
Biochimica et Biophysica Acta 1857 (2016) 1344–1351

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbab io
Clock-genes and mitochondrial respiratory activity: Evidence of a
reciprocal interplay☆
Rosella Scrima a,1, Olga Cela a,1, Giuseppe Merla b, Bartolomeo Augello b, Rosa Rubino c,d, Giovanni Quarato a,2,
Sabino Fugetto a, Marta Menga a, Luise Fuhr c,d, Angela Relógio c,d, Claudia Piccoli a,
Gianluigi Mazzoccoli e,⁎, Nazzareno Capitanio a,⁎⁎
a Department of Clinical and Experimental Medicine, University of Foggia, Foggia, Italy
b Medical Genetics Unit, IRCCS “Casa Sollievo della Sofferenza”, San Giovanni Rotondo (FG), Italy
c Molekulares Krebsforschungszentrum (MKFZ), Charité-Universitätsmedizin Berlin, Germany
d Institute for Theoretical Biology (ITB), Charité-Universitätsmedizin Berlin and Humboldt-Universität zu Berlin, Berlin, Germany
e Department of Medical Sciences, Division of Internal Medicine and Chronobiology Unit, IRCCS “Casa Sollievo della Sofferenza”, San Giovanni Rotondo (FG), Italy
Abbreviations: CLOCK, circadian locomotor output
muscle aryl hydrocarbon receptor nuclear translocator (A
nuclei; PER, period; CRY, cryptochrome; ROR-alpha, RAR
NAM, nicotinamide; NAD, nicotinamide adenine dinuc
phosphoribosyltransferase; PGC-1α, proliferator-activate
1-alpha; SIRT, sirtuin (silent mating type information regu
idative phosphorylation; DMEM, Dulbecco's Modified Ea
buffered saline; OCRRR, resting oxygen consumption rate
rate in the presence of oligomycin; OCRU, uncoupled ox
carbonilcyanide p-triflouromethoxyphenylhydrazone; Δ
electrical potential; Rho0, cells depleted of mitochondrial
☆ This article is part of a Special Issue entitled ‘EBEC 201

Conference, Riva del Garda, Italy, July 2–6, 2016’, edited b
⁎ Correspondence to: G. Mazzoccoli, Department of

Internal Medicine and Chronobiology Unit, IRCCS Sci
General Hospital “Casa Sollievo della Sofferenza”, San Giov
⁎⁎ Correspondence to: N. Capitanio, Department of Clini
University of Foggia, Foggia, Biomedical Pole “E. Altomare

E-mail addresses: g.mazzoccoli@operapadrepio.it (G. M
nazzareno.capitanio@unifg.it (N. Capitanio).

1 Equal contribution.
2 Present address: Department of Immunology, St Jud

Memphis, TN 38105, USA.

http://dx.doi.org/10.1016/j.bbabio.2016.03.035
0005-2728/© 2016 Published by Elsevier B.V.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 15 December 2015
Received in revised form 25 March 2016
Accepted 29 March 2016
Available online 7 April 2016
In the past few years mounting evidences have highlighted the tight correlation between circadian rhythms and
metabolism. Although at the organismal level the central timekeeper is constituted by the hypothalamic supra-
chiasmatic nuclei practically all the peripheral tissues are equipped with autonomous oscillators made up by
common molecular clockworks represented by circuits of gene expression that are organized in interconnected
positive and negative feed-back loops. In this study we exploited a well-established in vitro synchronization
model to investigate specifically the linkage between clock gene expression and the mitochondrial oxidative
phosphorylation (OxPhos). Herewe show that synchronized cells exhibit an autonomous ultradianmitochondri-
al respiratory activitywhich is abrogated by silencing themaster clock gene ARNTL/BMAL1. Surprisingly, pharma-
cological inhibition of themitochondrial OxPhos system resulted in dramatic deregulation of the rhythmic clock-
gene expression and a similar result was attained with mtDNA depleted cells (Rho0). Our findings provide a
novel level of complexity in the interlocked feedback loop controlling the interplay between cellular bioenerget-
ics and the molecular clockwork. This article is part of a Special Issue entitled 'EBEC 2016: 19th European Bioen-
ergetics Conference, Riva del Garda, Italy, July 2-6, 2016', edited by Prof. Paolo Bernardi.

