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ABSTRACT

Physiology of living beings show circadian rhythms entrained by a central timekeeper present in the hypotha-
lamic suprachiasmatic nuclei. Nevertheless, virtually all peripheral tissues hold autonomous molecular oscillators
constituted essentially by circuits of gene expression that are organized in negative and positive feed-back loops.
Accumulating evidence reveals that cell metabolism is rhythmically controlled by cell-intrinsic molecular clocks
and the specific pathways involved are being elucidated. Here, we show that in vitro-synchronized cultured cells
exhibit BMAL1-dependent oscillation in mitochondrial respiratory activity, which occurs irrespective of the cell
type tested, the protocol of synchronization used and the carbon source in the medium. We demonstrate that
the rhythmic respiratory activity is associated to oscillation in cellular NAD content and clock-genes-
dependent expression of NAMPT and Sirtuins 1/3 and is traceable back to the reversible acetylation of a single
subunit of the mitochondrial respiratory chain Complex I. Our findings provide evidence for a new interlocked
transcriptional-enzymatic feedback loop controlling the molecular interplay between cellular bioenergetics
and the molecular clockwork.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

In mammals many physiological processes display circadian
rhythmicity in response to external oscillating stimuli (light/darkness,
feeding/fasting and temperature cycles) or internal endocrine secretion
[1]. The main pacemaker controlling the diurnal rhythms is represented
by the suprachiasmic nuclei (SCN), which are located in the
hypothalamus and receive photic inputs from the retina through the
retinohypothalamic tract. The molecular basis of the pacemaker activity
of the SCN relays on a relatively low number of clock genes, which act by
transcriptional-translational auto-regulatory feedback loops [2].

The negative limb of the loop is operated by the transcriptional acti-
vators CLOCK and BMAL1 and their target genes Period (PER) and
Cryptochrome (CRY), which encode circadian proteins accumulating
and forming a repressor complex that interacts with CLOCK-BMALT1 het-
erodimers to inhibit their transcriptional activity. The orphan nuclear
hormone receptors REV-ERBa and RORa 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
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molecular oscillators constituted by the same clock gene machinery op-
erating in the SCN. The function of the SCN, therefore, is to receive the
light signals and entrain the phases of the peripheral oscillators [4]. No-
ticeably, recent evidences show that about half of all protein coding
genes in mammals displays 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]. The activity of SIRT1 de-
pends on the oscillating levels of nicotinamide (NAM) adenine dinucle-
otide (NAD), synthesized in the salvage pathway by the committing
nicotinamide phosphoribosyltransferase (NAMPT), whose expression
shows a circadian rhythm [7,8].

Importantly, peroxisome proliferator-activated receptor gamma co-
activator 1-alpha (PGC-1at), 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 the circadian clock [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 [8,12,13]. Such data highlights the interplay between mito-
chondrial oxidative phosphorylation (OxPhos) and the functioning of
the biological clock, fostering further in-depth analysis.

Aim of the present study was to investigate the mutual 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 culture and “in vitro” synchronization protocols

HepG2 cells were obtained from the European Collection of Cell Cul-
tures (ECACC Salisbury, UK). Cell cultures were maintained at 37 °C in
the presence of 5% CO, in DMEM (low-glucose) supplemented with
10 mM Hepes, 10% inactivated fetal bovine serum (FBS), 2 mM gluta-
mine, 100 U/ml of penicillin and 100 pg/ml of streptomycin. The
serum shock induced synchronization was performed as in [14,15].
Briefly: approximately 3 x 10° 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. Alternatively,
HepG2 cells were synchronized by incubation with 0.1 uM dexametha-
sone (directly added to the culturing medium) for 15 min; thereafter
dexamethasone was washed-out by replenishing HepG2 cells with
DMEM (+ 10% FBS) [16]. The cells were harvested and assayed at the
different time points indicated in the text/figures. Cell cultures were
typically utilized at a passage number below 18-20 and at a confluence
of 80-85%.

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 following SYBR Green QuantiTect Primers purchased from
Qiagen: REVERBa (QT00000413), RORa (QT00072380), ARNTL
(QT00068250), ARNTL2 (QT00011844), CLOCK (QT00054481), PER1
(QT00069265), PER2 (QT00011207), PER3 (QT00097713), CRY1
(QT00025067), CRY2 (QT00094920), NAMPT (QT00087920), SIRT1
(QT00051261), SIRT3 (QT00091490) and PPARGC1A (QT00095578).
Reactions were set up in 96-well plates using a 7700 Real-Time PCR Sys-
tem (Applied Biosystems, Foster City, CA, USA). Expression levels of the
target gene were normalized using the housekeeping control gene TATA
binding protein (TBP, QT00000721). mRNA amount of each target gene

relative to TBP was calculated through the comparative Ct method (i.e.
the 2(— 240 method).

