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Abstract

The digestive system presents daily rhythms at both physiological and histological levels. Although cell morphology rhythms
in mammals have been reported, they have scarcely been investigated in fish. The aim of the present research was to inves-
tigate the existence of daily rhythms in the morphology of cells in the liver and intestine of a teleost fish, the European sea
bass (Dicentrarchus labrax), and how feeding time influences them. Regarding liver, we also focused on differences between
the two metabolic zones: perivenous and periportal. For this purpose, fish were divided into two groups: fish fed once a
day in the mid-light phase (ML) or the mid-dark phase (MD). After 1 month under each feeding regime, liver and intestine
samples were collected every 4 h during a 24-h cycle, and different parameters were studied by light microscopy and image
analysis. Daily rhythms occurred in most of the parameters evaluated in the liver. The effect of feeding time depended on
the metabolic zone: the rhythms in the periportal zone were synchronized mainly by the light/dark cycle regardless of feed-
ing time, whereas in the perivenous zone, rhythms were influenced more by feeding time. In the intestine, a daily rhythm
in villi height was found with acrophases coinciding with feeding time in each group. These findings show for the first time
the existence of cellular morphological rhythms in fish liver and intestine, and highlight the interactions between light and
feeding cycles in the different metabolic zones of the liver.

Keywords Peripheral oscillators - Liver histology - Intestine histology - Morphology rhythms

Introduction

Animals that live in nature are subjected to environmen-
tal cycles, which are natural pressures that have fostered
the occurrence of biological clocks (Lépez-Olmeda 2017).
These clocks are synchronized by external or internal sig-
nals, called zeitgebers (synchronizers), of which the light/
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dark (LD) cycle is the main zeitgeber (L6pez-Olmeda 2017).
However, other periodic signals, such as feeding cycles, can
act as important zeitgebers, especially for peripheral organs
like the liver and intestine (Sinturel et al. 2017; Reinke and
Asher 2018). In studies performed in rodents, food has been
reported to be a stronger synchronizer than light for the liver
clock as a restricted feeding time sets its phase regardless of
the LD cycle (Damiola et al. 2000; Stokkan et al. 2001). In
fish, some species like goldfish (Carassius auratus) show a
similar response to that observed in rodents (Gdmez-Boronat
et al. 2018). However, other fish species, such as zebrafish
(Danio rerio) (Lopez-Olmeda et al. 2010), gilthead sea-
bream (Sparus aurata) (Vera et al. 2013), and Nile tilapia
(Oreochromis niloticus) (Costa et al. 2016), only show a
partial synchronizing effect of feeding time, and thus, the
phase of liver rhythms in these animals is affected by both
zeitgebers (light and feeding).

In the mammalian liver, many genes encoding enzymes
and protein regulators involved in food processing display
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rhythmic expression (Garaulet and Gémez-Abellan 2014).
Rhythms in liver metabolism have been reported for bile
acid synthesis, metabolism of drugs and toxins, and metabo-
lism of amino acids and lipids (Davidson et al. 2004; Adam-
ovich et al. 2014; Gnocchi et al. 2015; Gooley 2016; Reinke
and Asher 2016). In fish, rhythms of the factors involved in
liver metabolism have been reported mainly for carbohydrate
and lipid metabolism (Polakof et al. 2007; Betancor et al.
2014, 2020; Paredes et al. 2014, 2015; Hernandez-Pérez
et al. 2015). On the other hand, intestinal functions also
have circadian rhythms that are controlled by the molecular
clock (Hussain and Pan 2015). For instance, the produc-
tion of digestive enzymes, nutrient absorption, and intestinal
motility show daily rhythms (Peyric et al. 2013).