© 2016 Published by Elsevier B.V.
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1. Introduction

In mammals many physiological processes display rhythmicity
endogenously generated by a circadian clock thought to represent
an adaptive response which allows organisms to anticipate environ-
mental oscillating changes (light/darkness, feeding/fasting, daily
temperature oscillations, etc.) or internal endocrine secretion [1].
The main pacemaker controlling the diurnal rhythms is represented
by the suprachiasmic nuclei (SCN), which are located in the hypo-
thalamus and receive photic inputs from the retina through the
retinohypothalamic tract. The molecular basis of the pacemaker ac-
tivity of the SCN relays on a relatively low number of clock genes,
which act by transcriptional-translational auto-regulatory feedback
loops further modulable by epigenetic modifications, miRNA, post-
transcriptional and post-translational modifications [2].

The positive limb of the loop is operated by the transcriptional acti-
vators CLOCK and BMAL1 and their target genes Period (PER1,2,3) and
Cryptochrome (CRY1,2), which encode circadian proteins accumulating
and forming a repressor complex that interactswith CLOCK-BMAL1 het-
erodimers to inhibit their transcriptional activity. The orphan nuclear
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hormone receptors REV-ERBα and RORα operate a feedback loop con-
trolling negatively and positively BMAL1 transcription, respectively [3].

Accumulating evidences support the notion that the cells of virtually
all the peripheral tissues are endowed with autonomous self-sustained
molecular oscillators constituted by almost the same clock gene ma-
chinery operating in the SCN. The function of the SCN, therefore, is to
entrain the phases of the peripheral oscillators [4]. Noticeably, recent
evidences show that about half of all protein coding genes in mammals
display circadian transcription rhythms largely in an organ-specific
manner [5].

The amplitude of oscillation of many clock genes is influenced by
SIRT1, a type III histone/protein deacetylase [6], whose activity depends
on the oscillating levels of nicotinamide (NAM) adenine dinucleotide
(NAD), synthesized in the salvage pathway by the committing nicotin-
amide phosphoribosyltransferase (NAMPT), whose expression is circa-
dian rhythmic [7,8].

Importantly, peroxisome proliferator-activated receptor gamma co-
activator 1-alpha (PGC-1α), a master transcriptional coactivator posi-
tively controlling mitochondrial biogenesis and redox homeostasis [9]
proved to be a target of SIRT1 thereby providing support for a reciprocal
interaction between metabolism and circadian clocks [10,11]. Consis-
tently, recent studies have addressed the role that mitochondrial bioen-
ergetics and dynamics play in cell metabolism in relation to circadian
rhythmicity [8,12–14], highlighting the interplay betweenmitochondri-
al oxidative phosphorylation (OxPhos) and the functioning of the
biological clock and fostering further in-depth analysis.

Aim of the present studywas to investigate themutual impact of cir-
cadian clock gene oscillation and the mitochondrial respiratory activity
taking advantage of a well-established in vitro model of synchronized
cultured human cells.

2. Materials and methods

2.1. Cell cultures, “in vitro” synchronization protocol and Rho0 generation

Human hepatoma-derived cell line (HepG2) was obtained from the
European Collection of Cell Cultures (ECACC Salisbury, UK); neonatal
normal human dermal fibroblasts (NHDF-neo) were from Camb-rex#
CC-2509. Cell cultures were maintained at 37 °C in the presence of 5%
CO2 in DMEM (low-glucose Gibco) supplemented with 10 mM Hepes,
10% inactivated fetal bovine serum (FBS), 2 mM glutamine, 100 U/ml
of penicillin and 100 μg/ml of streptomycin. For live-cell biolumines-
cence recording, HepG2 cells were maintained in phenol red-free
DMEM supplemented with 250 μM D-Luciferin (PJK). The serum
shock induced synchronization was performed in HepG2 and NHDF-
neo as in [15]. Briefly: approximately 3 × 10 [6] cells/dish were plated
the day before the experiments. At the day of the experiments, culture
medium was exchanged with serum-rich DMEM, containing 50% FBS,
for 2 h and then the medium was replaced with serum-free DMEM.
The cells were harvested and assayed at the different time points indi-
cated in the text/figures. Cell cultureswere typically utilized at a passage
number below 18–20 and at a confluence of 80–85%. Rho0 cells were
generated from NHDF-neo by cellular exposure to ethidium bromide
at low concentration (100 ng/ml) for 40 days and kept in culture in
DMEM supplemented with 10% fetal bovine serum, 1 mM pyruvate
and 50 mg/ml uridine [16]. Quantification of the mtDNA was carried
by PCR amplification of the mtDNA gene ND6.

