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ORIGINAL ARTICLE

Clock gene expression in human and mouse hepatic models shows similar
periodicity but different dynamics of variation
Gianluigi Mazzoccoli a, Rosa Rubinoa, Cristiana Tiberioa, Francesco Giulianib, Manlio Vinciguerraa,c,d,e,
Jude Obene, Angelo De Cataa, Roberto Tarquinif, Salvatore De Cosmoa, Shu Liug, and Yanning Caih

aDivision of Internal Medicine and Chronobiology Unit, IRCCS Scientific Institute and Regional General Hospital “Casa Sollievo della
Sofferenza,” San Giovanni Rotondo (FG), Italy; bComputing Unit, IRCCS Scientific Institute and Regional General Hospital “Casa Sollievo della
Sofferenza,” San Giovanni Rotondo (FG), Italy; cEuro-Mediterranean Institute of Sciences and Technology (IEMEST), Palermo, Italy; dSchool of
Science and Technology, Nottingham Trent University, Nottingham, United Kingdom; eUniversity College London, Institute for Liver and
Digestive Health, Division of Medicine, Royal Free Campus, London, United Kingdom; fDepartment of Clinical and Experimental Medicine,
University of Florence, Florence, Italy; gDepartment of Clinical Research, MSD R&D, Beijing, P.R. China; hDepartment of Neurology and
Neurobiology, Xuanwu Hospital of Capital Medical University, Key Laboratory for Neurodegenerative Diseases of Ministry of Education,
Beijing, P. R. China

ABSTRACT
The biological hard-wiring of 24-hour rhythmicity relies on the circadian clock circuitry, made
of peripheral oscillators operated by molecular clockworks and synchronized through humoral
and neural outputs by central oscillators located in the hypothalamic suprachiasmatic nuclei.
Metabolically active tissues, such as the liver, are entrained also by local cues represented by
metabolic flux related to feeding. The mechanics of the molecular clockwork have been
explored by studies using cell lines and wild type or genetically engineered mouse models.
There is a compelling need to reduce the use of animals in experimental settings. The aim of
our study was to evaluate the periodicity and dynamics of functioning of the hepatic clock
gene machinery in human and mouse hepatic models. We compared the results obtained in
human hepatoma cells (HepG2 cells) and in mouse liver, and a significant 24-hour rhythmic
component was found for five clock genes in the HepG2 cells (Bmal1, Cry1, Per1, Per2, NR1D1)
and for six clock genes in the mouse liver (Bmal1, Clock, Cry1, Per1, Per2, NR1D1). The amplitude
of oscillation rendered by the cosine curve and the dynamics of expression rendered by the
rate of change (the derivative of gene expression level with respect to time) were greater in
the mouse liver than in the HepG2 cells for Bmal1, Per1, Per2 and NR1D1, and the cosine curve
phase was different for many of them. In conclusion, the periodicity of expression of the clock
genes showed similar patterns when the two experimental models were compared, whereas
the dynamics of transcription in human hepatoma cells cultured in vitro were less vigorous and
phased in a different way when compared to mouse hepatic tissue. The results support the
reliability of the human hepatic in vitro model as an alternative to animal models only to study
the periodicity of function of the molecular clockwork, but not to evaluate the dynamics of
clock gene expression.

KEYWORDS
Chronobiology; clock genes;
hepatocytes; liver

Introduction

Cell, tissue and organ functions are characterized
by nycthemeral oscillations with approximately
24-hour periodicity, defined circadian. The rhyth-
micity is generated by sub-cellular molecular
clockworks identified in virtually every tissue
investigated up until now (Bell-Pedersen et al.,
2005; Mazzoccoli et al., 2011; Mazzoccoli et al.,
2012a). In mammals, the molecular clocks ticking
in every single cell are synchronized by the circa-
dian timing system (CTS) that orchestrates the

array of rhythms in cellular and organismal phy-
siology (Liu et al., 2007).

