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Abstract

Introduction. Biological rhythms, such as Light/Dark (LD) cycles, are an integral component of virtually all
aspects of life. These rhythms are controlled in large part by circadian clocks, allowing the organism to adapt
its internal rhythmic metabolism to changes in the external environment created by daily fluctuations in the
LD cycle. Therefore, changes in the daily duration of the lighting could lead to adverse health consequences.
The aim of the study was to investigate, in a nocturnal desert rodent, Gerbillus tarabuli, the effects of the LD
cycle disruption on the structure of the hepatic tissue and the content of carbohydrate and lipid parameters as
indicators of metabolic state.

Material and methods. The present study was conducted on two gerbil groups: control group was exposed to
a standard lighting cycle (LD: 12:12), and the shifted group was subjected to a chronic disrupted LD cycle,
alternating a standard cycle (LD: 12:12) with a modified cycle (LD: 20:4), i.e., the light phase of 24-h cycle was
prolonged by 8 h on every second day during a period of 12 weeks. We used: (i) routine histology and histochem-
ical staining for tissue analysis; (ii) immunohistochemistry (IHC) for MPO detection; (iii) biochemical methods
for hepatic glycogen and lipids extraction and quantification. Blood metabolic parameters were assessed by
enzymatic methods.

Results. Our structural results indicate in the shifted group an alteration of tissue architecture, showing widely
scattered inflammatory foci with many dilated sinusoids and prominent leukocyte infiltration with connective
fibrotic extension. IHC revealed also increased hepatic myeloperoxidase (MPO) expression confirming neu-
trophils’ presence. In parallel, the histochemical study revealed a strong depletion of hepatocytic glycogen and
lipid inclusions; these observations were also supported by the measurements of glycogen and total lipids in
extracted tissue indicating a reduction in liver content. These results were accompanied by a decrease in body
weight relative to the reduction of food intake, as well as hyperglycemia and some alterations in serum lipid
parameters (triglycerides and cholesterol) suggesting a metabolic disturbance.

Conclusion. We conclude that a phase difference between the endogenous activity rhythm of the species and
the daily cycle of illumination has a strong impact on the liver morphology as well as on the metabolic activity
of liver cells. (Folia Histochemica et Cytobiologica 2020, Vol. 58, No. 3, 182-197)
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The L/D cycle disruption affects hepatic function

Introduction

Most living species have an internal circadian clock,
which allows coordinating their physiology and be-
havior to the alternation of day and night.

The internal clock is synchronized by environ-
mental factors. In mammals, light-dark alternation
is the main environmental signal used by the central
circadian oscillator to synchronize its endogenous
rhythm with the environmental rhythm [1-3]. Thus,
changes in the daily duration of the exposure to light
will have a strong impact on body’s physiology [4]. The
diurnal physiology is therefore cyclical and organized
in a coordinated way so that the period of natural light
corresponds to that of awakening, food intake, and
energy storage while the night period is associated
with sleep, fasting and the use of energy reserves in
the short term. This temporal coordination which is
opposite in phase in nocturnal animals, is ensured, to
avery large extent, by the main circadian clock, located
in the suprachiasmatic nuclei (SCN) of the hypothal-
amus [5] and in the peripheral clocks identified in the
majority of peripheral organs, including the liver [6].

The liver was among the first peripheral organs
in which molecular oscillations of clock genes were
demonstrated [7]. It is interesting to note that circa-
dian regulation plays a large role in liver metabolism.
Indeed, glucose, bile acids, lipids, and cholesterol are
all subject to timed circadian control [§].

Recent studies suggest that changes in circadian
rhythm would have adverse health consequences,
causing metabolic dysfunction. These shifts in periph-
eral tissues result in asynchrony between the master
clock and the peripheral clocks [9].

However, the advents of artificial lighting and
current lifestyles have led to significant, sometimes
extreme, changes in our diurnal habits. Thus, many
people working at night or performing rotating shifts,
such as the police, doctors and emergency medical
technicians have profoundly disturbed daily rhythms
[10, 11]. They represent a significant portion of the
population that must work at a time when humans
have evolved to sleep, and are required to sleep
when the suprachiasmatic nuclei promotes awaken-
ing. In addition, epidemiological studies from shift
workers suggest that prolonged exposure to light at
night increases the risk of breast cancer [12], sleep
disturbances [13], cardiovascular disorders [10, 14],
and mood disorders [15]. Additionally, the increase
in exposure to light at night parallels the global in-
crease in the prevalence of metabolic syndrome and
obesity [16, 17].

Several different animal models are used to model
shift work and study the mechanism responsible for
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the observed correlation between shift work and
metabolic dysfunctions.