2.2. Quantitative RT-PCR

Total RNA from HepG2 at different time points was extracted using
the RNeasy® Mini Kit (Qiagen S.p.a. Milan, Italy) and subsequently
digested by DNase I. cDNA was synthesized from 100 ng total RNA
with Quantifast RT-PCR kit (Qiagen). For real-time PCR, we used the fol-
lowing SYBR Green QuantiTect Primers purchased from Qiagen: ARNTL/
BMAL1 (QT00068250); NR1D1 (RevErbα) (QT00000413). Reactions
were set up in 96-well plates using a 7700 Real-Time PCR System (Ap-
plied Biosystems, Foster City, CA, USA). Expression levels of the target
genewere normalized using the housekeeping control gene TATA bind-
ing protein (TBP, QT00000721). mRNA amount of each target gene
relative to TBP was calculated through the comparative Ct method (i.e.
the 2(−ΔΔCt) method).

2.3. BMAL1-specific siRNA transfection in HepG2 cells

BMAL1-specific siRNA was purchased from Sigma-Aldrich (Mission
Pre-designed siRNA2D). HepG2 cells were seeded on 60-mm dishes
and at 30–50% confluence were transiently transfected with the
BMAL1-specific siRNA diluted in Opti-MEM using Lipofectamine®
2000 Transfection Reagent (Invitrogen) according to themanufacturer's
protocol. After 6 h of incubation at 37 °C, the transfection medium was
replaced with complete medium containing 10% FBS and The experi-
ments were conducted 12 and 24 h later.

2.4. Respirometric measurements

Cultured cells were gently detached from the dish by tripsinisation,
washed in PBS, harvested by centrifugation at 500 ×g for 5 min and im-
mediately assessed for O2 consumptionwith a high resolution oxymeter
(Oxygraph-2 k, Oroboros Instruments). About 8–10×10 [6] viable cells/
ml were assayed in DMEM at 37 °C; after attainment of a stationary en-
dogenous substrate-sustained resting oxygen consumption rate
(OCRRR), 2 μg/ml of the ATP-synthase inhibitor oligomycin was added
(OCRO/L) followed by addition of 0.2 μM of the uncoupler
carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP) (OCRU).
The rates of oxygen consumption were corrected for 2 μM antimycin A
plus 2 μM rotenone-insensitive respiration and normalized to the initial
cell number or mg protein.

2.5. Immunoblotting

Total protein extract from 10 [7] HepG2 cells was subjected to SDS-
PAGE (12% acrylamide) and electroblotted by standard procedures. For
BMAL1 detection a rabbit polyclonal Ab (18,986-Abcam, dil. 1:1000)
was used and a HRP-conjugated anti-rabbit IgG as secondary Ab (Ther-
mo Scientific, dil. 1:20,000). Bands were visualized by chemilumines-
cence densitometric analysis (Versadoc Imaging System) and
densitometric analysis of digitalized images carried out by Image J
(http://imagej.nih.gov/ij/) and nomalized to anti-β-actin (1:10,000
mouse Ab from Sigma).