The CTS comprises biological clocks in the
hypothalamic suprachiasmatic nuclei entrained
to the environmental light/dark cycle by photic
inputs conveyed by the retino-hypothalamic tract,
and synchronizing self-sustained oscillators in
peripheral tissues through humoral and nerve
outputs (Herzog, 2007; Mazzoccoli, 2011). The
cellular oscillator consists of a molecular clock-
work operated by the circadian genes Arntl (also

CONTACT Gianluigi Mazzoccoli g.mazzoccoli@operapadrepio.it Department of Medical Sciences, Division of Internal medicine and Chronobiology
Unit, IRCCS Scientific Institute and Regional General Hospital “Casa Sollievo della Sofferenza,” San Giovanni Rotondo (FG), 71013 Italy. Tel: +39 0882 410255.

CHRONOBIOLOGY INTERNATIONAL
2016, VOL. 33, NO. 2, 181–190
http://dx.doi.org/10.3109/07420528.2015.1132722

© 2016 Taylor & Francis

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
Sy

dn
ey

 L
ib

ra
ry

] 
at

 0
1:

48
 2

2 
M

ar
ch

 2
01

6 

http://orcid.org/0000-0003-3535-7635


called Bmal1), Clock, Per 1-3, Cry 1-2, NR1D1
(encoding Rev-erbα) and Rora (encoding RORα)
(Nagoshi et al., 2004). Bmal1 and Clock encode
transcription factors that form a heterodimer to
bind the E-boxes in the promoter region of Per1,
Per2, Per3, as well as Cry1 and Cry2 genes, acti-
vating their expression and the synthesis of the
encoded proteins. Per and Cry proteins in the
cytoplasm complex and then return in the
nucleus, where they inhibit Clock:Bmal1 tran-
scriptional activity, closing a feedback loop of
transcription and translation that completes a
cycle in approximately 24 hours (Takahashi
et al., 2008). Clock:Bmal1 drives also the expres-
sion of the nuclear receptors Rev-erbα and Rorα,
which in turn influence Bmal1 expression in a
negative and positive manner, respectively, fuel-
ing amplitude and robustness of oscillation in the
biological clock (Cho et al., 2012; Mazzoccoli
et al., 2012b). Phosphorylation, acetylation, ubi-
quitination and sumoylation of proteins encoded
by the clock genes play a key role in the function-
ing of the molecular clockwork (Agostino et al.,
2009; Duguay & Cermakian, 2009; Eide et al.,
2002). The clock gene machinery drives the
expression of transcription factors, clock-con-
trolled genes expressed in all tissues and tissue-
specific output genes, which manage cellular and
tissue functions such as proliferation, apoptosis,
autophagy, DNA repair and metabolism
(Alenghat et al., 2011; Chen et al. 2015;
Gréchez-Cassiau et al., 2015). Genome-wide
RNA expression profiling has shown that about
5% to 20% of the transcriptome exhibits circadian
rhythmicity, and the oscillating genes vary in the
different tissues of the organism, reaching the
highest percentage in the liver, a vital organ that
handles several functions, such as metabolism of
glucose and lipids, protein synthesis anddetoxifi-
cation of xenobiotics (Gachon et al., 2004; Gorné
et al., 2015; Mazzoccoli et al., 2012c; Paredes
et al., 2014). The basic mechanisms of function-
ing of the circadian molecular clock have been
explored by studies using human cell lines and
mouse genetic models (Lowrey & Takahashi,
2011). Animal models are used for toxicology
studies, but they do not address species-specific
dissimilarities, so that human models are needed.
Human cell culture models have been established

to reduce the use of animals, and one of the
favorite human in vitro models is represented by
primary hepatocytes and hepatoma cell lines
(such as HepG2). HepG2 cells are aneuploid and
epithelial in morphology, derive from a well-dif-
ferentiated hepatocellular carcinoma, but have a
high degree of morphological and functional dif-
ferentiation in vitro and render in vitro the polar-
ized human hepatocytes (Wilkening et al., 2003).
HepG2 cells are widely used as a model to study
the molecular clockwork and in particular the
hepatic circadian clock as well as downstream
target genes (Chauvet et al., 2011; Crumbley
et al., 2010; Gréchez-Cassiau et al., 2015; Lee
et al., 2012; Matsunaga et al., 2012; Tao et al.,
2011; Wang et al., 2010; Wang et al., 2013).