2.3. Real time luminescence measuring

Stable-transduced cell populations were selected and maintained in
medium containing hygromycin B (100 pg/ml, Gibco). For live-cell bio-
luminescence recording, cells were maintained in phenol red-free
DMEM (Gibco) containing 10% FBS, 1% penicillin-streptomycin and
250 pM D-Luciferin (PJK). Cell morphology and density were controlled
by light microscopy. All cells were incubated at 37 °C in a humidified at-
mosphere with 5% CO,. Lentiviral elements containing a Bmall-
promoter-driven luciferase (BLH) were generated as previously de-
scribed [17]. HEK293T cells were seeded in 175 cm? culture flasks and
co-transfected with 12.5 pg packaging plasmid psPAX, 7.5 pg envelope
plasmid pMD2G and 17.5 pg Bmall-promoter (BLH)-luciferase expres-
sion plasmid using the CalPhos mammalian transfection kit (Clontech)
according to the manufacturer's instruction. To harvest the lentiviral
particles, the supernatant was centrifuged at 4100 x g for 15 min to re-
move cell debris and passed through a 45 um filter (Sarstedt). The
lentiviral particles were stored at — 80 °C. For lentiviral transduction,
2 x 10° cells were seeded in 6-well plates in 1 ml medium and 1 ml of
lentiviral particles was added. 8 pg/ml protamine sulfate (Sigma) was
used to enhance transduction efficiency The next day, the medium
was replaced with selection medium (complete growth medium con-
taining 100 pg/ml hygromycin B to obtain stable transduced cells and
incubated at 37 °C with 5% CO, atmosphere. For bioluminescence mea-
surement, 1.2 x 106 cells were plated in 35 mm dishes (Thermo Scien-
tific) one day prior to measurements. Cells were either synchronized
by a single pulse of 0.1 uM dexamethasone (Sigma-Aldrich) for 15 min
(Dex 1) or 1 uM dexamethasone for 45 min (Dex 2) or by serum
shock with medium containing 50% FBS for 2 h (Serum shock). Next,
cells were washed once with 1x PBS and phenol-red-free DMEM sup-
plemented with 250 uM D-Luciferin was added. Bmall-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.

2.4. 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 the manufacturer'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.

2.5. Respirometric measurements

Cultured cells were gently detached from the dish by tripsinisation,
washed in PBS, harvested by centrifugation at 500 x g for 5 min and
immediately assessed for O, consumption with a high resolution
oxymeter (Oxygraph-2 k, Oroboros Instruments). About 8-10 x 10°
viable cells/ml were assayed in DMEM at 37 °C; after attainment of a sta-
tionary endogenous substrate-sustained resting oxygen consumption
rate (OCRggr), 2 ig/ml of the ATP-synthase inhibitor oligomycin was
added (OCRq.) followed by addition of 0.3 pM of the uncoupler
carbonilcyanide p-triflouromethoxyphenylhydrazone (FCCP) (OCRync).
The rates of oxygen consumption were corrected for 2 pM antimycin
A + 2 pM rotenone-insensitive respiration. The respiratory control
ratio (RCR) was obtained by the ratio OCRync/OCRoy, the leak by the
ratio OCRo /OCRync and the ATP-synthesis-linked respiration (OxPhos)
by the ratio (OCRgg-OCRo1 )/OCRync. For measurement of the succinate-
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0, reductase activity, cells suspended in DMEM were permeabilized
with 10 pg digitonin/10° cell for 15 min until the OCR was stationary de-
creased; thereafter, 2 UM rotenone was added and the reaction started
with 5 mM succinate. The attained OCR was corrected for 2 uM
antimycin A-insensitive respiration and normalized to the initial cell
number.

2.6. Flow cytometry and fluorescence microscopy (AW, analysis)

Flow cytometry. Serum shocked cultured cells were detached after
the indicated time by trypsinization, pelleted by centrifugation
(500x g, 10 min), resuspended in PBS and incubated with 0.1 pM
tetramethylrhodamine, methyl ester (TMRM) for 15 min at 37 °C.
Thereafter the stained cells were analyzed without washing by
fluorescence-activated cell sorting (FACS) with a EPICS XL MCL flow
cytometer (Beckman Coulter Fullerton, CA, USA) (10%events/run).

