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Daily Rhythms of Serum Lipids in Dogs: Influences
of Lighting and Fasting Cycles

Cristiano Bertolucci,' Francesco Fazio,> and Giuseppe Piccione*’

Circadian clocks organize a wide array of metabolic functions in a coherent daily schedule and ensure synchrony of this schedule
with environmental rhythms. Daily rhythmicity of lipid metabolism occurs in rodents and ruminants. We examined daily level
variations of serum lipids (nonesterified fatty acids [NEFA], triglycerides, phospholipids, total cholesterol and total lipids) in healthy
dogs, particularly focusing on their temporal relationship to lighting and fasting cycles. Whereas serum NEFA levels did not change
across the day, levels of total lipids, total cholesterol, phospholipids, and triglycerides occurred in dogs maintained under 12:12-h
light:dark cycles and fed a single meal daily. Only the rhythmic pattern of triglycerides responded to a 6 h delay in light onset,
suggesting a cardinal role of a light-entrained circadian oscillator in its generation. To investigate whether temporal variations in
serum lipids depend to physiological postprandial changes, we measured lipid levels in fasted dogs. Rhythms of total lipids, total
cholesterol, phospholipids, and triglycerides vanished when dogs were food-deprived, indicating that these rhythms are driven by
the digestive process. Levels of serum NEFA patterns were significantly higher during fasting than after food intake. The increase
of NEFA concentrations during fasting may reflect the mobilization of adipose tissue NEFA mediated by the decrease in insulin
with its lypolitic effects. Elucidating the daily rhythmicity of lipid levels is fundamental to understanding the metabolism of the

dog, an animal model frequently used for research in metabolic pathophysiology.

Abbreviation: NEFA, nonesterified fatty acids

Circadian clocks are autonomous internal daily timekeep-
ing mechanisms that allow organisms to adapt to external daily
rhythms of many environmental factors.*! The adaptive impor-
tance of circadian timekeeping has been illustrated in several
model systems.! Fundamental properties of circadian oscilla-
tors are that they produce a thythm with a free-running period
that can be synchronized by periodic environmental cues.”?*? The
most pervasive environmental signals for the mammalian cir-
cadian system are the natural light-dark cycle and food avail-
ability. Photic entrainment is entirely dependent on light input
through the eyes to the suprachiasmatic nuclei of the anterior
hypothalamus. Bilateral eye-enucleated mammals do not show
any behavioral entrainment by light-dark cycles.** Because feed-
ing entrainment persists in animals with lesions of the suprachi-
asmatic nucleus,**** it may be regulated by a different circadian
system. The dorsomedial nucleus of the hypothalamus recently
was reported to play an important role in feeding entrainment.”

The circadian clock reportedly regulates metabolism and ener-
gy homeostasis in the liver and other peripheral tissues by medi-
ating the expression or activity of various metabolic enzymes and
transport systems involved in cholesterol, glycogen, and glucose
metabolism.*"7## The importance of circadian timekeeping for
metabolism is shown clearly by the metabolic phenotypes associ-
ated with mice carrying mutations in clock genes.?*%
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Daily rhythmicity of lipid metabolism has been described in dif-
ferent mammalian orders. For instance, the plasma concentrations
of nonesterified fatty acids (NEFA), triglycerides and cholesterol
displayed daily variations in rodents'** and ruminants.'»*#

Elucidating the daily rhythmicity of lipid levels is a fundamen-
tal necessity for understanding the metabolism of the dog, an ani-
mal model frequently used for research in the pathophysiology of
diabetes mellitus. However, circadian investigations of the metab-
olism of dogs have been scarce. Previous investigations showed
diurnal variations of various metabolic and neuroendocrine activ-
ities in dogs in association with feeding—fasting cycles.!** How-
ever, these studies did not use canonical experimental protocols,
which are necessary for the identification of rhythmicity.

Here we examined daily level variations of serum lipids (non-
esterified fatty acids [NEFA], triglycerides, phospholipids, total
cholesterol, and total lipids) in healthy dogs, particularly focus-
ing on their temporal relationship to lighting and fasting cycles.
The goals of this study were to determine whether levels of these
plasma lipids show circadian variation, and, if so, whether the
variations related to the lighting cycles, reflect simple postpran-
dial changes, or are under the control of a circadian clock.

Materials and Methods

Animals and housing. Five clinically healthy purebred Beagles
(Canis familiaris, male, 2 y old, mean body mass = 13 kg) were
used. During tests the animals were housed in individual pens
(140 x 200 cm) equipped with a darkened opening and an air-
flow system. The visual and acoustic isolation of each dog from
conspecifics prevented social entrainment of circadian behav-
ioral rhythms.” Animal room temperature and relative humidity
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ranges were 21 + 2 °C and 40% to 60%, respectively. Thermal and
hygrometric recordings in each pen throughout the study were
obtained by means of a data logger (TH2500, Gemini Tinytag,
Dundee, Scotland). Lighting was diffused uniformly throughout
animal facilities and provided sufficient illumination to aid in
maintaining good housekeeping practices, adequate inspection of
animals, safe working conditions for personnel, and the wellbeing
of the animals. Dogs were kept under artificial light-dark cycles
(light phase, 800 Ix at the level of the dogs” heads; dark phase, 0.1
Ix). Light was provided by cool daylight fluorescent tubes (FH
HE/860 Lumilux T5, Osram GmbH, Munich, Germany) placed in
the middle of the pen at a height of 2 m from the floor. The light
intensity was measured by a photometer (PCE172, PCE Group,
Lucca, Italy). A dim red light (< 3 Ix, 15 W; Safelight lamp filter
1A, Kodak Spa, Milano, Italy) was used to feed and sample dogs
during the dark phase.