Although the cell ultrastructure is generally thought to be
characteristically stable, it may actually change over time.
Besides rhythms in the factors involved in digestion and
metabolism, the microscopic structure of these peripheral
tissues can also display circadian rhythms (Uchiyama 1980).
For instance, in rodents and humans, a cell proliferation cir-
cadian rhythm has been reported in gastrointestinal mucosa
(Bjarnason and Jordan 2002). The liver shows circadian
changes in a variety of factors such as mass, cell volume
and area of hepatocytes, nuclear size of hepatocytes, glyco-
gen levels, volume densities of lipid droplets, lysosomes and
peroxisomes, and content of rough and smooth endoplas-
mic reticula (Uchiyama 1980, 1990; Sinturel et al. 2017). In
mammals, these rhythms seem to be primarily regulated by
feeding time (Diaz-Mufioz et al. 2010; Sinturel et al. 2017;
Reinke and Asher 2018). However, the existence of such
rhythms at the cellular level in fish is unknown to date.

The liver is functionally heterogeneous and presents
an organization known as metabolic zonation (Kietzmann
2017). Two hepatic zones are generally differentiated: the
periportal zone, located near the portal triad of the liver
(portal venule, portal arteriole, and bile duct), and the
perivenous zone, located near the central vein (Schleicher
et al. 2015; Kietzmann 2017). Metabolic zonation seems
to prevent competition for common substrates between key
enzymes from opposite metabolic pathways. Thus, some of
these opposite pathways, such as lipolysis and lipogenesis,
are spatially separated: lipolysis occurs predominantly in
the periportal zone, whereas lipogenesis takes place mainly
in the perivenous zone (Jungerman and Kietzmann 1996;
Schleicher et al. 2015; Kietzmann 2017). The mechanisms
that contribute to generate this metabolic zonation are still
not fully understood. The main role is attributed to concen-
tration gradients of blood factors, such as oxygen, nutri-
ents, and hormones (Schir et al. 1985; Hijmans et al. 2014,
Schleicher et al. 2015; Kietzmann 2017). Despite the known
existence and importance of daily rhythms in the liver, very
few studies to date have considered the influence of this
zonation (Uchiyama 1990).
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The structure of the liver presents some differences
between mammals and fish. For instance, the liver of mam-
mals has a lobular structure, whereas, in the case of fish, a
tubular structure has been observed (Hardman et al. 2007).
In general, the liver of fish presents a greater heterogeneity
than the liver of mammals, mainly due to the higher num-
ber of fish species (Akiyoshi and Inoue 2004; Figueiredo-
Fernandes et al. 2007). Fish livers can be classified into two
main types: livers that contain exocrine pancreatic tissue
(hepatopancreas) and livers that do not (Figueiredo-Fer-
nandes et al. 2007). Regarding metabolic zonation, although
reports in fish are not as numerous as in mammals, they
suggest that the existence of metabolic zonation may be also
a common feature of fish. The existence of a metabolic zona-
tion has been reported in several fish species regardless their
type of liver: without pancreatic tissue such as the rainbow
trout (Oncorhynchus mikyss), or with hepatopancreas such
as the European sea bass (Dicentrarchus labrax) or the Nile
tilapia (Oreochromis niloticus) (Schir et al. 1985; Diaz and
Connes 1988; Mommsen et al. 1991; Figueiredo-Fernandes
et al. 2007).

The aim of the present research was to investigate the
existence of daily rhythms in the morphology of the tis-
sues involved in food digestion/absorption and metabolism,
the liver and intestine in a teleost fish, the European sea
bass, and the influence of feeding time and hepatic zona-
tion on these rhythms. More specifically, we focused on
the existence of rhythms in the morphology of hepatocytes
in two different hepatic zones (perivenous and periportal),
the height of intestinal villi, thickness of muscle layers, and
number of goblet cells in the intestine.

Materials and methods
Animals and housing

The European sea bass (N=72) specimens were obtained
from a local fish farm (CULMAREX, Guardamar del Seg-
ura, Alicante, Spain). They were housed in the aquaculture
lab of the University of Murcia, located in the Spanish Naval
Station of Algameca (ENA, Cartagena, Murcia). Fish had
an initial body weight of 134.1 +14.8 g (mean+S.D.) and
were kept in well aerated 150-L tanks in an open system
equipped with biological and mechanical filters, as well as
UV lamps, to sterilize water before it entered the system.
The experiment was performed from February to the end of
May. During that time, the natural seasonal variation in the
photoperiod was mimicked by a timer (Data Micro, Orbis,
Madrid, Spain) connected to lights. Light was provided by
fluorescent light bulbs and the light intensity at the water
surface was 200 1x. Water temperature was the same as in
the natural environment, and hence paralleled the seasonal
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temperature variations. The photoperiod at the beginning
of acclimation was 10.5 h light:13.5 h darkness (10.5:13:5
LD), while that on the sampling day was 14.5:9.5 LD. The
average water temperature on the sampling day was 22.5 °C.