We aimed to investigate the molecular clockwork
in two different experimental settings, in an hepa-
toma cell line (HepG2) in vitro and in mouse liver in
vivo in order to evaluate if the patterns of periodicity
and dynamics of clock gene expression are different
in isolated cell aggregates when compared to the
whole tissue using a new mathematical approach
(Mazzoccoli et al., 2011; Mazzoccoli et al., 2012a).
We compared the circadian trend of clock gene
expression at the organ level, using previously
reported data obtained in wild type mouse livers
(Liu et al., 2007) and at the cellular level using new
in vitro data obtained in a human hepatoma cell line.

Materials and methods

Cell culture and serum shock procedures

HepG2 cells were cultured in DMEM medium
supplemented with 10% fetal bovine serum (FBS)
and 1% of PEN/STREP (penicillin and streptomy-
cin) at 37°C in 5% CO2 atmosphere (Invitrogen
Life Technologies, Milan, Italy). Cells were syn-
chronized by serum shock performed as already
described (Balsalobre et al., 1998); briefly 5 × 105

cells/6-wells were plated the day before the experi-
ments. On the day of the experiments, culture
medium was substituted with medium containing
50% of FBS for 2 hours and then replaced with the
serum-free Dulbecco’s Modified Eagle Medium
(DMEM) (Balsalobre et al., 1998). The cells were
then harvested every 3 hours for 28 hours after the
serum shock.
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Animals

Animal experiments were performed as described
elsewhere (Liu et al., 2007; Mazzoccoli et al.,
2012a). We report previous data obtained in wild
type mouse livers (Liu et al., 2007). C57BL/6 male
mice aged 8 weeks were caged separately on a
controlled 12 hour light (L)–dark (D) cycle (lights
on at 08:00 hours), with ad libitum supply of food
and water, 14 days after coming at the animal
service. Animal care agreed with ethical criteria
and guidelines of the Capital Medical University,
Beijing, P. R. China. The experimental protocol
conformed to international ethical standards
(Portaluppi et al., 2010). Mice were sacrificed at
intervals of 4 hours for 24 hours starting at 09:00
hours a.m. Livers were collected and preserved in
RNAlater (Qiagen, Alameda, CA, USA). Total
RNA was taken out from organs using RNAeasy
kit (Qiagen, Alameda, CA, USA) following the
manufacturer’s instructions. To get rid of genomic
DNA, total RNA was treated with RQ1 RNase-free
DNase I (Promega, San Luis Obispo, CA, USA)
following the manufacturer’s instructions.

Quantitative real-time polymerase chain reaction

The procedures performed for processing animal
tissues and carry out quantitative real-time polymer-
ase chain reaction (qRT-PCR) are described else-
where (Liu et al., 2007; Mazzoccoli et al., 2012a).
Primer sequences used in qRT-PCR assay on mRNA
extracted from mouse liver are showed in Table 1.

In the in vitro study, qRT-PCR was performed
on two biological replicates each assayed in tripli-
cate as already reported (Benegiamo et al., 2013).
Briefly, total RNA was extracted using the RNeasy®
Mini Kit (Qiagen, Milan, Italy) from HepG2 cells
harvested every 3 hours after serum shock at the
indicated time points. One-step qRT-PCR was then
performed using QuantiFast Sybr Green PCR kit
following the manufactures’ instructions (Qiagen,
Milan, Italy). The following SYBR Green
QuantiTect primers used for qRT-PCR were all
purchased from Qiagen: Arntl (QT00068250),
Clock (QT00054481), Cry1 (QT00025067), Cry2
(QT00094920) Per1 (QT00069265), Per2
(QT00011207) and NR1D1 (encoding Rev-Erbα)
(QT00000413). The expression levels of target
gene were normalized to the housekeeping control
gene TBP (encoding TATA binding protein)
(QT00000721) (Qiagen, Milan, Italy), and data ana-
lysis was performed using SDS software (version
1.9.1; Applied Biosystems, Foster City, CA).