Fluorescence microscopy. Cells were seeded in an 8-well chambered
cover glass and synchronized by a staggered protocol so to reach at the
same time 0,6,12,18 h after serum-shock. Fluorescence microscopy.
Cells were washed with phenol red-free DMEM, incubated in the dark
for 15 min with 2 pM tetramethylrhodamine, methyl ester (TMRM) at
37 °C and immediately imaged by EVOS® FL Cell Imaging System
(60x). At least 10 different optical fields were captured for each sample.
Analysis of the digitalized images was performed using Image] 1.48u
software (http://imagej.nih.gov/ij).

2.7. NAD measurement

Cells, collected by trypsinization, were pelleted, resuspended in
400 pl of extraction buffer (20 mM NaHCO3, 100 mM Na,COs3, 10 mM
nicotinamide, 0.05% (v/v) TritonX100, pH 10.3), subjected to two cycles
of freeze-thaw and centrifuged at 13,000 x g for 15 min. The resulting
supernatant was split in two equal volumes, one for determination of
total NAD, the other for determination of NADH following incubation
at 60 °C for 30 min. NAD or NADH concentrations were measured in cy-
clic enzyme reaction system in which alcohol dehydrogenase (ADH) re-
duces dichlorophenol indolphenol (DCIPIP) through the intermediation
of phenazine methosulfate (PMS). The reaction mixture consisted of
380 l of 5 mM EDTA, 100 mM Tris-HCl (pH 7.5) supplemented with
86 uM DCIPP, 120 uM PMS, 20 U/ml ADH, 2.5% (v/v) ethanol. The reac-
tion was started by addition of 20 pl of the sample and reduction of
the blue-colored DCPIP to colorless DCPIPH, was measured by record-
ing spectrophotometrically the decrease in absorbance at 600 nm. The
concentration of NAD and NADH in each extract was determined by
comparing sample values to standard curves (generated from samples
containing known amounts of NAD and NADH that had been cycled
under identical conditions as the samples) and normalized to the pro-
tein concentration of the extracts.

2.8. Measurement of mitochondrial respiratory complexes and citrate
synthase activity

The specific activity of NADH: ubiquinone oxidoreductase (complex
I) was assayed spectrophotometrically on frozen-thawn and
ultrasound-treated cells in 10 mM Tris, 1 mg/ml serum albumin,
pH 8.0 (in the presence of 1 pg/ml of antymicin A plus 2 mM KCN) by fol-
lowing the initial 2 yg/ml rotenone-sensitive rate of 50 M NADH oxida-
tion (€340nm = 6.22 mM~' cm™!) in the presence of 200 uM
decylubiquinone (dUQ) as electron acceptor [18]. The activity of the
complexes Il + III 4- IV (succinate-O, reductase) was measured polaro-
graphically as described in Section 2.2; HepG2 cell suspension was sup-
plemented with 20 pg digitonin/10° cells and 1 uM rotenone and the
succinate-0, reductase activity was measured as 0.2 uM antymicin A-
sensitive OCR elicited by 5 mM succinate. The activities were normal-
ized to the initial cell number and to cellular protein content. Citrate
synthase catalyzes the reaction between acetyl coenzyme A and

oxaloacetic acid to form citric acid. Citrate synthase activity was assayed
spectrophotometrically (£412nm = 13.6 MM~ ! cm™!) measuring the re-
action between CoA-SH and DTNB to form 5-thio-2-nitrobenzoic acid
(TNB) asin [18].

2.9. Immunoblotting and 2D blue native-SDS PAGE

Total protein extract from 107 HepG2 cells was subjected to SDS-
PAGE (12% acrylamide) and electroblotted by standard procedures.
For BMALT1 and SIRT3 detection rabbit polyclonal Abs (18,986-Abcam,
dil. 1:1000 and AB2298-Merck Millipore, 1:5000 respectively) were
used and a HRP-conjugated anti-rabbit IgG as secondary Ab (Thermo
Scientific, dil. 1:20,000). For the mitochondrial OxPhos omplexes profile
a cocktail of mouse mABs recognizing specific subunits of the respirato-
ry chain complex and of the ATP-synthase (MitoProfile® Total OXPHOS
(Abcam), 1:700) was used; HRP-conjugated anti-mouse IgG were used
as secondary Ab (Thermo Scientific, 1:8000) according to standard pro-
cedures and bands visualized by chemiluminescence densitometric
analysis (Versadoc Imaging System). 2D Blue Native-SDS PAGE of
mitoplast proteins. Mitochondrial-enriched fractions were obtained
from HepG2 cells by differential centrifugation. Briefly, 108 cultured
cells were harvested (by scraping) in 250 mM sucrose, 1 mM EDTA,
5 mM Hepes, 3 mM MgCl, (pH 7.4) supplemented with 10 pl/ml of pro-
tease inhibitors stock solution (SIGMA) and disrupted by tight teflon-
glass homogenization; the homogenate was centrifuged at 1000 xg
for 10 min and the resulting supernatant at 14,000 x g for 15 min. The
resulting pellet was washed and finally re-suspended in a minimum
volume of the same buffer. Blue native-PAGE was performed as de-
scribed in [19]. The first dimension native electrophoresis was run in a
5-12% acrylamide gradient. Rectangular gel patches including Complex
[ were excised from each sample lane and placed on a glass plate for in-
cubation with lysis buffer at room temperature. The Complex I subunits
were separated by a denaturing Tricine-SDS-PAGE and transferred to ni-
trocellulose membrane using an immersion electrophoretic transfer cell
(Bio-Rad) at 40 V overnight at 4 °C. Acetylated proteins were detected
by using mouse anti-acetylated lysine (Abnova, 1:1000) and HPR-
conjugated anti-mouse IgC (Thermo Scientific, 1:20,000) as primary
and secondary Ab, respectively, according to standard Western blotting
procedure and visualized by chemiluminescence densitometric analysis
(Versadoc Imaging System).