Fish were reared and manipulated following Spanish leg-
islation on Animal Welfare and Laboratory Practices. Exper-
imental protocols were performed following the Guidelines
of the European Union (2010/63/UE) and Spanish legisla-
tion (RD 53/2013) for the use of laboratory animals. They
were approved by the National Committee and the Univer-
sity of Murcia Committee of Ethics and Animal Welfare
(reference number A13191003).

Experimental design

Seventy-two fish were used and distributed in 12 tanks (6
fish per tank). Animals were randomly divided into two
experimental groups (6 tanks per group) with two different
feeding times: one group was fed around the middle of the
light phase (ML), while the other group was fed roughly in
the middle of the dark phase (MD). Food was provided by
automatic feeders (Eheim model 3581, Deizisau, Germany)
installed in each tank. Feeders were programmed to provide
a daily feed ration (D2 Optibream 2P, Skretting, Burgos,
Spain) of 1% of fish body weight. To reduce feed waste and
optimize consumption, food ration was divided into two
parts (0.5% of fish body weight each) which were provided
every day at the same two times: 1 h before and 1 h after ML
or MD for the group fed at the ML or the MD, respectively.

The experiment was performed under natural spring con-
ditions. The experimental period started at the end of April
and fish were maintained under the experimental feeding
conditions for 30 days. Sampling took place on May 28. Fish
were starved on the sampling day and the photoperiod was
14.5:9.5 LD, with lights on at 07:00 h (Zeitgeber Time O h,
ZTO0 h). Samples were collected at six different time points
during a 24-h cycle: ZT3 h (10:00 h), ZT7 h (14:00 h), ZT11
h (18:00 h), ZT16 h (23:00 h), ZT19 h (02:00 h), and ZT22
h (05:00 h). At each sampling time, six fish (n=6) from
the same tank per group were anesthetized with clove oil
essence (Guinama, Valencia, Spain) at 0.05 ml/l and sacri-
ficed by decapitation. Whole-body and liver were weighed
to calculate the Hepatosomatic Index (HSI). The HSI was
estimated as follows: HSI=100*(liver weight/whole-body
weight). Then, samples from liver and anterior intestine from
each fish were collected and immersed in a fixing solution of
10% formaldehyde until processed (Rodriguez-Lozano et al.
2016). The samplings performed during the dark phase were
done under a dim red light (de Alba et al. 2019).

Histological analyses

The fixed tissues in formaldehyde were dehydrated at serial
concentrations of ethanol and xylene. Then, samples were
embedded in paraffin blocks before being serially sectioned
at a thickness of 5 pm on a microtome (Leica RM 2035,
Leica Biosystems, Wetzlar, Germany). Three slides from
each tissue and fish were randomly selected, each one from
a different area of the tissue. The slides from both liver and
intestine were stained with hematoxylin and eosin (H&E)
(Betancor et al. 2015). In addition, the slides from the intes-
tine were stained with Periodic acid-Schiff (PAS) (Betancor
et al. 2017). Stained slides were scanned (Axio Scan Z1,
ZEISS, Oberkochen, Germany) and images were stored in a
computer for analysis. All the image analyses and measure-
ments were performed with the ImageJ software (National
Institutes of Health, Bethesda, Maryland, USA) (Abramoff
et al. 2004).

Two different areas in each liver slide were analyzed:
the perivenous zone, the area around the vein; the peripor-
tal zone, the area between two perivenous zones (Fig. 1a)
(Schultz and Hildebrand 1983). The morphometric param-
eters measured in the hepatocytes from each zone were the
maximum (Lmax) and minimum (Lmin) lengths passing
through the nucleus (Fig. 1b), the area, and the perimeter.
The Lmax/Lmin ratio was also calculated. The value of each
parameter for the liver of each fish was calculated as the
average value of the three slides analyzed. The value of each
one of the slides was calculated from 30 randomly selected
hepatocytes in each region (perivenous and periportal).