Statistics

To evaluate the periodicity of gene expression,
time series of mRNA levels were normalized to
percent of maximum and analyzed by Cosinor
method as described elsewhere (Liu et al., 2007;
Mazzoccoli et al., 2012a). To assess the dynamical
patterns of gene expression, the slope of the cosine
curve superimposed on raw data (M = Δy/Δx), i.e.
the derivative of gene expression level (y) with
respect to time (x), defined as rate of change
(RoC), was calculated between 90% of full ampli-
tude and 10% of full amplitude of gene expression
values (R = 90%A–10%A) as depicted in Figure 1
and according to the formula:

RoC ¼ 90%A� 10%A
t2 � t1

Results are expressed as mean ± standard error
(SE). Data of gene expression were verified by
normality test and equal variance test. Values
were compared by means of the Student’s t test
or Mann Whitney rank sum test as appropriate.
Differences were considered statistically significant
if p ≤ 0.05. Statistical analyses were performed and
graphs were drafted using the MATLAB statistical
package (MathWorks, Natick, MA, USA).

Table 1. Primer sequences used in qRT-PCR assay on mRNA
extracted from mouse liver.
Bmal1 Forward ACATAGGACACCTCGCAGAA, Reverse

AACCATCGACTTCGTAGCGT
Clock Forward CCTATCCTACCTTCGCCACACA Reverse

TCCCGTGGAGCAACCTAGAT
Cry1 Forward TTGCCTGTTTCCTGACTCGT, Reverse

GACAGCCACATCCAACTTCC
Cry2 Forward TCGGCTCAACATTGAACGAA, Reverse

GGGCCACTGGATAGTGCTCT
Per1 Forward CATGACTGCACTTCGGGAGC, Reverse

CTTGACACAGGCCAGAGCGTA
Per2 Forward GGCTTCACCATGCCTGTTGT, Reverse

GGAGTTATTTCGGAGGCAAGTGT
NR1D1 Forward CGTTCGCATCAATCGCAACC, Reverse

GATGTGGAGTAGGTGAGGTC
18S Forward TTCGGAACTGAGGCCATGAT, Reverse

TTTCGCTCTGGTCCGTCTTG
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Results

Rhythm features of clock gene expression in
HepG2 cells and mouse liver

Circadian gene expression was investigated in syn-
chronized HepG2 cells harvested every 3 hours for
28 hours after serum shock, and in the liver of
mice housed on a 12-hour L–D cycle and sacri-
ficed at 4-hour intervals for 24 hours. Rhythm
features of clock gene expression in HepG2 cells
and liver were evaluated through the Cosinor
method. Results from 24-hour Cosinor analyses
for circadian time effects on original values of
expression levels for the examined clock gene in
HepG2 cells and mouse liver are listed in Table 2
and depicted in Figures 2–5. A significant 24-hour
rhythmic component was found for five clock
genes in the HepG2 cells (Bmal1, Cry1,Per1,
Per2, NR1D1) and for six clock genes in the
mouse liver (Bmal1, Clock, Cry1, Per1, Per2,
NR1D1). The amplitude of oscillation as rendered
by the cosine curve was greater in mouse liver than
in HepG2 cells for Bmal1, Clock, Cry2, Per1, Per2
and NR1D1, while the phase of oscillation was
significantly different for Bmal1, Cry1, Per1 and

NR1D1. The comparison of phase relationships
among multiple clock genes evidenced that in
mouse liver there was a proper pattern of expres-
sion, with phase correspondence for Bmal1 and
Clock as well as for period and cryptochrome
genes, and opposing phase for Bmal1 and
NR1D1. In HepG2 cells, Clock expression was
delayed respect to Bmal1 expression, which
showed a peak synchronous with Cry1, Cry2 and
NR1D1 expression, while Per2 phase was advanced
respect to Per1 expression.

Rate of change (RoC) of clock gene expression
levels in HepG2 cells and mouse liver

Results from comparison of RoC of clock gene
expression in HepG2 cells and mouse liver are
listed in Table 3 and depicted in Figure 6. A
statistically significant difference was evidenced
for the RoC of Bmal1, Per1, Per2 and NR1D1
mRNA expression level, which was greater in
mouse liver.

Discussion

Circadian rhythmicity of mammalian biological
phenomena is generated by genetically encoded
biological clocks ticking through feedback loops

Figure 1. Scheme rendering the method used for computing
the slope of the cosine curve superimposed on raw data of
clock gene expression level.

Table 2. Rhythm features of clock gene expression in HepG2
cells and mouse liver (±SE).