2.10. Cosinor analysis

The following equation was used to fit the experimental data from 0
to 24-30 h in synchronized cells:

f(t) = M + Acos(t2m/P + @) + st; with M = mesor, A = amplitude,
P = period, © = acrophase, s = slope. The best fit was attained using
the software GraFit (V 4.0.13, Erithacus Software Limited).

2.11. Statistical analysis

Experimental data are shown as mean + standard error of the mean
(SEM) with “n” indicating the number of independent experiments.
Data were compared by an unpaired Student-t-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).

3. Results and discussion

3.1. Synchronized cultured cells exhibit autonomous oscillatory rhythm of
mitochondrial respiratory activity

We used the well-established serum shock procedure [14,15] to syn-
chronize Hep-G2 cells, which exhibit a high mitochondrial content and
efficient OxPhos [20]. Following synchronization, intact cells were
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Fig. 1. Analysis of BMAL1 expression in serum shocked synchronized HepG2 cells. A q-RT-PCR assay for BMALT transcript; means + S.E.M. of 3 independent experiments (n = 3); dashed
line, COSINOR best fit. B Bioluminescence measurements of HepG2 cells lentivirally transduced with a BMAL1-luciferase construct. Two sets of stably transfected cells were produced and
measured in triplicate (1a-cand 2a-c). C Immunoblotting of total cell protein extract toward BMAL1. Upper panel, representative Western blotting; lower graph, densitometric analysis,
normalized to b-actin and to ST = 0, showing the average + S.E.M. of 3 independent experiments; continuous line, COSINOR best fit.

assayed every three hours up to sixty hours. Fig. 1A shows that the tran-
scription of BMAL1, a key core clock gene driving circadian rhythms [21],
displayed an oscillatory activity, peaking at 9 h post-synchronization
(i.e. acrophase) and with a period of 22.7 + 1.3 h (Cosinor best-fit
[22]), thus confirming in HepG2 cells what observed for other cell
types [23]. The genes encoding REV-ERBa and ROR-at displayed a simi-
lar oscillatory transcriptional profile but with the acrophase at 15 h, con-
sistent with their negative control of BMAL1 expression [1]; conversely
the expression of CLOCK, PER1-3 and CRY1-2 was considerably less pro-
nounced (Supplemental Fig. S1). The clock-gene oscillatory activity was
further confirmed in HepG2 cells lentivirally transduced with a BMAL1
promoter-luciferase construct. Fig. 1B displays the luminescence real-
time monitoring of the gene reporter in synchronized cells and shows
an oscillatory profile with a period of 28.9 + 0.3 h characterized by al-
ternation of high and low amplitude peaks over the 5 days of measure-
ment. Intriguingly, immune-detection of the BMAL1 protein in
synchronized HepG2 cells resulted, over a period of 48 h, in an oscillato-
ry profile with an acrophase at 9 h but with a period of 11.4 4+ 0.7 h

(Fig. 1C). The reason of the observed discrepancy between the expres-
sion patterns of BMALT mRNA and protein, although deserving further
investigation, was out of the aim of this study. A possible explanation
might involve a time-dependent differential proteolytic degradation of
BMAL1 which is known to be controlled through the AMPK-casein ki-
nase I axis [24,25].