This study was conducted on Gerbillus tarabuli
a nocturnal species from Algerian Sahara. This area is
undergoing an urban expansion causing the invasion
of the ecological niches of wild species adapted to the
nocturnal environment and necessarily suffering from
growing light pollution, these lighting effects unde-
niably have effects on the biodiversity, and it would
be naive to believe that one can illuminate the night
environment without causing impacts. For this reason,
this rodent seems a useful model to study the metabolic
effects of shiftwork in humans. We want to explore the
effect of artificial and irregular light schedules on the
morphofunctional aspects of the gerbil’s liver.

Material and methods

Animals. The current study was performed on a noctur-
nal desert animal: Gerbillus tarabuli. These animals were
captured in April, in the desert region of Béni-Abbes
(240 km south-east of Béchar and located 1200 km southwest
of Algiers, 30°07°N 2°10°W). It is a region characterized by
an arid climate. We have used 19 mature animals, of both
sexes of mean body weight 42 g. The animals were cared
for according to the recommendations of the Association
Algérienne des Sciences en Expérimentation Animale
(AASEA) (http://www.aasea.asso.dz/).

Experimental design. In captivity, for 4 weeks, all animals
were housed individually in 12h light-12h dark cycle (lights
on at 00:00 and lights off at 12:00), and temperature-con-
trolled cages (22 * 2°C), fed on barley grains ad libitum
without water. Then, the animals were randomly separated
into two groups and placed in chronobiotic rooms. The first
group (control; n = 9) was maintained in standard circadian
cycle (LD: 12:12), and the second one (shifted; n = 10) was
subjected to a chronic disrupted Light/Dark cycle, alternat-
ing a standard cycle (LD: 12:12) with a modified cycle (LD:
20:4), i.e., the light phase of the 24-h cycle was prolonged by
8 hours every second day during a period of 12 weeks (Fig. 1).

The sacrifice of anesthetized animals was performed
at the end of the experiment between 9-12 h when the LD
cycle of control and shifted groups came together.

The study targeted the body mass, food intake, plasma
parameters, histological and immunohistochemical features,
which were performed on 5 gerbils of the control group and
6 gerbils of the shifted group.

The biochemical tissue analysis requiring the use of
the whole fresh liver was performed on 4 other gerbils of
each group.

Body mass and food intake. The body mass and the food
intake were measured by weekly individual weighing. In
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Figure 1. Time schedule of lighting conditions over 16 weeks, including 4 weeks of adaptive period and 12 weeks of experi-
mental conditions. A daily period of darkness is indicated by black bars.

order to estimate food consumption, we gave 50 g of barley
each week.

Blood metabolic parameters. Blood was collected by ret-
ro-orbital puncture into heparin tubes and kept on ice, and
subsequently centrifuged for 10 min at 2500 rpm at room
temperature (RT); the plasma was recovered and stored at
—20°C until measurements.

Blood glucose was measured at 10:00 am using a Glu-
cometer (One Touch Ultra 2, LifeScan, Zug, Switzerland)
by retro-orbital bleeding.

Cholesterol and triglycerides were assayed by the enzy-
matic method using test kits from SPINREACT (S.A./S.A.U.
Ctra. Santa Coloma, Spain).

Hepatic glycogen content. Gerbils were euthanized (zeit-
geber time: ZT 9-12), the whole liver was removed and
glycogen content was assessed according to the method of
Hassid and Abraham [18]. In short, liver portions weigh-
ing between 300-400 mg were boiled in a 30% potassium
hydroxide solution (KOH) for 30 minutes to hydrolyze the
glycogen. Total glycogen was precipitated by addition of 95%
alcohol and then recovered by centrifugation at 2500 rpm
for 15 min; hydrolyses of glycogen into glucose was per-
formed by adding 2.5N H,SO, solution. The solution
obtained was neutralized with 2M NaOH to pH 7.4 and
the hydrolyzed free glucose concentration was evaluated
using the enzymatic colorimetric glucose oxidase method
according to Trinder (1969) [19].
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Hepatic total lipids content. Livers were harvested (ZT 9-12),
and total lipids were quantified by the Folch method [20].

To this aim, a weighed fresh liver fragment was ground
cold with a Potter-type homogenizer in the chloroform-meth-
anol mixture (2: 1, v/v), for 24 hours, the chloroform has the
property of completely dissolving protein-bound lipids,
which are then precipitated by methanol.

The ground material was filtered under defatted filter
paper. The extract obtained was recovered in flasks, adjusted
to 25 mL of Folch, sealed and placed at 4 °C. An aliquot of the
filtrate (5 mL) was washed with distilled water. After stirring
and centrifugation at 2500 rpm, the upper phase was removed;
the lower phase was collected in previously weighed tubes,
and allowed to evaporate in a ventilated oven at 60° C. After
evaporation, the tubes were reweighed. The amount of total
lipids was determined by the difference between the two values.

Morphological studies

Histochemical analysis. Liver pieces of both groups of ani-
mals were immersed in Bouin’s and Ciaccio’s fluids [21] and,
after typical procedure, embedded in paraffin. Sections of
4 um, obtained on a microtome, were stained with Masson’s
trichrome method as topographic stain, Periodic acid-Schiff
(PAS) was used to stain for glycogen and Sudan Black B
was used to detect lipids in the samples fixed in Ciaccio’s
fluid [21].