MESOR Amplitude Acrophase
p

value#

HepG2 cells
Bmal1 0.512 ± 0.01 0.171 ± 0.03 11:34 ± 01:06 hours 0.030
Clock 0.436 ± 0.01 0.265 ± 0.02 18:26 ± 00:59 hours 0.133
Cry1 0.484 ± 0.01 0.291 ± 0.01 10:49 ± 01:23 hours 0.067
Cry2 0.507 ± 0.03 0.287 ± 0.02 11:52 ± 01:40 hours 0.045
Per1 0.421 ± 0.02 0.187 ± 0.01 21:42 ± 00:42 hours 0.034
Per2 0.513 ± 0.01 0.251 ± 0.02 14:31 ± 01:12 hours 0.007
NR1D1 0.244 ± 0.02 0.281 ± 0.03 11:14 ± 02:01 hours 0.027

Mouse liver
Bmal1 0.483 ± 0.01 0.512 ± 0.02* 20:52 ± 02:27 hours * 0.019
Clock 0.743 ± 0.04* 0.310 ± 0.01* 20:55 ± 02:01 hours 0.251
Cry1 0.432 ± 0.01 0.313 ± 0.02 18:11 ± 01:12 hours * 0.112
Cry2 0.711 ± 0.02* 0.377 ± 0.01* 13:10 ± 01:43 hours 0.015
Per1 0.419 ± 0.03 0.219 ± 0.01* 11:07 ± 01:35 hours * 0.011
Per2 0.516 ± 0.02 0.454 ± 0.01* 14:09 ± 01:30 hours 0.006
NR1D1 0.328 ± 0.01* 0.480 ± 0.03* 5:42 ± 00:19 hours * 0.010

#p value for statistical significance of parameter estimates: rhythm
detection was considered statistically significant when p < 0.05; *p
< 0.05 for hypotheses regarding differences among the values com-
pared by means of the Student’s t test or Mann Whitney rank sum
test as appropriate; SE = standard error.
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that regulate the circadian genetic transcription. In
any single cell, basic functions are driven by inter-
acting positive and negative limbs in which the
expression of clock genes is suppressed periodi-
cally by their protein products (Dibner et al., 2010;
Ueda et al., 2005). Accordingly, in our study the
mRNA expression levels of the clock genes exam-
ined in HepG2 cells showed time-qualified varia-
tion, characterized by statistically significant 24-
hour periodicity for Per1, Per2, Cry1, Bmal1 and
NR1D1. The biological oscillators are synchro-
nized by the central pacemaker located in the
SCN, which via circadian output pathways drives

the autonomous clocks in all peripheral tissues.
We have evaluated clock gene expression patterns
in hepatic tissue of an animal model using a data
subset (Liu et al., 2007). A significant 24-hour
rhythmic component was found for Bmal1,
Clock, Cry1, Per1, Per2 and NR1D1 expression in
the mouse liver.

The circadian genes Bmal1, Clock, Cry2, Per1,
Per2 and NR1D1 showed greater amplitude of
oscillation in mouse liver than in HepG2 cells,
while the phase of oscillation was significantly
different for Bmal1, Cry1, Per1 and NR1D1. The
phase relationships among clock gene expression

Figure 2. Time-related patterns of Bmal1 and Clock expression
in wild type mouse liver and in a human hepatoma cell line. x–y
plots representing from top to bottom the fitted cosine curves
(continuous and dotted lines) superimposed on raw data (circle
and rhombus) of clock gene expression level in liver tissue from
mice (n = 3 per time point) sacrificed at 4-hour intervals for 24
hours (data obtained in wild type mouse livers from Liu et al.,
2007) and HepG2 cells synchronized after serum shock and
collected at 3-hour intervals for 28 hours.