Then intact synchronized Hep-G2 cells were assayed by high-
resolution respirometry over a period of 45 h. Fig. 2A shows that the
oxygen consumption rate (OCR), sustained by endogenous substrates,
under resting conditions (OCRg) displayed an oscillatory activity with
maxima peaking at 12, 27 and 39 h after serum shock. A similar oscilla-
tory pattern was observed for the OCR under uncoupled conditions
(OCRy) or in the presence of oligomycin (OCR,). Conversely, no oscilla-
tory activity was observed for the OCR insensitive to rotenone plus
antimycin A (not shown), thus ruling out changes of the non-
mitochondria-related OCR respectively. Noticeably, in the absence of
serum shock the amplitude of the respiratory oscillation was markedly
damped (Fig. 2A) as well as under conditions of persistent serum load
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(data not shown). The amplitude (i.e. the difference between zenith and
nadir) of both the OCR; — OCR, difference (a measure of the OCR con-
trolled by the ATP synthesis) and the OCR,/OCR, ratio (a measure of
the OxPhos efficiency) were significantly different in synchronized
cells (Fig. S2). Normalization of the OCR to the cell number or protein
content was not influential, as the amount of protein per cell did not
change significantly following synchronization (Fig. S3).

Cosinor analysis of the data points [22] fitted the oscillatory OCRg
activity (normalized to ST = 0), with the following parameters:
mesor =1.62 £+ 0.11, amplitude =0.48 4+ 0.07, period =14.42 +
0.37, acrophase =11.85 4 0.47 (Fig. 1B). Even considering the limita-
tion of this experimental model, which does not guarantee long-
standing synchronization of the cultured cells, the cosinor analysis
would suggest the occurrence of ultradian cycling of the mitochondrial
respiration (i.e. with a period lower than 24 h). Notably the rhythmic
activity of the mitochondrial respiration resembled closer the oscillato-
ry profile of BMAL1 protein, though postponed by 3 h, rather than that
of BMALT mRNA expression (compare with Fig. 1).

Importantly, when the serum-shock protocol was applied to cul-
tured primary human dermal fibroblasts (HDF) or aortic endothelial
cells (HAOEC) an almost identical oscillatory OCR was observed in syn-
chronized cells (Figs. S4, S5). Overall these results suggest that the ob-
served autonomous rhythmicity of mitochondrial respiration is a
general phenomenon not restricted to a specific cell phenotype.

Mitochondrial respiration generates, under coupled conditions, a
trans-membrane electrochemical gradient, provided by outward proton
pumping, mainly constituted by electrical potential (AW ) [26].The ex-
tent of the OCRg-related mitochondrial AWV, was assessed by flow-
citometry using the AW, -fluorescent probe TMRM. Fig. 2B shows that
serum-shocked HepG2 cells resulted in a significantly higher AW -
dependent fluorescence at the synchronization time (ST) = 12 h as
compared with that at 6 h and 18 h. Cell imaging by fluorescence mi-
croscopy, using the same AW-probe, confirmed a significantly higher in-
tracellular signal at the same ST (Fig. 2C). As increased mitochondrial
respiratory activity is expected to generate more reactive oxygen spe-
cies [27] this was assessed flow-citometrically by DCF (a commonly
used peroxide-probe). Consistent with the respiratory measurements
a significant relative increase of the NAC-sensitive DCF-mediated fluo-
rescence was detectable at ST = 12 h [Fig. S6]. Importantly, treatment
of HepG2 cells with the transcription-inhibitor actinomycin D, during
synchronization, strongly repressed the rhythmic respiratory activity
under conditions suppressing the expression of BVIAL1, REV-ERBa and
ROR-a (Fig. S7). This latter observation would rule out that the observed
respiratory rhythmic activity is independent on transcriptional oscilla-
tors as described for other circadian processes [28,29]. The link between
the rhythmic mitochondrial respiration and the clock genes was further
analyzed in HepG2 cells where the expression of BMAL1 was specifically
inhibited by RNA interference. Fig. 2D,E show that under conditions sig-
nificantly reducing the expression of BVAL1 the oscillation of the OCR
was completely abrogated in synchronized HepG2 cells.

To verify the extent to which the serum deprivation, included in the
serum-shock protocol of synchronization, was somehow accountable
for the oscillatory activity of the cell respiration we modified the original
protocol replenishing after serum shock the cell with a medium con-
taining 10% serum. As shown in Fig. S8 no significant differences were
observed in the rhythmic activity of the OCR in the HepG2 cells

synchronized by the two protocols in the 24 h post-synchronization.
This result would rule out any appreciable stressing condition of the
original protocol [14] affecting mitochondrial respiration in the 24 h
timescale post-synchronization.