A certified dog diet (Teklad 2021 Global Dog, Harlan Laborato-
ry, Udine, Italy) was provided to each animal (approximately 270
g daily; crude protein, 21.2%; crude oil, 6.1%; crude fiber, 4.6%;
ash, 6.9%; moisture, 6.6%; nitrogen-free extract, 51.2%; carbohy-
drate, 52.6%; starch, 34.4%; sugar, 5.4%; saturated fatty acid, 12.7
g/kg; monounsaturated fatty acid, 18.5 g/kg; polyunsaturated
fatty acid, 28.8 g/kg; digestible energy, 3.4 kcal/g; metabolizable
energy, 3.2 kcal/g) at 1000 each day. Water was supplied ad libi-
tum.

All treatments, housing and care were carried out under guide-
lines for the care and use of laboratory animals established by the
Italian Ministry of Health and the European Union'*

Experimental design. Blood sampling was carried out on dogs
exposed to a 12:12-h light:dark cycle, with lights on at 0900 (LD1).
Samples were withdrawn every 4 h over a 24-h period from 0900;
dim red lighted was used as needed for sampling during dark
phases. The day after blood sampling, dogs were exposed to a
6-h delay in light onset (LD2; lights on at 1500). Fifteen days later,
blood samples were drawn from dogs every 4 h for 24 h begin-
ning at 0900. After a recovery period of 2 wk, dogs were deprived
of food for an entire day before blood sampling. The next day,
blood samples were withdrawn every 4 h for 24 h beginning at
0900; food was withheld on the day of sampling.

Assays. Dogs were restrained manually, and blood samples (5
ml) were collected from the cephalic vein by using collection tubes
without anticoagulant (21-gauge x 1-in. needle; Vacutest 11030,
Vacutest Kima, Padova, Italy). Bleeding was stopped before the
dog was returned to its pen by applying finger pressure to the
sampling site for approximately 30 s. Potential stress associated
with the bleeding was minimized by training and acclimating
dogs to restraint. After clotting at room temperature for 1 h, blood
samples were centrifuged (4235 A, ALC, Milano, Italy) at 3000 x g
for 20 min and the obtained sera were stored at —20 °C until being
assayed. Serum lipids assays were carried out by means of a UV
spectrophotometer (DU40, Beckman Instruments, Fullerton, CA)
by using standard methods and procedures.' Total lipids were
determined by means an enzymatic colorimetric test based on
sulphophosphovainilline reactivity (catalog no. 25195, Lickson,
Palermo, Italy). Triglycerides, phospholipids, and total choles-
terol were determined after enzymatic hydrolysis by means of an
enzymatic colorimetric test (GPO-PAP method). Briefly, triglycer-
ides were determined after enzymatic hydrolysis with lipoprotein
lipase. The indicator was a colored phenazone formed from hy-
drogen peroxide, 4-aminoantipyrine, and 4-chlorophenol under
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the catalytic influence of peroxidase (Cat. number 1000100, Cen-
tronic GmbH, Wartenberg, Germany). Phospholipids were deter-
mined after enzymatic hydrolysis with phospholipase D (catalog
no. 25140, Centronic GmbH). Total cholesterol was determined
after enzymatic hydrolysis and oxidation. Hydrogen peroxide
created formed a red dyestuff by reacting with 4-aminoantipyrine
in the presence of phenol and peroxidase. The color intensity is
directly proportional to the concentration of cholesterol (catalog
no. CL06000030, Centronic GmbH). NEFA were measured enzy-
matically with a commercially available kit (catalog no. FA115;
Randox Laboratories, Crumlin, United Kingdom). All samples
were analyzed in duplicate. Samples exhibited parallel displace-
ment to the standard curve; the intraassay coefficient of variation
was less than 8%.