In the intestine sections, the analyzed parameters were
villi height, circular and longitudinal muscle thickness, and
number of goblet cells. The value of each parameter for the
intestine of each fish was calculated as the average value of
the three slides analyzed. In each slide, 30 randomly selected
villi were measured to calculate the average height. The cir-
cular and longitudinal muscle thicknesses were calculated
from the average of eight different points on each slide.
Goblet cells were calculated as the number of cells per area
of villi and the value for each slide was obtained from the
average of 15 villi.

Statistical analyses

All the results are expressed as mean + SEM. The signifi-
cance threshold was set at @ =0.05 for all the tests. The SPSS
software (v. 24, IBM, Armonk, USA) was used to detect
any statistically significant differences between groups and
time points. Data normality was previously assessed by the
Kolmogorov—Smirnov test and homogeneity of variance
was also verified by the Levene’s test. The data from each
variable were subjected to a one-way ANOVA, followed
by Duncan’s post hoc test, to check for any statistically
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Fig. 1 Scheme of the areas and the measurements performed in the
liver microphotographs. Two regions were analyzed in each liver (a):
the perivenous zone (a) (blue circles), located around the vein; and
the periportal zone (b) (green square), located between two perive-

significant differences between groups (ML vs. MD feed-
ing) and sampling points (ZTs). In addition, data from each
variable were subjected to a two-way ANOVA to check for
statistically significant differences between feeding groups,
between sampling times and whether there was a significant
interaction between these two factors. A Student’s t test was
run to check for any statistically significant differences in the
HSI values between the ML and MD groups.

The existence of significant rhythmicity was tested for all
the variables by the Cosinor analysis, performed with the
chronobiology software “El Temps” (v.1.291, Prof. Diez-
Noguera, University of Barcelona, Spain). The Cosinor
analysis is based on the least-squares approximation of time-
series data with a cosine function of the known period of type
Y=M+A * [Cos (Qt+ )], where M is mesor, A is ampli-
tude, 2 is the angular frequency (360°/24 h for circadian
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nous zones. In each hepatocyte (b), the maximum (a) and minimum
(b) lengths passing through the nucleus were measured. Slides were
stained with hematoxylin and eosin. Pictures were taken at 4X (a) and
40x (b)

rhythms), # is the time period (24 h), and ¢ is the acrophase.
This analysis also provided the statistical significance of the
rhythm through an F test of the variance accounted for by the
waveform versus a straight line of zero amplitude (null hypoth-
esis) (Refinetti et al. 2007; Portaluppi et al. 2008).

Results
Hepatocyte morphology

The HSI was similar between the experimental groups,
showed no statistically significant differences (¢ test,
p>0.05), and presented average values of 1.52+0.19 and
1.36+0.22 in the ML and MD groups, respectively (Sup-
plementary Fig. S1). In addition, neither significant daily
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rhythms (Cosinor, p > 0.05) nor significant differences
between time points (one- and two-way ANOVA, p>0.05)
in the HSI were detected. However, the visual microscopic
inspection of the liver slides suggested that the morphol-
ogy, especially cell size, of hepatocytes differed depending
on the time of day when tissue was collected (Fig. 2; Sup-
plementary Figs. S2-S5). After processing the slides with
the image software, the data analysis revealed that many
evaluated parameters displayed statistically significant
daily rhythms (Cosinor, p <0.05) (Figs. 3 and 4; Table 1)
and significant differences between groups and time points

Fig.2 Representative photo-
micrographs of the European
sea bass liver. Two zones were

(one-way ANOVA, p <0.05) (Figs. 3 and 4, Supplementary
Table 1).