Cultured HepG2 cells, under non-proliferating conditions, relay for
ATP production on the metabolic flux distribution of glucose carbons
between glycolysis and pyruvate oxidation [30]. Substitution of glucose
with galactose forces cultured cells to rely almost exclusively on mito-
chondrial OxPhos for ATP production [31]. Fig. 3A shows that synchro-
nized HepG2 cells exhibit a rhythmic respiratory activity also when
cultured in the presence of galactose indicating that it occurred inde-
pendently on the relative contribution of glycolysis. Overall these data
suggest that the self-autonomous ultradian rhythmic oscillations of
the mitochondrial respiratory activity is irrespective of the respiratory
carbon source used.

To assess if the above-described oscillatory activity of mitochondrial
respiration was dependent on the specific synchronization protocol
used, an alternative procedure was applied consisting in a short-time
pre-treatment with dexamethasone [16]. Fig. 3B shows that HepG2
cells exhibited, after withdrawal of dexamethasone, a large-amplitude
oscillation of the OCRg and OCRy peaking at ST = 12 h. This result
ruled out that the observed phasic respiratory activity was related to
the condition of serum deprivation demanded after serum load.

To further verify the link between clock genes expression and mito-
chondrial respiration, serum-shocked HepG2 cells were re-
synchronized by dexamethasone treatment. Fig. 3C shows that treat-
ment with dexamethasone before the onset of the expected zenith in
serum-shocked HepG2 cells caused a clear shift of the BVIAL1 gene ex-
pression, which peaked 6 h later. Remarkably, the OCRg measured
under identical “synchronization-reset-resynchronization” protocol
displayed a similar time-shift following dexamethasone treatment.
This result strongly indicates a direct functional correlation between
the clock-gene machinery and the mitochondrial OxPhos activity.

All together our experimental evidences suggest that in vitro syn-
chronized cultured cells exhibit self-autonomous ultradian rhythmic os-
cillations of their mitochondrial respiratory activity linked to the
expression of the core clock genes. This is a general phenomenon occur-
ring irrespective of i) the cell type (i.e. immortalized vs primary cells),
ii) the respiratory carbon source, and iii) the protocol of synchronization.

3.2. The rhythmic respiratory activity of synchronized cells is correlated
with the oscillatory expression/activity of NAMPT and SIRT1/3 and with
the reversible acetylation state of Complex I

In order to deepen the mechanism controlling the rhythmic mito-
chondrial respiratory activity we assessed the expression level of the
mitochondrial OxPhos complexes. Fig. 4A shows a representative im-
munoblot carried out with a cocktail of antibodies designed to provide
semi-quantitative analysis of the respiratory chain complexes (CI, CII,
CIII) and of the H*-F;Fy ATP synthase (CV). The result attained did not
show significant changes of any of the OxPhos complexes over time
after synchronization. Consistently, the citrate synthase activity, a com-
monly used marker of mitochondrial mass, did not display any oscillato-
ry pattern in synchronized cells [Fig. 4B]. Intriguingly, and somehow
counter-intuitively, the expression level of PPARGC1A (encoding for
PGC-1at), exhibited a significant oscillatory pattern peaking at ST =

Fig. 2. Analysis of mitochondria-related functions in serum shocked synchronized HepG2 cells. A Measurement of the mitochondrial respiratory activity in intact cells. OCR, oxygen
consumption rate; the subscripts “R”, “O”, “U” refer to resting condition (i.e. endogenous substrate-sustained respiration), respiration in the presence of oligomycin, respiration in the
presence of the uncoupler FCCP, respectively. The values were normalized for each run to the respective OCR at ST = 0 (actual value 1.65 + 0.22 nmoles O,/min/10° cells) and then
averaged + S.E.M.; n = 12-16 independent experiments. The cosinor best fits of the OCRs under different conditions is shown as continuous thick lines (see the legend). The OCRg in
the absence of serum shock is also shown; mean + S.EEM. of n = 4. B Flow cytometric analysis of the AW, using the fluorescent TMRM probe, shown as normalized integrated
mean fluorescence value (i-MFV); mean + S.EM. of n = 4; *P <0.05, **P < 0.01. C  Fluorescence microscopy imaging of the AW, using the fluorescent probe TMRE. Upper panels,
representative images compared with the corresponding bright-light optical fields; lower histogram, means of the Fluorescence/cell +S.E.M. of n = 4; *P < 0.05.D Immunoblotting
of BMAL1 in HepG2 cells transfected with siRNA-BMAL1. Upper panel: representative Western blotting of mock and siRNA-treated cells at the indicated time post-transfection. Lower
histogram: densitometric analysis normalized to [3-actin; means + S.E.M. of n = 3. E Effect of BVALI silencing on the OCR in synchronized HepG2 cells. The OCRg were normalized
to ST = 0 for mock and siRNA-BMAL1 trasfected cells and averaged + S.E.M. for n = 3 independent preparations; **P < 0.01, mock vs siRNA-treated at the indicated nadir and zenith STs.
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12 h [Fig. S9]. However, and most notably, PGC-1a proved to stimulate
the expression of the clock genes BMAL1 and REV-ERBq, through
coactivation of the ROR family of orphan nuclear receptors [32].