Structural analysis. Livers of both groups of animals were
fixed by intracardiac perfusion with 4% paraformaldehyde
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and 2.5% glutaraldehyde in a 0.1 M phosphate buffer (pH
7.2-7.4) and subsequently post fixed in 1% osmium tetroxide
(0s0,) for two hours and embedded in epoxy resin blocks.
Semithin sections of 1 um were cut with an ultramicrotome
(8800 Ultratome III LKB, Bromma, Sweden) and these
semithin sections were stained with Toluidine Blue.

The analyses were performed on two sections per an-
imal with a total of 80 images for controls and 96 images
for shifted group.

All histological samples were examined by Zeiss Axoplan
microscope (Zeiss, Jena, Germany) and photographed with
High-Resolution Optics Microscope Camera (MAS88-500/
/Premiere®, 5.0 Megapixels with a 1280 x 1024 resolution)
using TSView version 6.2.4.5 (Tucsen. Imaging Technology
Co. Limited, Fuzhou, China). None of the images collected
were digitally manipulated.

Immunohistochemistry. Fixed in 4% paraformaldehyde
for 48 h, paraffin-embedded liver samples were cut into
2 wm-thick tissue sections and mounted on Silanized Slides.
Tissue sections were deparaffinized and heat induced
epitope retrieval was carried out in EnVision™ FLEX
Target Retrieval Solution (TRS), high pH (Dako K8004,
Glostrup, Denmark) for 40 min at 95-99°C using the Dako
PTLink apparatus, followed by a 20 min cool down and
rinse in phosphate-buffered saline (PBS). Endogenous
peroxidase activity was blocked by incubation in 3% H,O,
for 10 min. Primary antibodies, polyclonal rabbit anti-human
myeloperoxidase (MPO, ready-to-use prediluted primary
antibody, Dako code IR511) were applied for 30 min on
the tissue slides.

Sections were washed in PBS solution before incubation
with the secondary antibody (EnVision FLEX/HRP SM802,
K8000; Dako UK Ltd) for 30 min at room temperature,
washed and revealed with 3,3’-diaminobenzidine peroxidase
substrate (Envision™ FLEX DAB + Chromogen DM827,
Dako) solution to yield an insoluble brown deposit. Tissue
sections were counterstained with Groat’s hematoxylin for
few seconds. The immunostaining was observed with Zeiss
light microscope.

Reactivity for MPO was tested by the omission of pri-
mary antibodies and incubation in normal rabbit serum or
with irrelevant secondary antibodies. These sections did not
show any labeling.

The MPO immunoexpression was quantified using Im-
age J software (NIH, Bethesda, MD, USA) that measures
the average darkness of the image due to DAB signal. The
image was inverted to clean out the white noise, then the
regions of interest were drawn to define the stain color, the
background and the counterstaining with hematoxylin were
subtracted. The labeling was measured for two sections per
animal with a total of 80 images for controls and 96 images
for shifted group using a 40X objective.
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Statistical analysis. Statistical analysis was performed by
testing first the distribution of all variables for normality.
Two-way analysis of variance on ranks with repeated meas-
ures was used to test the effect of time and desynchroniza-
tion in addition to the interaction between factors on body
weight, food intake or metabolic parameters. One-way
analysis of variance was used to test the effect of desyn-
chronization on hepatic glycogen and total lipid content
between the two groups at the end of experimentation. The
two analyses were followed by Tukey post-hoc test.

One-way ANOVA was used to quantify the intensity of
the immunostaining of hepatic cells.

All data are expressed as the means = SEM, with
a statistically significant difference defined as a value of
P < 0.05 (R software version 3.5.1).

Results

Photic desynchronization effects

on body weight and food intake

Comparative change in body weight for 12 weeks
Body weight, body weight loss, and food intake curves
of control group (n = 5) and shifted group (n = 6)
are shown in Fig. 2. The body weight in both groups
was comparable at the beginning of the study (48.14 +
4.05 gvs.44.61 + 3.15 g) and throughout experimental
light conditions.

The analysis of the body weight evolution reveals
in the control group a slight decrease of -2.83% with
a final body weight of 44.18 = 3.14 g. In the shifted
group this decrease is greater and achieves a loss of
12.63% with a final weight of 38.98 = 4.38 g (Fig. 2A).

We observed a significant effect of desynchro-
nization on the evolution of body weight and body
weight loss (p < 0.001; two-way repeated measures
of ANOVA on ranks). Tukey post hoc test showed
a significant effect of circadian rhythm disruption on
body weight loss (P < 0.05) in respect to the first week
in the shifted group. In addition, the post hoc contrast
function indicates a significant difference between the
two groups for body weight loss during experiment
([week (1-3) —week 10], P < 0.05, Fig. 2C).