In the liver perivenous zone, both groups (ML and MD
feeding) showed significant daily rhythms in Lmax (Fig. 3a),
the Lmax/Lmin ratio (Fig. 3c), area (Fig. 3d), and perim-
eter (Fig. 3e) of hepatocytes (Cosinor, p <0.05). In addi-
tion, ML—fed fish showed significant daily rhythms in Lmin
(Fig. 3b) (Cosinor, p <0.05). The acrophases in the ML
group were located in the first half of the night, along 2
h before the middle of the dark phase (ZT 15:54-17:58 h)
(Table 1). In the MD group, all the significant acro-
phases were located around the middle of the light phase
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Fig.3 Daily variations in the hepatocyte morphological parameters
analyzed in the perivenous zone of European sea bass livers: maxi-
mum length (Lmax) (a), minimum length (Lmin) (b), Lmax/Lmin
ratio (c), area (d), and perimeter (e). Fish were fed at two different
times: in the middle of the light phase (ML) (white squares) or in
the middle of the dark phase (MD) (black squares). The adjustment
to a sinusoidal rhythm in the ML and MD groups is represented by
a gray dashed line and a dotted black line, respectively, whenever a
statistically significant thythm was detected (Cosinor, p <0.05). Dif-

(ZT 6:06-7:00 h), thus shifted approximately 12 h with
the acrophases in the ML group (Fig. 3 and Table 1). In
addition, all the parameters presented significant differ-
ences between time points and groups (one—-way ANOVA,
p <0.05) (Fig. 3). Moreover, the statistical analysis revealed
significant differences between the experimental groups in
the Lmax and Lmin values, where the MD group presented
higher overall values than ML (two-way ANOVA, p <0.05)
(Supplementary Table 1). Significant differences were also
found in the Lmax/Lmin ratio and the perimeter of cells
depending on the time of day (two-way ANOVA, p <0.05).
The interaction between both factors, group and time, was
significant in all the analyzed parameters, which indicates
that differences observed between times depended on the
group, or vice versa (two-way ANOVA, p <0.05) (Supple-
mentary Table 1).
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ferent letters indicate statistically significant differences between time
points and groups (one-way ANOVA, p <0.05). Data are represented
as mean+SEM (n=6). The white and black bars above each graph
represent the light phase and dark phase, respectively. The white and
black arrows above the photoperiod bar indicate the feeding times
for the ML and MD groups, respectively. The time scale (x-axis) is
expressed as Zeitgeber Time (ZT), where ZT 0 h corresponds to light
onset

Regarding the periportal zone, the ML group showed
significant daily rhythms in Lmax and the Lmax/Lmin ratio
(Cosinor, p <0.05) (Fig. 4a, b), with their acrophases located
toward the end of the light phase (ZT 10:38 and 11:04 h, for
Lmax and the Lmax/Lmin ratio, respectively) (Table 1). The
MD group showed daily rhythms in the Lmax, Lmax/Lmin
ratio, area, and perimeter of hepatocytes (Cosinor <0.05)
(Fig. 4). In this group, acrophases were located around the
middle of the light phase (ZT 6:27-7:40 h) (Table 1). Signif-
icant differences appeared between time points and groups
for Lmax, the Lmax/Lmin ratio, area, and the hepatocyte
perimeter (one-way ANOVA, p <0.05) (Fig. 4). In addition,
Lmax, the Lmax/Lmin ratio, and the hepatocyte perimeter
showed significant differences depending on sampling time
(two-way ANOVA, p <0.05) (Supplementary Table 1).
Finally, the interaction between both factors, group and time,
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Fig.4 Daily variations in the hepatocyte morphological parameters
analyzed in the periportal zone of European sea bass livers: maxi-
mum length (Lmax) (a), Lmax/Lmin ratio (b), area (c), and perim-
eter (d). Fish were fed at two different times: in the middle of the
light phase (ML) (white circles) or in the middle of the dark phase
(MD) (black circles). The adjustment to a sinusoidal rhythm in the
ML and MD groups is represented by a gray dashed line and a dot-
ted black line, respectively, whenever a statistically significant rhythm

was significant in area and perimeter (two-way ANOVA,
p <0.05) (Supplementary Table 1).