2.6. Real Time bioluminescence measuring

Lentiviral elements containing a BMAL1-promoter-driven luciferase
(BLH) were generated as previously described [17]. HEK293T cells
were seeded in 175 cm2 culture flasks and co-transfected with 12.5 μg
packaging plasmid psPAX, 7.5 μg envelope plasmid pMD2G and
17.5 μg BMAL1-promoter (BLH)-luciferase expression plasmid using
the CalPhos mammalian transfection kit (Clontech) according to the
manufacturer's instruction. To harvest the lentiviral particles, the super-
natant was centrifuged at 4100 ×g for 15min to remove cell debris and
passed through a 45 μm filter (Sarstedt). The lentiviral particles were
stored at −80 °C. For lentiviral transduction, 2 × 10 [5] HepG2 cells
were seeded in 6-well plates in 1 ml medium and 1 ml of lentiviral
particles was added; 8 μg/ml protamine sulfate (Sigma) was used to
enhance transduction efficiency. The next day, the medium was re-
placed with selection medium (complete growth medium containing
100 μg/ml hygromycin B to obtain stable transduced cells and incubated
at 37 °C with 5% CO2 atmosphere. For bioluminescence measurement,
1.2 × 10 [6] transfectedHepG2 cells were plated in 35mmdishes (Ther-
mo Scientific) one day prior to measurements. Cells were synchronized
by serum shock as described above. Next, cells were washed once with
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1× PBS and phenol-red-free DMEM supplemented with 250 μM D-
Luciferin was added. BMAL1-promoter-(BLH)-reporter activity was
measured, using a LumiCycle instrument (Actimetrics) for 5 days. Raw
luminescence data were de-trended by subtracting luminescence
counts by the 24 h running average using the LumiCycle software.

2.7. Cosinor analysis

The following equationwas used to fit the experimental data from 0
to 24–30 h in synchronized cells: f(t) = M + Acos(t2π/P + φ) + st;
with M = mesor, A = amplitude, P = period, φ = acrophase, s =
slope [18]. The best fit was attained using the software GraFit
(V 4.0.13, Erithacus Software Limited).

2.8. Statistical Analysis

Experimental data are shown asmean± standard error of themean
(SEM)with “n” indicating the number of independent experiments (i.e.
non technical replicates). Data were compared by an unpaired Student-
t-test or, when necessary, by 2-way ANOVA followed by a post-hoc
Bonferroni test. Differences were considered statistically significant
when the P value was less than 0.05. All analyses were performed
using Graph Pad Prism (Graph Pad software, San Diego, CA, USA). Har-
monic regression analysis of circadian oscillation of time-series data of
gene expression was performed using CircWaveBatch V3.3 (http://
www.euclock.org/results/item/circ-wave.html - Dr. RA Hut - University
of Groningen) with a cut off P value of 0.05 and period length restricted
to 24 or 48 h.

3. Results

3.1. Synchronized cultured HepG2 cells exhibit autonomous oscillatory
mitochondrial respiratory activity

HepG2 cells were subjected to the well-established “serum shock”
protocol shown to reset the clockwork machinery [15] thus allowing
homogenous synchronization of the clock gene expression of cells in
culture once the repressing condition is released. Fig. 1A illustrates the
results of a systematic analysis whereby the cellular respiration was
assessed in intact cells every three hours post-synchronization. The ox-
ygen consumption rate, normalized to the cell number, was measured
under the following conditions: a) under resting conditions relying on
endogenous substrates (OCRRR); b) following addition of the ATP-
synthase inhibitor oligomycin, which is a measure of the respiratory ac-
tivity controlled by ΔΨm-mediated proton leak across the membrane
(OCRO/L); c) following addition of the protonophore uncoupler FCCP
(OCRU) which elicits the maximal respiratory activity. By definition
the difference OCRRR − OCRO/L is a measure of the respiratory activity
linked to the ATP-synthesis and the difference OCRU − OCRRR is a mea-
sure of the respiratory reserve capacity (OCRRC) [19]. Fig. 1A shows that,
following synchronization, HepG2 cells displayed a rhythmic activity of
respiration which peaked at the synchronization time (ST) of 12 h (first
zenith). The OCRATP and OCRRCmeasured at the zenithwere significant-
ly different from those measured at the two flanking nadirs (at ST of 6
and 18–21 h). The oscillatory activity in synchronized HepG2 cells can
be better appreciated extending the observations over 48 h post-
synchronization. As shown in the circular diagram of Fig. 1B three
peaks alternating with a period of 13.6 ± 0.5 h (Cosinor fitting [18])
were clearly evident.