Comparative change in food intake for 12 weeks

The shifted group displayed a 9.20% decrease in
the amount ingested. Conversely, compared to the
control group (12:12: LD), experimental disruption
(12:12/ 20:4: LD) showed higher ingested amounts
during the whole period of shifting with significant
effect of desynchronization on the evolution of food
consumption (P < 0.01). Nevertheless, Tukey post-
hoc test didn’t show significant differences between
the two groups (Fig. 2B).
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Figure 2. Changes in body weight (A), food intake (B) and body weight loss (C) in control group (dark line, n = 5), and
shifted group (gray line, n = 6). Profiles were measured during 12 weeks. Values are expressed as mean + SEM, *P < 0.05
vs. week 1 in the shifted group (Two-way repeated measures ANOVA on ranks), #P < 0.05 vs. control group during exper-

iment [week (1-3) — week 10] (post hoc contrast function).

Photic desynchronization effects on blood glucose,
cholesterol, and triglycerides levels

Blood glucose, cholesterol, and triglycerides curves
of control group (n = 5) and shifted group (n = 6)
are presented in Fig. 3. Two-way ANOVA on ranks
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(Aligned Rank Transform) indicates a significant
effect of desynchronization only for triglyceride levels
(P < 0.05). However, no time effect is observed on all
metabolic parameters (P > 0.05).
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Figure 3. Effect of 12 weeks of photic desynchronization on blood metabolic parameters in control group (dark line, n = 5),
and shifted group (gray line, n = 6). Glucose (A), cholesterol (B) and triglyceride (C) plasma concentrations were measured
as described in Methods. Profiles were measured during 12 weeks. (Values are expressed as mean + SEM, two-way repeated

measures ANOVA on ranks).

The evolution of blood glucose levels in the two
groups of gerbils, obtained after 12 weeks of experi-
ments, was fluctuating. While blood glucose values of
controls seemed stable (began at 140 = 20.29 mg/dL
and achieved 129.8 + 5.54 mg/dL), in the shifted
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group, blood glucose levels fluctuated until 8t
week. Then, blood glucose elevated progressively to
reach 151.33 = 8.07vs. 111.16 = 13.86 mg/dL at the
beginning, indicating a hyperglycemic state
(Fig. 3A).
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Figure 4. Effect of 12 weeks of photic desynchronization on the content of glycogen and total lipids in gerbil’s liver. A. The
body weights of control group (dark bars, n = 4) and shifted group (gray bars, n = 4) were 37.27 + 539 and 37.95 = 5.10 g
(P > 0.05). B. The absolute weights of shifted gerbil’s liver compared with controls were 1.28 + 0.18 and 1.31 = 0.14 g
(P > 0.05) showing little variation. C. The relative mean value of liver weights of control group and shifted group were
3.58 = 0.25% and 3.38 = 0.20% (P > 0.05). D, E. Hepatic glycogen and total lipids levels in gerbils of both batches (""P < 0.01).

Values are expressed as mean = SEM, One-way ANOVA.

For plasma cholesterol, compared to the control
group which showed a stability (1.02 = 0.20 g/L at
the beginning of the experiment and 1.04 = 0.10 g/L
at the end of 12 weeks), the shifted group showed
areduction (1.11 = 0.20 g /L at the beginning of the
experiment to 0.81 = 0.08 g/L at the end) thus achiev-
ing a decrease of 27% (Fig. 3B).

The shifted group showed a progressive decrease in
triglyceride levels (from 1.09 * 0.09 g/L at the begin-
ning to 0.86 = 0.04 g/L at the end of the experiment),
giving a percentage decline of 21.11% compared to
controls (1.10 = 0.12 to 1.05 %= 0.10 g/L) (Fig. 3C).

However, Tukey post-hoc test didn’t show any
significant differences between the two groups for all
metabolic parameters.
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Hepatic glycogen and total lipids content

The relative and absolute weights of the liver of shifted
gerbils showed no significant difference compared to
controls (Fig. 4B and C).

After extraction at the end of the 12 weeks of
experimentation, we observed a significant effect
of desynchronization on hepatic glycogen content
(P < 0.01; one-way ANOVA). Indeed, lower glyco-
gen values were found in the shifted group (3.89 +
0.98 mg/100 g fresh liver), representing a decrease
of 53.49%, compared to control group (8.36 * 0.67
mg /100 g fresh liver). Tukey’s post hoc test showed
a very significant difference between the two groups.

In addition, one-way ANOVA showed no signifi-
cant effect of desynchronization on hepatic total lipids
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Figure 5. The structure of the hepatic parenchyma in control (upper row) and shifted (lower row) gerbils. Control gerbils.
A. The overview of the hepatic tissue showed a classical lobular organization with central veins (CV) in the middle of the
lobules and peripherally located portal triads (PT). B. At higher magnification, in the hepatic lobule and from the central
vein (CV) radiate the hepatocytic cords (arrow) separated by thin sinusoid capillaries (arrowhead). C. The light of the central
vein (CV) is lined by a regular endothelium with minimal presence of connective tissue (arrowhead). D. Only small amount
of connective tissue is present in the portal triad that contains portal vein (PV), artery (A), and bile duct (B).