Figure 3. Time-related patterns of Cry1 and Cry2 expression in
wild type mouse liver and in a human hepatoma cell line. x–y
plots representing from top to bottom the fitted cosine curves
(continuous and dotted lines) superimposed on raw data (circle
and rhombus) of clock gene expression level in liver tissue from
mice (n = 3 per time point) sacrificed at 4-hour intervals for 24
hours (data obtained in wild type mouse livers from Liu et al.,
2007) and HepG2 cells synchronized after serum shock and
collected at 3-hour intervals for 28 hours.
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showed a proper pattern in mouse liver, whereas
in the hepatoma cell line the serial activation of
transcription was similar to previous results
(Crumbley et al., 2010) and deranged respect to
the appropriate outline (Takahashi, 2015; Ukai-
Tadenuma et al., 2011). In particular, Bmal1
expression, advanced respect to Clock expression,
was synchronous with phase expression of Cry1,
Cry2 and above all NR1D1, the gene encoding the
transcription factor Rev-erbα.

Rev-erbα propels the magnitude and strength
of oscillation in the molecular clockwork through
control of Bmal1 and Clock rhythmic

transcription, and in our study its expression
showed a clear circadian rhythmicity considering
both experimental settings. A statistically signifi-
cant difference was found comparing the RoC of
expression of the clock genes showing circadian
rhythmicity of mRNA level variation, with higher
levels found for Bmal1, Per1, Per2 and NR1D1 in
mouse liver. Data obtained from our study sug-
gest that the periodicity of clock gene expression
is similar in the two experimental settings when
comparing time-qualified mRNA levels in HepG2
cells synchronized by serum shock and in the
hepatic tissue of mice housed on a 12-hour L–D
cycle, highlighting the similarity of the two
experimental models when exploring the

Figure 4. Time-related patterns of Per1 and Per2 expression in
wild type mouse liver and in a human hepatoma cell line. x–y
plots representing from top to bottom the fitted cosine curves
(continuous and dotted lines) superimposed on raw data (circle
and rhombus) of clock gene expression level in liver tissue from
mice (n = 3 per time point) sacrificed at 4-hour intervals for 24
hours (data obtained in wild type mouse livers from Liu et al.,
2007) and HepG2 cells synchronized after serum shock and
collected at 3-hour intervals for 28 hours.

Figure 5. Time-related patterns of NR1D1 expression in wild
type mouse liver and in a human hepatoma cell line. x–y plots
representing from top to bottom the fitted cosine curves (con-
tinuous and dotted lines) superimposed on raw data (circle and
rhombus) of clock gene expression level in liver tissue from
mice (n = 3 per time point) sacrificed at 4-hour intervals for 24
hours (data obtained in wild type mouse livers from Liu et al.,
2007) and HepG2 cells synchronized after serum shock and
collected at 3-hour intervals for 28 hours.

Table 3. Rate of change (%) of clock gene mRNA expression in
HepG2 cells and mouse liver (±SE).

HepG2 cells Mouse liver

Bmal1 1.91 ± 0.2 4.27 ± 0.4*
Clock 1.56 ± 0.1 1.76 ± 0.2
Cry1 3.25 ± 0.3 3.11 ± 0.3
Cry2 2.51 ± 0.4 2.31 ± 0.1
Per1 1.47 ± 0.2 3.52 ± 0.2*
Per2 1.77 ± 0.1 3.86 ± 0.3*
NR1D1 2.05 ± 0.3 4.01 ± 0.4*

*p < 0.05 for hypotheses regarding differences among the values
compared by means of the Student’s t test or Mann Whitney rank
sum test as appropriate; SE = standard error.
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periodicity of function of the circadian clock-
work. Anyway, the complexity of the animal
model allows to explore more complete scenarios
and some studies can be performed only with
mice (i.e. sleep disorders, behavior derange-
ments). Accordingly, in our study the liver tissue
is characterized by higher amplitudes and stron-
ger dynamics of clock gene expression, probably
in relationship to the effect of local and systemic
cues, which strengthen the coupling between the
single elements in a coupled oscillator array. In
the liver, the transcriptional activity is principally
directed by the light-driven SCN through auto-
nomic innervation (Cailotto et al., 2009), but
another powerful entraining factor is represented
by metabolic fluxes related to feeding (Damiola
et al., 2000; Stokkan et al., 2001). Transcription of
genes involved in metabolic processes is easily
decoupled when food intake is desynchronized
from normal behavioral cycles of sleep/wake,
rest/activity, fasting/feeding dictated by the SCN,
and regularly scheduled daily meals become the
dominant entraining stimulus (Hoogerwerf et al.,
2007; Mazzoccoli et al., 2012d; Polidarová et al.,
2011; Vollmers et al., 2009). Rev-Erbα and other
nuclear receptors are expressed in metabolically
active tissues, such as liver, and play a key role in
gauging nutrients and linking energy flux with
transcriptional activity (Burris, 2008).
Accordingly, in the animal model, NR1D1
showed the strongest oscillation among the