Analysis of the expression level of the master clock gene ARNTL/
BMAL1 resulted under identical conditions in an oscillatory profile
both at the transcript and protein level (Fig. 1A,C). Notably, the zeniths
of both the BMAL1mRNA and protein anticipated by three hours that of
the respiratory activity. Analysis of the transcription of NR1D1 gene
coding for REV-ERBα, negatively controlling the expression of BMAL1,
resulted in an oscillatory profile which was out of phase deferred by
6 h with respect to BMAL1 expression (Fig. 1A). Analysis of the time-
series data of both gene expression (as well as of BMAL1 protein and
the OCRs of panels A and B) by 2-way analysis of variance resulted in
significant change with time (P b 0.05). Moreover, harmonic regression
analysis of the data performed using the CircWaveBatch software con-
firmed their statistically significant circadian oscillation.

The link between the rhythmic mitochondrial respiration and the
clock genes was further analyzed in HepG2 cells where the expression
of BMAL1was specifically inhibited by RNA interference. Fig. 1D shows
that under conditions significantly reducing the expression of BMAL1
the oscillation of the OCRU was completely abrogated in synchronized
HepG2 cells at the STs otherwise resulting in a significant oscillating ac-
tivity in mock cells.

All together our experimental evidences suggest that in vitro
synchronized cultured cells exhibit self-autonomousultradian rhythmic
oscillations of their mitochondrial respiratory activity linked to the ex-
pression of the core clock genes. This is a general phenomenon occur-
ring irrespective of i) the cell type, ii) the respiratory carbon source,
and iii) the protocol of synchronization (see ahead and [20]).

3.2. Expression of clock genes is affected by inhibitors of the mitochondrial
OxPhos

Having attained indications that the biological clock controls mito-
chondrial respiration we reasoned to test whether OxPhos by its own
exerted some regulatory function on the clock gene machinery. To this
purpose HepG2 cells were synchronized in the presence of a
subcytotoxic concentration of the respiratory chain inhibitor KCN. As
expected, the respiratory activity was significantly inhibited (i.e. by
about 50%) and, moreover, it lost any apparent time-dependent oscilla-
tory profile (Fig. 2A); the cell viability was completely preserved over
the 24 h post-synchronization. Most notably, the expression of BMAL1
was depressed with apparent disappearance of the peak at 9 h post-
synchronization (Fig. 2B). In a further set of experiments HepG2 cells
were synchronized with low concentration of the protonophore uncou-
pler FCCP. Under this conditions the respiratory activity of synchronized
cells was maximally stimulated but without any appreciable oscillatory
profile over the 24 h post-synchronization (Fig. 2A). Importantly, FCCP
treatment caused, alike KCN-treatment, the complete suppression of
the rhythmic expression of BMAL1 (Fig. 2B). Consistently, the BMAL1
protein expression resulted inhibited in the post-synchronization peri-
od, following either KCN- and FCCP-treatment, and lose the marked os-
cillatory profile of the untreated synchronized cells (Fig. 2C).

To verify that the de-regulation of the rhythmic expression of
BMAL1 in OxPhos-inhibited cells persisted over a longer period,
HepG2 cells were stably transfected with a BMAL1-promoter report-
ed gene (i.e. (BLH)-luciferase) and the reporter activity measured by
real time bioluminescence for 5 days post-synchronization. The re-
sults obtained confirmed a severe alteration of the expression profile
of BMAL1 (Fig. 2D).

Transcription of NR1D1 (REV-ERBα) (Fig. 2E) as well as of RORα
(data not shown) resulted severely suppressed in both KCN- and
FCCP-treated cells indicating a general derangement of the clockwork
machinery. The effect of the OxPhos inhibitors on gene expression ap-
peared to be specific since transcription of the house-keeping genes
TBS and 18S was unaffected (see inset of Fig. 2B).