Shifted gerbils. E. The hepatic tissue architecture is strongly altered by numerous inflammatory foci (arrow). F. At higher
magnification dilations of the sinusoidal capillaries are clearly visible (asterisks). G. Dilations of sinusoids and disorganization
of central vein’s endothelial layer (arrowhead) underlined by an abnormally thick connective layer. H. The abundance of
connective tissue around the portal triad (arrow) indicates fibrosis installation. Stainings: A, C, D, E, G, and H: Masson’s

trichrome; B and F: toluidine blue. Scale bars: 100 um (A and E); 50 um (B, D, F and H); 10 um (C and G).

content (P > 0.05) at the end of experimentation
(control group: 1.525 + 0.13 mg/100g of fresh liver vs.
shifted group: 1.265 * 0.09 mg /100g of fresh liver).
After the analysis of these results, we note that in
shifted gerbils, the hepatic total lipids level decreased
by 17.04%, though the difference with the controls
was not significant (P > 0.05; Fig. 4).

Morphological alterations of the liver structure
Control animals showed the typical hepatic structure
with lobules (Functional Units) centered by a central
vein accompanying the portal triads (Fig. 5A). Hepatic
cells are arranged in anastomosed and radial cords
separated by fine vascular spaces: sinusoid capillaries,
which carry blood from the portal spaces and lead into
the central vein (Fig. 5B). The lobules are limited by
portal spaces that contain the branches of the portal
veins, hepatic arteries, and bile ducts (Fig. 5D). At the
highest magnification, the lumen of the central vein
was lined by a thin layer of endothelial cells (Fig. 5C).
After 12 weeks shifting, the hepatic parenchyma
displayed a strong alteration evidenced by the appear-
ance of inflammatory foci (Fig. SE). Hepatocyte cords
appeared separated by very dilated sinusoid capillaries
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(Fig. 5F). Marked contingent of inflammatory cells
was observed at portal triads suggesting phagocytic
activity. The high magnification showed disorganiza-
tion of the endothelial layer of the central vein which
became bordered by an abnormally thick connective
tissue layer (Fig. 5G), a pattern not seen in the con-
trols. We also noted an extension of the connective
tissue that would indicate fibrosis (Fig. SH).

Inflammatory foci showed significant perivascular
and intra-lobular leukocyte infiltration (Fig. 6A) and
numerous Kupffer cells in dilated sinusoidal capil-
laries (Fig. 6B). We also noted marked foldings of
the sinusoidal endothelium indicating an increased
communication surface between the central vein and
the sinusoids (Fig. 6C). The number of hypertrophied
cells had increased (Fig. 6D).

On semithin sections hepatocytes displayed
a very basophilic cytoplasm rich in heteromorphic
granulations (Fig. 6E). Several binuclear cells showed
perinuclear dilation extended to the cytoplasm that
may probably be an extension of the endoplasmic re-
ticulum (ER). Stellate cells are recognizable by their
star-shape with dense nucleus and fat-rich cytoplasm
(Fig. 6F).
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Figure 6. Histological and semithin sections showing the effect of circadian rhythm disruption on the structure of liver tissue
in shifted gerbils. A. Microphotographs show large inflammatory foci with perivascular (arrows) and intralobular (arrowhead)
infiltrated leukocyte clusters. B. Abundance of Kupffer cells (arrowhead). C. Great communication surface between a large
central vein (CV) and sinusoids (asterisks). D. The abundance of hypertrophied cells binucleated or with hypertrophied
nuclei (arrows). E. Semithin sections showed very basophilic hepatocytes’s cytoplasm (arrowheads) due to the abundance
of ribosomes. Note the centrifugal chromophilia in the acinus. F. The high magnification reveals perisinusoidal stellate cells
(arrows). Chromophilic hepatocytes are rich in organelles; their nuclei are surrounded by a granulated cytoplasm (arrow-
head) which reflects the heterogeneity of its content. Stainings: A: Masson’s trichrome; B, C, D, E, and F: toluidine blue.
Scale bar: 100 um (A); 50 um (B and E); 20 um (C, D and F).

Histochemical analysis by PAS staining revealed
important purplish red granular inclusions corre-
sponding to glycogenic deposits in the control gerbils
(Fig. 7A, B). In contrast, in shifted gerbils only few
fine cytoplasmic granulations were detected indicating
a glycogenic depletion (Fig. 7E, F). In addition, the
intensity of the Sudan Black B reaction was more
pronounced in control gerbils (Fig.7C, D), compared
to shifted gerbils (Fig.7G, H) that showed fine lipid
inclusions dispersed in the cytoplasm.