Intestine morphology

As previously observed in the liver, the visual inspection
of the histological intestine sections indicated some dif-
ferences depending on the time of day when the sample
was collected (Fig. 5; Supplementary Figs. S6-S7). The
analysis of the data taken from the measured parameters
(villi height, muscular thickness, and number of goblet
cells) revealed that villi height displayed a significant daily
rhythm in both groups (Cosinor, p <0.05) (Fig. 6a). The
acrophases of villi height anticipated mealtime in both
groups. Thus, in the ML group, the peak was located before
the middle of the light phase (ZT 6:24 +2:51 h), whereas
the acrophase in the MD group was located in the first half
of the dark phase (ZT 15:49 +4:47 h) (Fig. 6a, Table 1).
On the other hand, both villi height and circular muscle
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was detected (Cosinor, p<0.05). Different letters indicate statisti-
cally significant differences between time points and groups (one-way
ANOVA, p<0.05). Data are represented as mean +SEM (n=6). The
white and black bars above each graph represent the light phase and
dark phase, respectively. The white and black arrows above the pho-
toperiod bar indicate the feeding times for the ML and MD groups,
respectively. The time scale (x-axis) is expressed as Zeitgeber Time
(ZT), where ZT 0 h corresponds to light onset

thickness (Fig. 6b) showed significant differences between
time points and groups (one-way ANOVA, p <0.05). Sig-
nificant differences appeared between groups (ML vs. MD)
for circular and longitudinal muscle thickness, with higher
values in ML than in MD (two-way ANOVA, p <0.05)
(Supplementary Table 1). The interaction between group
and time was significant for villi height, which indicated
that the differences observed between times depended on
the group, or vice versa (two-way ANOVA, p <0.05) (Sup-
plementary Table 1).

Discussion

The present research describes for the first time the exist-
ence of daily rhythms in some morphological parameters
of hepatocytes and villi height in fish. In fact, most of the
parameters of hepatocyte morphology presented significant
daily rhythms, which were differently influenced by feeding
time depending on the metabolic zone analyzed (Fig. 7). In
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Table 1 Cosinor results of the analyzed parameters. Mesor and amplitude units are um? for area, cells/um? for goblet cells, and um for the rest of

the variables

Parameter Cosinor Mesor Amplitude Acrophase (ZT h)
Liver Perivenous zone HSI ML NS - - -
MD NS - - -
Lmax ML * 14.98 +£0.35 0.63+0.52 17:49 £3:40
MD wk 15.66+0.43 1.17+0.73 6:06 +£2:46
Lmin ML * 8.56+0.29 0.37+0.34 16:27 +£4:04
MD NS - - -
Lmax/Lmin ML * 1.84+0.02 0.03+0.03 17:58 +£4:38
MD wE 1.83+0.04 0.11+0.07 7:00+£2:44
Area ML wE 125.33+£4.49 11.26+7.99 15:54 +£3:21
MD * 133.75+£6.17 11.87+10.40 6:39+4:10
Perimeter ML HokE 45.2+0.59 1.97+1.06 15:54+2:01
MD HAE 46.64+1.10 2771+1.87 6:27 +3:03
Liver Periportal zone Lmax ML Hok 15.16+0.42 0.78+0.75 10:38 £5:28
MD wE 15.49+0.44 1.1+£0.73 6:27+2.50
Lmin ML NS - - -
MD NS - - -
Lmax/Lmin ML * 1.78 £0.03 0.09+0.06 11:04 £3:00
MD ok 1.81+0.04 0.1+£0.05 7:40+£2:28
Area ML NS - - -
MD * 134.09+6.95 12.49+11.6 7:27+4:43
Perimeter ML NS - - -
MD * 46.45+1.33 2.96+2.22 7:28 £3:28
Intestine Villi height ML *ok 153.23+9.56 24.55+15.86 6:24+2:51
MD * 154.26 +6.46 11.56+11.43 15:49 +4:47
Circular muscle ML NS - - -
MD NS - - -
Longitudinal muscle ML NS - - -
MD NS - - -
Goblet cells ML NS - - -
MD NS - - -

Errors are the mean + fiducial limits set at 95%

NS Non-significant

#p > 0.05, **p > 0.005, “%p > 0.0005

the periportal zone, feeding time only had a slight effect
and rhythms seemed to be synchronized mainly by the LD
cycle. Conversely, in the perivenous zone, rhythms were
more influenced by feeding time, but this effect seemed more
marked in the ML group. In the intestine, a daily rthythm was
detected only in villi height, which was influenced mainly by
feeding time (Fig. 7), although significant variations between
time points were also observed for circular muscle thickness.