3.3. Depletion of mtDNA in NHDF-neo impairs expression of the clock gene
BMAL1

To support the indication that mitochondrial OxPhos influences
the expression of the clockwork genes we generated fibroblasts spe-
cifically devoid of the mtDNA (i.e. Rho0-NHDF-neo) thereby unable
to express catalytic subunits of the respiratory chain complexes I,
III and IV as well as subunits of the ATP-synthase [16]. Fig. 3A
shows that while synchronized parental NHDF-neo displayed a



Fig. 1. Analysis of mitochondrial respiration and BMAL1 expression in serum shocked synchronized HepG2 cells. A Measurement of the mitochondrial respiratory activity in intact cells.
Histogram on the left: stacked bars indicate the oxygen consumption rate OCR with the subscripts “O/L”, “ATP”, “RS” referring to respiration in the presence of oligomycin controlled
by proton leak, respiration dependent on the ATP synthase activity, reserve respiratory capacity respectively; NS, non synchronized cells; the values are means ± S.E.M. of n = 12
independent experiments; *, P b 0.05 for OCRRC at ST = 12 vs ST = 0, 3, 6, 15, 18, 21, 24 and for OCRATP at ST = 12 vs ST = 0, 6, 9; **, P b 0.01 for OCRATP at ST = 12 vs ST = 3, 15, 18,
21, 24. B Circular diagram of the mitochondrial respiratory activity followed over 48 h post synchronization: red circles, OCRU measured in the presence of the uncoupler FCCP
normalized at ST = 0; means ± S.E.M. of n = 15 independent experiments (not technical replicate); continuous line, Cosinor best fit of the OCRU with mesor = 2.00, amplitude =
0.61, period = 13.63, acrophase = 12.14, slope = 0.005. C Expression of BMAL1 and NR1D1. Histogram on the left: transcript level attained by q-RT-PCR of BMAL1 and ND1R1 (Rev-
Erbα); values normalized to the zeniths are means ± S.E.M. of n = 3–4 independent experiments (three technical replicate each), *, P b 0.05 for both mRNAs vs all the other STs.
Circular diagram on the right: comparison of the expression of BMAL1 mRNA and protein level attained by q-RT-PCR and densitometric analysis of immunoblots respectively; values
normalized to ST = 0 are means of n = 3 independent experiments (not technical replicates); *, P b 0.05 for both mRNA and protein at ST = 12 vs all the other STs. D Effect of
BMAL1 silencing on the OCR. Left side: representative immunoblotting of BMAL1 in HepG2 cells transfected with siRNA-BMAL1 and densitometric analysis normalized to β-actin;
means ± S.E.M. of n = 3; *, P b 0.05. Histogram on the right: uncoupled OCRU in synchronized cells; means ± S.E.M. for n = 3 independent preparations; *, P b 0.05 of mock at ST =
12 vs both mock and siRNA-treated cells at all the other STs.
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robust oscillatory respiratory activity, Rho0-NHDF-neo exhibited a
faint OCR as expected from the almost complete depletion of the
mtDNA. Most notably, the expression of BMAL1, although maintain-
ing an oscillatory profile was substantially reduced in amplitude in
Rho0-NHDF-neo as comparedwith parental cells (Fig. 3B) (statistical
significance attained by both 2-way ANOVA and CircWaveBatch
V3.3). No significant change in the expression of house-keeping
genes was observed thus ruling out a generalized impairment of
transcription. Collectively the results presented on one hand support
the notion that the autonomous clock gene-dependent rhythmic ac-
tivity of the mitochondrial OxPhos is a general phenomena occurring
irrespective of the cell-type (i.e. cell lines vs primary cells), and on
the other hand indicate that the timekeeping machinery is on its
own controlled by the OxPhos system.