Immunohistochemical hepatic expression

of myeloperoxidase

The immunohistochemical labeling of myeloperoxi-
dase in both groups revealed a significantly increased
number of MPO positive neutrophils and hepato-
cytes (173.03 + 2.26 and 115.12 + 2.24 respectively,
Fig. 8B and C; P < 0.001) expressed by a positive
brown cytoplasm in the shifted group compared to the
control group that showed MPO negative expression
in neutrophils and hepatocytes (159.70 + 3.10 and
102.76 = 0.98 respectively, Fig. 8A). Also MPO im-
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munoreactivity increased with progression of hepatic
fibrosis in shifted group.

Discussion

Circadian rhythms are biological events that are
constantly repeated over a 24-hour period and are
generated by an endogenous mechanism. This mech-
anism is managed by circadian clocks, located both at
the central level (SCN) and at the peripheral organs.
This system allows the body to adapt to predictable
changes in its environment [22]. Indeed, the central
clock is synchronized to make its periodic activities
coincide with the environmental cycles, in particular
the light/dark cycle [23]. This central adjustment also
makes it possible to coordinate peripheral biological
functions. In this study, we explored the effect of al-
ternating a standard cycle (12L/12D) and an artificial
cycle (20L/4D) for 12 weeks on the morpho-functional
characteristics of gerbil’s liver. The obtained results
showed signs of disruption at both structural and
metabolic levels.
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Figure 7. Histochemical photographs showing the reaction of liver tissue to PAS and Sudan Black B staining in control (upper
row) and shifted (lower row) gerbils. Control gerbils. A. The overview of hepatic tissue showing the presence of important
glycogen deposits. B. At higher magnification the glycogen granules sometimes occupy the whole hepatocyte (arrow). C. The
overview of hepatic tissue after Sudan Black B staining showed a strong Sudanophilia. D. At higher magnification abundance
of lipid inclusions completely obscure the cytoplasm (red arrows).

Shifted gerbils. E, F. We note a marked depletion of glycogen (arrows). F. PAS positivity is important in the intercellular
space reflecting the abundance of extracellular matrix elements (arrowhead). G, H. Conversely, Sudan Black B staining
revealed thinly positive dispersed lipid inclusions (arrows).

Stainings: A, B, E, and F: Periodic Acid Schiff (PAS); C, D, G and H: Sudan Black B. Scale bars: 100 um (A and E); 50 um

(Cand G); 10 um (B, F, D and H).

Experimental disruption of circadian
rhythms disrupts weight

In our study gerbils subjected to disturbed circadian
rhythms show a loss of 12.62% of their body mass. This
result is similar to that obtained in male Siberian ham-
sters subjected to a short day (8L/16D) for 12 weeks;
these animals lose up to 22% of their body weight
[24]. Our result is also reported in a mouse model
with Amyotrophic Lateral Sclerosis (ALS) maintained
under a 20L/4D cycle for 120 days [25]. Likewise, the
aging rats maintained with constant dim light showed
a rapid body weight loss [26]. In addition, another
study showed that mice habituated to an ultradian
6 meals schedule lose > 10% body mass (hypocaloric
group) [27]. Otherwise, in Webster mice, a 10L/10D
cycle resulted in a body weight gain [28] as in Wistar
rats subjected to an ultradian feeding schedule [29].
In addition, exposure to continuous light (4-8 weeks)
led to body weight gain in mice [30, 31], and resulted
in increased body fat [32] and more food consumption
during the subjective day [30, 31]. Conversely, a study
using exposure to continuous bright light for 6-10
weeks in Sprague Dawley rats reports no change in
body weight [33]. We also observed increased food in-
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take in shifted gerbils compared to the control group;
a similar result is reported after long-term exposure
(90 weeks) to a Light/Dark cycle (20L/4D) [34].

Altogether these results indicate that disruption of
the environmental cycle has changed the feeding be-
havior of gerbils. This may indicate that the response
of nocturnal species to desynchronization depends on
the species and the phase shift protocol applied but
generally reflects changes in feeding habits. According
to Challet [35], the periodic supply of nutrients follows
a rhythm of food intake, specific to each species, in
close relation to its sleep-wake cycle.

Several studies report that altering the feeding
pattern can desynchronize metabolic rhythms and
potentially disrupt energy homeostasis. Indeed,
a standard diet during the day alters the energy bal-
ance in mice (nocturnal species) compared to those
fed only at night [9], likewise, central and peripheral
clocks tick in opposite phases [36, 37].