In mammals, the existence of rhythms in hepatocyte
morphology has been reported (Uchiyama 1980, 1990;
Diaz-Muiloz et al. 2010; Sinturel et al. 2017; Reinke and
Asher 2018). However, no studies into this topic have been
performed to date in fish. Hence, the present study is the
first to report daily rhythms in hepatocyte cell morphology
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in a fish species. In addition, the present research found
that daily rhythms in the hepatocyte morphology in
European sea bass can be influenced by feeding time, as
observed in mammals. Food is a strong synchronizer in
vertebrates, especially for peripheral oscillators that are
related to feeding and nutrient processing, such as the liver
and intestine (Davidson et al. 2004; Reinke and Asher
2016). For instance, mice fed at either the ML or MD show
a 12-h shift in the expression of genes involved in metab-
olism such as key enzymes for cholesterol biosynthesis
(Davidson et al. 2004). In fish, however, the importance of
food over light for peripheral oscillators is not as clear as
in mammals and seems more species-dependent (Lopez-
Olmeda 2017; Gomez-Boronat et al. 2018). In the present
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Fig.5 Representative photomicrographs of the European sea bass
intestine. Fish were divided into two groups fed at different times:
in the middle of the light phase (ML) (a, b) or in the middle of the
dark phase (MD) (c, d). The photomicrographs from the intestines
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Fig.6 Daily variations in villi height (a) and circular muscle thick-
ness (b) in the European sea bass intestine. Fish were fed at two dif-
ferent times: in the middle of the light phase (ML) (white triangles)
or in the middle of the dark phase (MD) (black triangles). The adjust-
ment to a sinusoidal rhythm in the ML and MD groups is represented
by a gray dashed line and a dotted black line, respectively, whenever
a statistically significant rhythm was detected (Cosinor, p <0.05). Dif-
ferent letters indicate statistically significant differences between time

collected in the light phase (left panels) (a, ¢) and in the dark phase
(right panels) (b, d) are presented. Slides were stained with hematox-
ylin and eosin, and Periodic acid-Schiff (PAS) staining. Pictures were
taken at 10x
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points and groups (one-way ANOVA, p <0.05). Data are represented
as mean+SEM (n=6). The white and black bars above each graph
represent the light phase and dark phase, respectively. The white and
black arrows above the photoperiod bar indicate the feeding times
for the ML and MD groups, respectively. The time scale (x-axis) is
expressed as Zeitgeber Time (ZT), where ZT 0 h corresponds to light
onset

@ Springer



Journal of Comparative Physiology B

Fig.7 Map of the acrophases
of rhythms in the analyzed mor-

0 A

phometric parameters in Euro-
pean sea bass liver and intestine.
White and black symbols
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The data from the perivenous
zone of the liver are represented
by squares, the data from the
periportal zone are denoted by
circles, and the data from the
intestine are depicted by trian-
gles. The acrophase is indicated
only for statistically significant
rhythms (Cosinor, p <0.05).
The name of each factor is
indicated to the left of the panel.
The white and black bars above
the graph represent the light and
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research, a strong effect of feeding time was observed on
some parameters. This came over clearly in the perive-
nous zone, where the acrophases of the Lmax and Lmax/
Lmin ratio in the fish fed at the MD group were located in
the light phase, while the acrophases of these parameters
in the ML group were located almost 12 h later in the
dark phase. In mice, a similar effect has been reported:
the size of hepatocytes displayed daily rhythms, with the
acrophase located at the end of the feeding phase (Sinturel
et al. 2017). In addition, feeding mice in different (light or
dark) phases completely shifted the phase of the hepato-
cyte size rhythm (Sinturel et al. 2017). Interestingly, in the
European sea bass, the hepatocytes of the periportal area
behaved differently to those of the perivenous zone, espe-
cially for parameters Lmax and Lmax/Lmin ratio. In the
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periportal zone, light seemed a stronger synchronizer than
feeding, which thus indicates a different regulation of daily
rhythms in the liver of the European sea bass depending
on the metabolic zone. Future studies should be conducted
to understand the causes of the differences detected in the
two metabolic zones studied in European sea bass liver and
their physiological significance.