Fig. 2. Effect of mitochondrial OxPhos inhibition on the expression of BMAL1. Cells were treated either with 200 μMKCN or 0.2 μM FCCP at the onset of the serum-shock synchronization.
A Measurement of the OCR. Histogram at the top: resting respiratory activity (OCRRR) normalized to untreated cells (i.e. at ST = 0); means ± S.E.M. of n = 3; * P b 0.05, for the FCCP-
treated cells at ST = 0 vs all the other STs; ** P b 0.01 for the KCN-treated cells at ST = 0 vs all the other STs. Graphs at the bottom: effect of KCN and FCCP on cell viability assessed by
MTT assay and cell number assessed by visual counting; grey circles, untreated cell samples; means ± S.E.M. of n = 3. B Expression of BMAL1. Histogram showing BMAL1 transcript
level attained by q-RT-PCR; the values shown were normalized to ST = 0 and are means ± S.E.M. of n = 5–6 independent experiments (three technical replicate each); *, P b 0.05 for
untreated at STs = 9–12 vs untreated and KCN-/FCCP-treated cells at all the other STs. The inset shows the normalized transcript levels of the TATA binding protein gene (TBP) and of
the 18S ribosomal RNA (18S); means ± S.E.M. of n = 3 independent experiments (three technical replicate each). C Expression of BMAL1 protein. Densitometric analysis normalized
to β-actin of immunoblots for BMAL1 is shown; values were normalized to the protein level of non synchronized cells (NS) and are means of n = 3 independent experiments (not
technical replicates); *, P b 0.05 at STs = 9–21 for untreated vs untreated and KCN−/FCCP-treated cells at all the other STs. D Bioluminescence measurement of BMAL1 promoter-
luciferase. HepG2 cells were lentivirally transduced with a BMAL1-luciferase construct, synchronized and bioluminescence measured as described under Materials and Methods. Given
are de-trended time series for one representative run/condition (a total of 3 runs/condition were carried out yielding similar results). Measurements for BMAL1-promoter activity were
carried out for HepG2 cells (control, red) and following treatment with 0.2 mM KCN (green) or 0.2 μM FCCP (blue). E Expression of NR1D1. Histogram showing NR1D1 transcript level
attained by q-RT-PCR; the values shown were normalized to ST = 0 and are means ± S.E.M. of n = 3 independent experiments (three technical replicate each); *, P b 0.05 and **,
P b 0.01 for untreated at STs = 12–15 vs untreated and KCN−/FCCP-treated cells at all the other STs.
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4. Discussion

The present study implements the emerging notion that among
the many functions circadianly controlled by clock genes the cellular
metabolism occupies a central piece [10,11]. Given the pivotal role
played by mitochondria as the cellular powerhouse it is not surpris-
ing that latest studies are focusing on the regulation of the oxidative
metabolism by the clockwork machinery [12–14]. The novel contri-
bution here provided is that, even in the absence of external cues
or neuro-endocrine signals, likely every cell is equipped with auton-
omous ultradian oscillators rhythmically controlling the efficiency of
the main ATP-generating system. Thus the central timekeeper ac-
complishes the function of synchronizing intrinsic bioenergetic os-
cillators opportunely matching/integrating their phases with
periodic environmental changes.
The molecular basis linking the rhythmic expression of the clock-
genes to the cellular metabolism is rapidly emerging. An interesting
player in this scenario is provided by the NAMPT-NAD-SIRTs axis
proved to undergo circadian oscillations under the control of the core
clockwork genes [6,7,8,12,21]. In a parallel study carried out by our
group we confirmed in synchronized in vitro models an oscillatory ex-
pression of NAMPT leading to fluctuating content of NAD which oc-
curred synchronous with the rhythmic mitochondrial respiratory
activity [20]. In addition to the recognized role played in the energyme-
tabolism, NAD is also an essential cofactor in SIRT-mediated
deacetylation processes [22]. Importantly, we found that the respiratory
chain complex I underwent in synchronized cells an acetylation/
deacetylation cycle, which led to its inhibition/activation respectively
in phase with the nadirs and zeniths of the cellular respiration, and
that activation of complex I was sensitive to SIRT inhibition [20]. All