The shifted gerbils in our experiment had a short-
ened awakening phase (4 h) probably limiting their
feeding time and showed intense physical activity (per-
sonal observations) which implies excessive energy
expenditure that could explain the decrease in body
weight despite the increase in the amount of barley
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Figure 8. Representative immunohistochemical staining for myeloperoxidase in the liver tissue of two gerbils’ groups.
Compared to the control group (A), intense immunoreactivity of MPO was identified in the shifted gerbils’ in neutrophils
infiltrating portal tracts and the periphery of hepatic lobules (B). Moreover, the immunolabeling is also detectable in some
centrolobular hepatocytes (arrow) (C). MPO cells intensity in control group (dark bars) and shifted group (gray bars) (D).
Values are expressed as mean = SEM, One-way ANOVA, (***P < 0.001).

ingested. Indeed, it was shown that a reduction in
the period of food access (< 6 h) does not allow the
animals to eat an equivalent amount of food as their
ad lib feed (ALF) counterparts [38].

It would, therefore, appear that the circadian time
of food intake is an important factor in regulating
metabolic activity probably by interaction with mol-
ecules that control diurnal liver clock. Indeed, it was
reported that eating during the sleep period leads to
adisruption of peripheral clocks in nocturnal mice [39].
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Photic desynchronization induced
metabolic disturbances

In gerbils subjected to a disturbance of the light/dark
cycle, blood glucose values show a fluctuating rate
during the first 8 weeks, and then tended to increase
gradually to exceed the values observed in control
gerbils, until the 12" week. Indeed, it has been re-
ported that the plasma glucose in nocturnal rats is
increased by exposure to light at different times of
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the day [40]. In addition, diabetes-prone (HIP) rats
develop hyperglycemia in response to a 6h light ad-
vance or under constant light conditions [41].

Interestingly, the work of the Nagai group [42]
was the first to show the direct involvement of SCNs
in the control of glucose homeostasis, suggesting that
the recorded hyperglycemia reflected a disturbance of
the central clock. Indeed, mutant mice for Clock and
Bmall genes in the SCN show hyperphagia as well as
hyperglycemia [43].

The presence of peripheral clocks outside the
suprachiasmatic nuclei is now well established. Ac-
cordingly, the liver is one of the first peripheral organs
in which molecular oscillations of clock genes have
been demonstrated [7]. Nevertheless, maintaining
their rhythmicity in the liver seems less robust than
that of the central clock [44]. Thus, we believe that
the hyperglycemia found in desynchronized gerbils
may also result from a disturbance of the liver clock.
Indeed, it has been shown in Wistar rats that the LD
cycle mimicking the rotating shift-work with 8-h phase
delay affects the expression of ‘metabolic’ genes (Per2,
Bmall, Rev-erba, Ppara, and Pdk4) in the liver [45].

The hyperglycemia obtained indicates also a dis-
ruption of carbohydrate metabolism. Histochemical
analysis with PAS staining revealed hepatocytic gly-
cogen depletion confirmed by the biochemical tissue
assay, with 53% reduction suggesting an association
between hyperglycemia and glycogen depletion. This
result could reflect either activation of the glycogeno-
lytic pathway or an inhibition of the glycogenogenesis
pathway.

Doi et al. found that mutation of the Clock gene
or disruption of Per2 gene expression leads to atten-
uated oscillations of hepatic glycogen and expression
of glycogen synthase 2 (Gys2), the glycogenogenesis
limiting enzyme [46]. In addition, disruption of Per2
gene expression alters glycogen accumulation in the
liver and gluconeogenesis [47-49].

Hyperglycemia observed in shifted gerbils implies
a preponderant action of glucagon. It is well known
that stimulation of glycogenolysis in the liver increases
glycemia [50]. Since the action of glucagon is observed
under conditions of pressing energy needs [51], we
believe that as feeding time is shortened, shifted ger-
bils are unable to synthesize enough glycogen. In this
case, glycogen depletion could be due to insufficient
amounts of ingested glucose and not to glycogenolysis.
However, the shifted group ingested larger amounts
of barley than control animals, which cannot explain
the decrease in liver glycogen. Therefore, we suggest
that because of Gerbillus tarabuli nocturnal habits, the
short duration of the dark phase is not sufficient for
the activation of glycogenogenesis enzymes. Indeed, it
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was reported that several genes encoding key enzymes
of the carbohydrate metabolism display circadian
variations in the liver [52-55].

We found that the disrupted circadian cycle has led
to a decrease in triglyceride and cholesterol plasma
levels. Liver is a central organ of lipid metabolism
so that the histochemical Sudan Black B staining
revealed only discrete cytoplasmic dispersed lipid
inclusions and the lipid extractions assay showed
decreased total hepatic lipids in shifted gerbils com-
pared to controls.

Human studies showed that plasma triglyceride
levels are increased in shift workers [56-58]. In mice
kept in constant lighting conditions plasma lipid
rhythm is abolished indicating the regulation of this
metabolism by light signals [59]. Plasma triglycerides
and cholesterol exhibit a diurnal rhythm with high
levels at midnight in rats maintained in 12 h LD cy-
cle [60]. Also in DD (constant darkness) conditions,
several works indicate that mice lipid metabolism is
rhythmically coordinated by the endogenous circadian
clock [52]. Therefore, it seems that the phase shifting
applied to gerbils has also affected their endogenous
lipid metabolism rhythm. Indeed, Clock or Bmall
mutant mice, develop hypertriglyceridemia and hy-
percholesterolemia [43, 61]. Similarly, mice lacking
the Per2 gene have dyslipidemia [62].