Hepatic zonation has been studied mainly in mammals,
although it has also been reported in several fish species,
among them the species used in the present study, the Euro-
pean sea bass (Diaz and Connes 1988; Mommsen et al.
1991; Figueiredo-Fernandes et al. 2007). The influence of
metabolic zonation on the daily rhythms in the mamma-
lian liver was studied decades ago (Schultz and Hildebrand
1983; Uchiyama 1990). Regarding rhythms on the size of
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hepatocytes, no differences have been found between the
two metabolic zones in rats (Schultz and Hildebrand 1983).
In the organelles of hepatocytes, the phase of rhythms was
similar between the metabolic zones in most of them, except
for the volume densities of lipid droplets, whose rhythm pre-
sents opposite phases in the two zones (Uchiyama 1990).
These differences could be due to differences in lipid
metabolism between the two zones, because lipogenesis is
predominant in the periportal area, while lipolysis occurs
mostly in the perivenous area (Uchiyama 1990). As a car-
nivorous fish, sea bass’ capacity to use carbohydrates as an
energy source is limited (Enes et al. 2011). Therefore, its
metabolism in the liver is lower and liver zoning might be
more marked by the metabolism of fatty acids. Hence, in our
study, the differences in lipid metabolism processes in these
two areas could explain the differences observed between the
perivenous and periportal zones. They might also be related
to the rhythms observed in hepatocyte size. Further research
is required to elucidate these hypotheses and whether lipid
metabolic rhythms can be the cause or consequence of daily
rhythms in cell size in the liver.

Regarding the rhythms in the intestine, most digestive
enzymes and gut hormones display daily rhythms in ver-
tebrates (Pan and Hussain 2009; Montoya et al. 2010; del
Pozo et al. 2012; Peyric et al. 2013; Hussain and Pan 2015;
Cowan et al. 2017). In mammals, other parameters show
circadian rhythms, such as nutrient absorption, gut motil-
ity, proliferation of the intestinal epithelium, the number
of enterocytes per villus, and villus height (Konturek et al.
2011; Pacha and Sumova 2013). Rhythmic factors in the gut
are affected mainly by feeding time, rather than light in both
mammals and fish (Pan and Hussain 2009; Hussain and Pan
2015; Lopez-Olmeda 2017). In the present research, a daily
rhythm in intestinal villi height was found. As observed in
other intestinal factors, this thythm was clearly influenced
by feeding time, but not by light because acrophases were
located in antiphase around feeding time (ML or MD). In
addition, the peak of these rhythms anticipated feeding time
by 30 min in the ML group and by 2 h in the MD group. This
may indicate some feeding anticipatory behavior, which has
been reported as an adaptive advantage that contributes to
optimize nutrient digestion and absorption in the intestine
(Montoya et al. 2010; Lépez-Olmeda et al. 2012). Moreover,
in the present study, differences depending on the time of
the day were found in the circular muscle thickness in the
ML group, showing higher values at the end of the night.
Regarding gut motility, daily rhythms in peristaltic move-
ments in the gut have been widely reported (Konturek et al.
2011). However, to our knowledge, no reports on daily vari-
ations in gut muscle thickness have been published to date.
Since melatonin affects muscle activity and mucosal thick-
ness in the gut (Konturek et al. 2011; Vaughn et al. 2014),
the daily variations in circular muscle thickness might be

related with daily variations in gut melatonin. However, fur-
ther research would be required to elucidate this hypothesis.

In summary, the present research revealed the existence
of daily rhythms in both hepatocyte size and intestine villi
height in a teleost fish, the European sea bass. In the liver,
the effects of light and feeding time as synchronizers appar-
ently depend on the metabolic zone, whereas the main syn-
chronizer in the intestine seems to be feeding time. These
findings might be interesting for basic knowledge on fish
chronobiology and its application to aquaculture and fish
nutrition as European sea bass is a fish species of much com-
mercial interest (Vandeputte et al. 2019).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00360-020-01334-w.
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