clock genes characterized by circadian rhythmi-
city of expression. Great amplitude of oscillation
characterized NR1D1 expression also in vitro,
suggesting that the serum shock may represent a
metabolic input over and above an osmotic chal-
lenge in the synchronization of the cultured
HepG2 cells.

Experiments performed in vitro take advantage
of a controlled environment outside of a living
being, but they fall short in fully reproducing the
exact cellular conditions of an organism. For
instance, in culture-grown cellular systems, it is
feasible to evaluate time-series analysis of gene
expression, but protein expression as well as con-
centrations of molecules competing for nuclear
receptors are not entirely similar to what is
found in the whole organism. Besides, another
factor influencing the pattern of gene expression
in cell cultures is represented by cell density:
PER2:LUC bioluminescence circadian rhythmicity
was significantly decreased in low-density fibro-
blast cultures, most likely in relation to the
absence of either constitutive or rhythmic para-
crine signals from neighboring fibroblasts, sug-
gesting that rhythmic gene expression requires
not necessarily rhythmic paracrine signals from
adjacent cells (Noguchi et al., 2013). In its side,
experiments employing an entire animal model
allow to explore the time-related patterns of gene
expression and are more appropriate for observing
the overall effects on a living being. In humans,

Figure 6. Rate of change (RoC) of clock gene expression levels in wild type mouse liver and in a human hepatoma cell line.
Comparison of the derivative of gene expression level in HepG2 cells and mouse liver with respect to time calculated between zenith
and nadir gene expression; *p < 0.05.
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it is very difficult to carry out studies that provide
time-series analysis of gene expression at the tissue
level. This approach was performed through timed
serial biopsies of bone marrow (Tsinkalovsky et al.,
2007) and adipose tissue (Loboda et al., 2009) to
evaluate time-related patterns of clock gene tran-
scription in tissues that are accessible for sample
collection. Another approach used was to perform
skin biopsies from individual subjects for fibroblasts
to be cultivated in vitro to measure clock gene
expression and compare the period length of the in
vitro rhythm (in vitro period) with the intrinsic cir-
cadian period τ (in vivo period) assessed by means of
forced desynchrony protocol, circadian/sleep para-
meters evaluated by questionnaires, sleep log and
actigraphy as well as the secretion pattern of the
hormone melatonin to characterize circadian phe-
notypes (Hasan et al., 2012; Hida et al., 2013; Pagani
et al., 2010). On the contrary, this kind of study is not
feasible on human liver tissue, although information
on the dynamics of gene transcription that could be
obtained would be of great importance to investigate
physiological processes and pathological mechan-
isms of disease. As stated above, HepG2 cells are
widely used for analysis of the molecular clockwork
in human liver, but a comparison with the dynamics
of expression evaluated at the tissue level is not
possible, and for this reason we compared them
with mouse liver as tissue model. From the compar-
ison, it comes out that only the periodicity is similar
between in vitro and in vivo models, while the
dynamics of expression (MESOR, amplitude, phase,
slope) are greatly different.

In conclusion, the clock gene machinery shows
similar periodicity of expression but different
dynamics of transcription when in vitro and ani-
mal models are used to explore the biological
clock, suggesting that in comparison to cultured
hepatic cells, in the hepatic tissue dynamical pat-
terns of circadian gene expression are greatly dif-
ferent, probably in relation to oscillator coupling
and systemic or local cues. The results of our
chronobiological analysis, performed by using bio-
logical materials “Of Mice and Men,” as the Nobel
Prize-winning author John Steinbeck titled is
novel, corroborate the evidence that, as an alter-
native to animal experiments, cultured human
hepatic cell lines are useful and valuable tools as
scientific investigational models to evaluate only

the periodicity of functioning of the molecular
clockwork, but fall short in reproducing the
dynamics assessable at the tissue level.
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