A central metabolite controlling the terminal oxidative pathway is
represented by NAD [33] and recent reports show that the expression
of NAMPT is under control of the clock-gene machinery [7,8]. Accord-
ingly, Fig. 4C shows that the transcript level of the PBEF1 gene (coding
for NAMPT) displayed an oscillatory pattern following synchronization

of HepG2 cells with a peak at ST = 12 h. Consistent with this, the total
intracellular NAD content significantly increased at about the same
time after cell-synchronization as well as the NAD*/NADH ratio
supporting the hypothesis of an enhanced oxidative metabolism at the
synchronization time corresponding to the maximal mitochondrial re-
spiratory activity. Importantly, treatment of synchronized cells short be-
fore the time preceding the zenith of NAMPT expression (i.e. at ST =
10 h) with FK866, a specific inhibitor of NAMPT, inhibited the rise of
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NAD content and fully prevented the appearance of the OCRg-peak
[Fig. 4D,E] as well as of the transcription of BMAL1, PBEF1, SIRT1, SIRT3
at ST = 12 h [Fig. S10].

Next we measured the specific activity of the mitochondrial respira-
tory chain Complex I (NADH-ubiquinone oxidoreductase) in solubilized
HepG2 cells following spectrophotometrically the rate of oxidation of
added NADH. Complex I is the main enzymatic step controlling the elec-
tron flux through the respiratory chain [34,35]. The results obtained
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showed that the specific rotenone-sensitive activity of complex I was
significantly higher when cells were harvested at ST = 12 as compared
with those at ST = 6 and 18 h [Fig. 5A]. Conversely, the succinate-O, 0x-
idoreductase activity of the respiratory chain, encompassing the activi-
ties of complex II, Il and IV, did not exhibit any oscillatory pattern when
assayed polarographically in digitonin-permeabilized synchronized
HepG2 cells [Fig. 5B]. These results suggested that the increased activity
of the mitochondrial respiratory chain, likely controlled by Complex I,
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was not directly related to the enhanced availability of NAD as a respira-
tory substrate, but rather to an intrinsic reversible change of an enzy-
matic activity.

In addition to accomplish the known function of a redox-coenzyme,
connecting glycolysis and the citric acid cycle to OxPhos, NAD is also in-
volved as co-substrate in de-acetylating reactions catalyzed by mem-
bers of the sirtuins family and for some of these a circadian control of
their expression has been reported [36,37]. Fig. 5C confirms that this oc-
currence ensued also under our experimental conditions showing that
the transcript levels of SIRT1 and the mitochondrial isoform SIRT3 exhib-
ited an oscillatory profile peaking at ST = 12 h in synchronized HepG2
cells. Immune detection of SIRT3 in total cell protein extract identified
the in-mitochondria imported low-molecular weight protein. Following
HepG2 cells synchronization, the mitochondrial SIRT3 exhibited a low
amplitude oscillation at the border of statistical significance [Fig. 5D].

Activation of sirtuins proved to affect the acetylation state of a num-
ber of intra-mitochondrial proteins involved in the terminal metabolism
including components of the respiratory chain [38]. To assess this, mito-
chondria were isolated from synchronized HepG2 cells at selected
interval-times, subjected to 2D electrophoresis (blue native (BN) non-
denaturating 1st dimension; SDS denaturating 2nd dimension) and
blotted with an anti-acetyl-lysine antibody. The 2D-BN-SDS PAGE of sol-
ubilized mitochondrial membrane proteins is a well-established proce-
dure to detect all the subunits of the OxPhos complexes (resolved in the
first dimension) [19]. A comparison of the outcomes from samples de-
riving from synchronized cells at ST = 6 h and ST = 12 h, corresponding
to the main nadir and zenith of the OCR cycle, respectively, revealed
the presence of a prominent acetyl-lysine-positive band at ST = 6 h
that disappeared almost completely at ZT = 12 h (Fig. S11) and that
pointed to a subunit of complex I. SDS-PAGE of complex I excised
from BN gels enabled to run in parallel several samples. Fig. 5E
shows a representative immuno-blotting confirming that a single sub-
unit of complex [ underwent an acetylating-deacetylating cycle that
antiphased both the OCRg and Complex I activities in synchronized
HepG2 cells. Most notably, treatment of HepG2 cells with Ex527, a se-
lective sirtuin inhibitor, at the onset of the synchronization protocol, sig-
nificantly depressed the oscillatory profile of the OCRg and the relative
increase of Complex I activity at ST = 12 h as well as the deacetylated
state of its subunit (Figs. 5F,G).

