammalian mitochondrial
biogenesis and function. Physiol Rev 2008, 88:611–638.
6. Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha V, Troy A,
Cinti S, Lowell B, Scarpulla RC, Spiegelman BM: Mechanisms controlling
mitochondrial biogenesis and respiration through the thermogenic
coactivator PGC-1. Cell 1999, 98:115–124.
7. Puigserver P, Spiegelman BM: Peroxisome proliferator-activated receptorgamma coactivator 1 alpha (PGC-1 alpha): transcriptional coactivator
and metabolic regulator. Endocr Rev 2003, 24:78–90.
8. Kaufman BA, Durisic N, Mativetsky JM, Costantino S, Hancock MA, Grutter P,
Shoubridge EA: The mitochondrial transcription factor TFAM coordinates
the assembly of multiple DNA molecules into nucleoid-like structures.
Mol Biol Cell 2007, 18:3225–3236.
9. Aquilano K, Vigilanza P, Baldelli S, Pagliei B, Rotilio G, Ciriolo MR:
Peroxisome proliferator-activated receptor gamma co-activator 1alpha
(PGC-1alpha) and sirtuin 1 (SIRT1) reside in mitochondria: possible direct
function in mitochondrial biogenesis. J Biol Chem 2010, 285:21590–21599.
10. Prasain JK, Carlson SH, Wyss JM: Flavonoids and age-related disease: risk,
benefits and critical windows. Maturitas 2010, 66:163–171.
11. Davinelli S, Di Marco R, Bracale R, Quattrone A, Zella D, Scapagnini G:
Synergistic effect of L-Carnosine and EGCG in prevention of
physiological brain aging. Curr Pharm Des 2012, 19:2722–2727.
12. Ferrari CK: Functional foods, herbs and nutraceuticals: towards biochemical
mechanisms of healthy aging. Biogerontology 2004, 5:275–289.

Davinelli et al. Immunity & Ageing 2013, 10:28
http://www.immunityageing.com/content/10/1/28

Page 5 of 5

13. Rüfer CE, Kulling SE: Antioxidant activity of isoflavones and their major
metabolites using different in vitro assays. J Agric Food Chem 2006,
54:2926–2931.
14. Ungvari Z, Sonntag WE, de Cabo R, Baur JA, Csiszar A: Mitochondrial
protection by resveratrol. Exerc Sport Sci Rev 2011, 39:128–132.
15. Grillari J, Hohenwarter O, Grabherr RM, Katinger H: Subtractive
hybridization of mRNA from early passage and senescent endothelial
cells. Exp Gerontol 2000, 35:187–197.
16. Csiszar A, Labinskyy N, Pinto JT, Ballabh P, Zhang H, Losonczy G, Pearson K,
de Cabo R, Pacher P, Zhang C, Ungvari Z: Resveratrol induces
mitochondrial biogenesis in endothelial cells. Am J Physiol Heart Circ
Physiol 2009, 297:H13–H20.
17. Kamiyama M, Kishimoto Y, Tani M, Utsunomiya K, Kondo K: Effects of equol
on oxidized low-density lipoprotein-induced apoptosis in endothelial
cells. J Atheroscler Thromb 2009, 16:239–249.
18. Addabbo F, Ratliff B, Park HC, Kuo MC, Ungvari Z, Csiszar A, Krasnikov B,
Sodhi K, Zhang F, Nasjletti A, Goligorsky MS: The Krebs cycle and
mitochondrial mass are early victims of endothelial dysfunction:
proteomic approach. Am J Pathol 2009, 174:34–43.
19. Ferrara N, Rinaldi B, Corbi G, Conti V, Stiuso P, Boccuti S, Rengo G, Rossi F,
Filippelli A: Exercise training promotes SIRT1 activity in aged rats.
Rejuvenation Res 2008, 11:139–150.
20. Csaki C, Mobasheri A, Shakibaei M: Synergistic chondroprotective effects
of curcumin and resveratrol in human articular chondrocytes: inhibition
of IL-1beta-induced NF-kappaB-mediated inflammation and apoptosis.
Arthritis Res Ther 2009, 11:R165.
21. Butow RA, Avadhani NG: Mitochondrial signaling: The retrograde
response. Mol Cell 2004, 14:1–15.
22. Calabrese V, Cornelius C, Dinkova-Kostova AT, Iavicoli I, Di Paola R, Koverech
A, Cuzzocrea S, Rizzarelli E, Calabrese EJ: Cellular stress responses,
hormetic phytochemicals and vitagenes in aging and longevity. Biochim
Biophys Acta 1822, 2012:753–783.
23. Calabrese EJ, Bachmann KA, Bailer AJ, et al: Biological stress response
terminology: Integrating the concepts of adaptive response and
preconditioning stress within a hormetic dose–response framework.
Toxicol Appl Pharmacol 2007, 222:122–128.
24. Tapia PC: Sublethal mitochondrial stress with an attendant stoichiometric
augmentation of reactive oxygen species may precipitate many of the
beneficial alterations in cellular physiology produced by caloric
restriction, intermittent fasting, exercise and dietary phytonutrients:
“Mitohormesis” for health and vitality. Med Hypotheses 2006, 66:832–843.
25. Biswas G, Adebanjo OA, Freedman BD, Anandatheerthavarada HK,
Vijayasarathy C, Zaidi M, Kotlikoff M, Avadhani NG: Retrograde Ca2+
signaling in C2C12 skeletal myocytes in response to mitochondrial
genetic and metabolic stress: A novel mode of inter-organelle crosstalk.
EMBO J 1999, 18:522–533.
26. Lagouge M, Argmann C, Gerhart-Hines Z, Meziane H, Lerin C, Daussin F,
Messadeq N, Milne J, Lambert P, Elliott P, Geny B, Laakso M, Puigserver P,
Auwerx J: Resveratrol improves mitochondrial function and protects
against metabolic disease by activating SIRT1 and PGC-1alpha. Cell 2006,
127:1109–1122.
27. Handschin C: The biology of PGC-1alpha and its therapeutic potential.
Trends Pharmacol Sci 2009, 6:322–329.
28. Hock MB, Kralli A: Transcriptional control of mitochondrial biogenesis and
function. Annu Rev Physiol 2009, 71:177–203.
doi:10.1186/1742-4933-10-28
Cite this article as: Davinelli et al.: Enhancement of mitochondrial
biogenesis with polyphenols: combined effects of resveratrol and equol
in human endothelial cells. Immunity & Ageing 2013 10:28.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