Fig. 3. Effect ofmtDNA depletion inNHDF-neo on the expression of BMAL1. A Measurement of themitochondrial respiratory activity in intact cells. Histogramon the left: resting respiratory
activity (OCRRR) in parental and Rho0-NHDF-neo; means ± S.E.M. of n = 3 independent experiments; *, P b 0.05 for NHDF-neo at ST = 12 vs ST= 0, 3, 15; **, P b 0.01 for NHDF-neo at
ST= 12 vs ST= 6, 9, 18, 21, 24. Right side: agarose gel of the PCR-amplicon (35 cycles) for themtDNA geneND6;MK, molecularmarkers. B Expression of BMAL1.Histogram and circular
diagram showing BMAL1 transcript level attained by q-RT-PCR; values normalized to ST = 0 and means ± S.E.M. of n = 3 independent experiments (three technical replicate each); *,
P b 0.05 and **, P b 0.01 for NHDF-neo vs Rho0-NHDF-neo at the indicated STs. The continuous lines in the circular diagram are the Cosinor best fits of the experimental points and the
fitting parameter are comparatively shown in the bottom histogram; *, P b 0.05 and **, P b 0.01.
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together these findings support a circadian control of themitochondrial
oxidative metabolism mediated by enhanced availability of the redox
substrate NAD and by reversible post-translational modification of a re-
spiratory chain complex (Fig. 4). It must be pointed out that additional
circadian SIRT(s)-mediated activation of catabolic pathway(s), up-
stream of the respiratory chain, can contribute to modulate the mito-
chondrial oxidative performance as clearly shown for the fatty acid β-
oxidation [12].

A further unexpectedfindingwhich emerged from the present study
is that the circadian clock-controlled OxPhos regulates by its own the
rhythmic expression of the core clock genes. This was demonstrated
by the deregulating impact on the rhythmic BMAL1 expression elicited
by either KCN- and FCCP-treatment of synchronized cells. To note the
mechanism of action of the two compounds is completely different in
that one inhibits respiration activity blocking the terminal cytochrome
c oxidase whereas the other accelerates the oxygen consumption rate
collapsing theΔΨmwhich slows down the electron transfer throughout
the respiratory chain [23]. The feature shared by the two experimental
conditions tested (i.e. blocking vs uncoupling) is the inhibition of ATP
synthesis by the OxPhos. Therefore, we suggest that the primary cause
of the derangement of the core-clock machinery is conceivably repre-
sented by the bioenergetic fall per se. The less dramatic impact on the
expression of BMAL1 observed with Rho0-generated cells, as compared
with the pharmacologic inhibitors, might be explained considering that
while in the latter case an acute stress is imposed, in the long-lasting
protocol to achieve depletion of the mtDNA cells may gradually adapt
up-regulating glycolysis-mediated ATP production. To notice, ATP is a
powerful activator of NAMPT [24] and is the co-substrate of the NAM-
nucleotide adenylyltransferase NMNAT, a further enzyme involved in
NAD biosynthesis, converting NMN in NAD.

The impact of our finding might provide suggestions in elucidating
the cause–effect relationship of the observed disruption of the circadian



Fig. 4. Scheme showing the interlocked feedback loop controlling the interplay between cellular bioenergetics and circadian rhythmicty as inferred from the present study. Transcription
factors involved in circadian rhythms timekeeping are shown alternating between active and inactive states. The NAMPT-NAD-SIRTs axis is rhythmically controlled by clock gene and
shown to control the transition of mitochondria from a low to a high OxPhos performing state. In turn efficient mitochondrial activity positively controls the reactivation of the
circadian clock machinery. The experimental conditions presented in this study to interfere with the reciprocal control are also shown. See Discussion for further details.
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timekeeping in neurodegenerative diseases hallmarked by mitochon-
drial dysfunctions such as Alzheimer, Parkinson and Huntington dis-
eases [25]. Scarce attention has been paid on alterations of circadian
rhythms in patients affected by mitochondrial disorders and thus infor-
mation in literature is lacking and this issue is object of hypothesis [26].
Nevertheless, in vivo experimentation clearly shows that mice treated
with low dose of the respiratory chain toxin 3-nitropropionic acid ex-
hibited severe circadian deficit in behavior [27]. Moreover, the recent
finding of a crosstalk between circadian rhythmicity, mitochondrial dy-
namics/activity and macrophage bactericidal activity shed light on the
timekeeping of the cell immune functions [28].

Although further studies are warranted to identify the molecular
basis of the “retrograde” control of mitochondrial OxPhos in maintain-
ing the time-keeping of intrinsic molecular clocks, our findings add a
further level of complexity to the transcriptional-enzymatic feedback
loop reciprocally interlocking cellular bioenergetics and circadian
rhythmicty.
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