4. Conclusions

The present study supports mounting evidence showing the
intertwining between the biological clock and cellular metabolism
highlighting in this context the control exerted on the functional prop-
erty of the mitochondrial respiratory chain and consequently on the
OxPhos. The interplay between the clock gene machinery and the
NAMPT-NAD-SIRT1/3 axis as a pivotal hub controlling the circadian os-
cillation of metabolism is here confirmed also in an in vitro cellular
model. The results here presented strictly show that the oscillating

acetylation/deacetylation state of complex I is the solely responsible
for the clock-genes-controlled activity of the mitochondrial respiratory
chain activity (see the scheme in Fig. 5H), at least under our experimen-
tal conditions. It must be pointed out that additional circadian SIRT(s)-
mediated activation of catabolic pathway(s), up-stream of the respira-
tory chain, can contribute to modulate the mitochondrial oxidative per-
formance as clearly shown for the fatty acid 3-oxidation [12]. The
identification of the specific Complex I subunit undergoing the
acetylation/de-acetylation cycle as well as the molecular mechanism
controlling the enzymatic activity deserve further investigation. All to-
gether our findings provide additional evidence of an interlocked
transcriptional-enzymatic feedback loop controlling the molecular in-
terplay between cellular bioenergetics and circadian rhythmicity.
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Fig. 5. Analysis of Complex I activity and its acetylation state and of OxPhos in serum shocked synchronized HepG2 cells. A Measurement of complex I activity. The complex I activity was
measured spectrophotometrically in utrasound-treated cells as rotenone-sensitive initial rate of NADH oxidation (in the presence of UQ,) and normalized to citrate synthase activity;
means + S.EM. of n = 4; *P < 0.05. B Measurement of succinate-O, reductase activity. Digitonin-permeabilized cells were supplemented with succinate and assessed
by respirometry in the presence of rotenone; the OCR was corrected for residual activity in the presence of antimycin A and normalized to ST = 0; means 4 S.E.M. of n = 3.
C  Transcript level of SIRT1 and SIRT3; the values obtained by qRT-PCR were normalized to ST = 0 h and are means 4 S.E.M. of n = 3; the cosinor best fits are shown as continuous
lines. D Immunoblotting of SIRT3 on total protein extract. Top panel: representative Western blotting showing the mitochondria-localized 28 kD form of the protein. Lower graph:
densitometry of the SIRT3 band normalized to b-actin and to ST = 0 h; average of 2 independent experiments resulting in comparable outcome. E  Representative immunoblotting
of complex I with antibody recognizing acetylated lysine. Mitochondria enriched fractions were isolated in the presence of 5 uM of the SIRTs inhibitor Ex527 from serum-shocked
HepG2 cells at the indicated ST (non synchronized cells were also processed - CTRL) and subjected to blue native (BN) electrophoresis under non denaturating condition
(a representative result is shown). Thereafter the bands corresponding to complex I were excised, subjected to electrophoresis under denaturating conditions and Western blotted (as
protein loaded control the blot was stripped and treated with an Ab recognizing the 18 kD complex [ subunit NDUFB8). Bottom panel: normalized densitometric analysis of acetylated
band; means + S.E.M. of n = 3; *P <0.05. F Effect of Ex527 on the acetylation state and activity of Complex I. Cells were treated with 5 uM Ex527 at the onset of serum-shock
synchronization and analyzed at ST = 12 h (non-synchronized and untreated cells served as control). Upper panel: representative immunoblotting with anti-Ac-Lys Ab obtained as in
panel (D). Bottom panel: normalized densitometric analysis and Complex I activity at ST = 12 h of untreated and Ex527-treated cells; means + S.EM. of n = 3; *P<0.01. G  Effect of
Ex527 on resting respiratory activity; means 4 S.E.M. of n = 3. The cosinor best fit of treated cells is shown as continuous line; for comparison the cosinor best fit of untreated cells
and the cosinor parameters (in the inset) are also shown; *P <0.05.H Scheme showing the interlocked transcriptional-enzymatic feedback loop controlling the molecular interplay
between cellular bioenergetics and circadian rhythmicity as inferred from the present study.
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