In addition, the decrease in plasma lipid in shifted
gerbils may be due to changes in the daily rhythm of
eating behavior. Thus, it was found that a daily feeding
rhythm is essential for maintaining the daily rhythm
in TG secretion [63]. This proposal is consistent with
the work of other authors [60, 64—-66] who showed
that changes in the daily rhythm of eating behavior
modified or suppressed the daily rhythm of plasma
triglycerides. Also, gene expression of enzymes such
as adipose triglyceride lipase (ATGL), medium-chain
acyl-CoA dehydrogenase [67] and lipoprotein lipase
(LPL) (an enzyme that clears the circulation of TGs
and releases free fatty acids for cellular absorption)
[68] have been shown to exhibit circadian oscillations
in various tissues. Moreover, it was reported that lipid
and cholesterol absorption rates are higher during
the active period and lower during the rest period in
nocturnal mice [59].

Furthermore, synthesized cholesterol combines
with apolipoproteins to be secreted and transported
as HDLs or VLDLs [35, 59, 69]. Experiments on rats
and mice suggest that the increase in nocturnal cho-
lesterol in plasma is caused by changes in lipoproteins
[60]. The liver is also involved in lipid metabolism
by regulating lipoprotein synthesis, lipid uptake and
conversion, besides de novo synthesis and oxidation
of fatty acids [70].
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Altogether this, and our data, may indicate that
prolonged light phase caused a decrease in liver
activity. The biochemical determination of total tis-
sue lipids and the Sudan Black B staining revealed
a lipid decrease in hepatocytes of shifted gerbils. This
suggests that plasma lipid alterations might have been
caused by changes in hepatic lipid metabolism.

Impact of light/dark cycle disruption
on the liver structure

At the structural level, compared to the standard
12L/12D cycle, the shifted cycle led to a loss of the
hepatic parenchyma architecture by the appearance
of several lesional foci. These sites of inflammatory
process combine sinusoid capillary dilation, Kupffer
cells proliferation and leukocytes infiltration. The
most probably causes of such structural alterations
may be the activation of Kupffer cells which che-
moatract neutrophils.

Kupffer cells and leukocytes secrete several
inflammatory mediators, including cytokines [71].
These molecules play an active role in the tissue re-
cruitment of neutrophils from circulation [72] and in
the activation of Kupffer cells themselves [73]. The
activation of Kupffer cells also leads to the release of
reactive oxygen species (ROS) [74] that are important
for normal functioning of the liver [75].

We also show in the shifted group an intense
immunoreactivity of MPO essentially located in
leukocytes and centrolobular hepatocytes. It is well
known that MPO is a marker of neutrophil activation
and tissue infiltration. Also many authors suggest that
MPO expression is a reliable indicator of inflamma-
tion [76, 77] more sensitive than histopathological
examination of tissues [78]. Indeed, local degranula-
tion of neutrophils would induce the release of MPO
into the extracellular matrix [79-81]. This proteolytic
enzyme is responsible for the acidification of the en-
vironment [82] so that it adheres to cell membranes
and produces hypochlorous acid (HOCI) which easily
passes the plasma membrane. That could explain the
positive immunoreactivity of MPO in hepatocytes.
Finally, HOCI exhaust intracellular glutathione [83]
an important biological antioxidant [84].

Our observations also showed in the shifted ger-
bils an expansion of stellate cells and an increase in
connective tissue within the hepatic parenchyma that
may lead to hepatic fibrosis. This accumulation of
connective tissue components may be caused by an
imbalance between an increased synthesis of matrix
components and a decrease in their degradation.
Some studies proved that myeloperoxidase can stimu-
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late the production of extracellular matrix proteins by
Kupffer cells. Also matrix alteration has been linked
to the activation of stellate liver cells, a critical step in
the development of liver fibrosis [85-88]. Indeed, stel-
late cells become the primary source of extracellular
matrix accumulation in the liver during injury [89, 90].

Conclusions

As a whole, it appears that a chronic phase shifting
(12 weeks) in Gerbillus tarabuli not only affects meta-
bolic parameters, but it also alters liver architecture.
The short duration of the nocturnal phase in our
model lead to the accelerated development of hyperg-
lycemia, some perturbations in serum lipid parameters
(triglycerides and cholesterol) and a depletion of
hepatocytic glycogen and lipid inclusions suggesting
interference with the regulation of lipid and glucose
hepatic metabolism. Interestingly, our morphological
observations clearly implicate the effects of shifted LD
cycle on the structure of liver tissue. Further studies
should clarify the effect of a long-lasting disrupted LD
cycle on the expression profiles of liver’s clock genes
under the same conditions in this species.
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