Statistical analysis. All results are expressed as mean + SEM. To
compare overall levels of parameters in the different tests, mean
levels over a daily period were compared. Either 1- or 2-way
repeated-measures ANOVA was used to determine significant
differences, and P values less than 0.05 were considered statisti-
cally significant. The Bonferroni test was applied for post hoc
comparison. Data were analyzed by using the software Statistica
5.5 (StatSoft, Tulsa, OK). In addition, we applied a trigonometric
statistical model to the average values of each time series, so as to
describe the periodic phenomenon analytically, by individuating
the main rhythmic parameters according to the single cosinor
procedure.”® Three rhythmic parameters were determined: ac-
rophase, amplitude, and robustness (strength of rhythmicity).
Acrophase was the time of day at which the peak of a rhythm
occurred. The amplitude of a rhythm was calculated as half the
range of oscillation, which in its turn was computed as the dif-
ference between peak and trough. Rhythm robustness was com-
puted as a percentage of the maximal score attained by the y?
periodogram statistic for ideal data sets of comparable size and
24-h periodicity.** Robustness greater than 70% is above noise
level and indicates statistically significant rhythmicity.

Results

ANOVA of data from dogs subjected to 12:12-h light:dark cy-
cles revealed a significant effect of time for all serum parameters
tested (Table 1, Figure 1 A to D), with the exception of NEFA (Fig-
ure 1 E). Total lipids, total cholesterol, and phospholipids showed
clear daily rhythms: troughs occurred at 0900, began to increase
immediately after food administration (1000), reached acrophases
after 11 h, before returning to basal levels (Table 1, Figure 1 A to
C). Shifting the 12:12-h light:dark cycle by 6 h did not influence
either the acrophase or robustness of all rhythms (Table 1; Figure
1AtoC).

Triglycerides also showed a significant daily rhythm under
12:12-h light:dark cycles (Figure 1 D): levels increased before
lights on and peaked in the middle of the light phase. During the
dark phase, triglyceride levels decreased, and troughs occurred
in the middle of the night. A 6-h delay of the 12:12-h light:dark
cycle shifted the serum triglycerides acrophase by approximately
4 h (Figure 1 D). According to 2-way ANOVA, mean levels of
total lipids, total cholesterol, phospholipids, and triglycerides
did not differ between the 2 fed 12:12-h light:dark cycles (Table
1). In contrast, fasting of the dogs for 1 d significantly (P < 0.001)
concentrations of these parameters and abolished their rhythms
(Table 1, Figure 1 A to D). Serum NEFA concentrations were sig-



Table 1. Summary of the results

Daily lipid variations in dog

Mean SEM Fe P Robustness Acrophase Amplitude
Total lipids LD, 3.66 0.05 33.30 <0.0001 84.8% 22:23 0.39
®/1) LD, 3.59 0.06 40.08 <0.0001 91.8% 22:38 0.40
F 2.59 0.02 1.33 >0.3
Total cholesterol LD, 391 0.13 17.15 <0.0001 91.5% 23:00 0.33
(mmol/1) LD, 417 0.09 19.29 <0.0001 96.0% 21:05 0.61
F 2.72 0.04 152 >0.2
Phospholipids LD, 87.42 0.61 30.04 <0.0001 95.5% 19:51 3.68
(mmol/1) LD, 85.74 0.52 45.16 <0.0001 87.5% 20:14 3.58
F 79.99 0.36 0.2 >0.9
Triglycerides LD, 0.71 0.02 50.54 <0.0001 93.4% 16:32 0.12
(mmol/1) LD, 0.66 0.02 73.46 <0.0001 97.5% 20:15 0.08
F 0.49 0.01 0.37 >0.8
NEFA LD, 0.2 0.01 0.27 >0.9
(mEq/]) LD, 02 0.01 2.19 >0.09
F 0.29 0.01 18.8 <0.0001

F, fasting; LD1, lights on at 0900, lights off at 2100; LD2, lights on at 1500, lights off at 0300

nificantly (P < 0.0001) higher during fasting than after food intake
(Figure 1 E).

Discussion

Circadian clocks organize a wide array of metabolic functions
in a coherent daily schedule and ensure the synchrony of this
schedule with environmental rhythms.*' The importance of cir-
cadian timekeeping for metabolism is illustrated by metabolic
phenotypes associated with mice carrying mutations for cardinal
circadian regulators, such as Clock and Bmall. Clock- and Bmall-
mutant mice show increased serum triglycerides concentrations
and impaired gluconeogenesis.*** The molecular basis of these
defects may lie in the abrogation of circadian transcription pat-
terns of metabolic regulators.””?

The present investigation revealed daily variations in the levels
of selected serum lipids in dogs. In particular, blood concentra-
tion of total lipids, total cholesterol, phospholipids, and triglycer-
ides showed robust daily rhythmicity in dogs maintained under
12:12-h light:dark cycles and fed a single meal daily. This finding
is consistent with previous demonstrations of daily rhythmicity in
serum lipids in rodents and ruminants.'2132122% Total lipids, total
cholesterol, and phospholipids in dogs did not respond to a 6-h
delay in light onset, whereas the rhythmic pattern of triglycerides
showed a marked shift of the acrophase. These data suggest that
only serum triglyceride concentrations are regulated by a light-
entrained circadian oscillator, which probably is located in the
liver, the main site of serum triglycerides biosynthesis. Studies in
Clock-mutant mice showed that molecular circadian clock controls
metabolic functions such as triglyceride accumulation in liver and
plasma.?* However, our investigation could not demonstrate the
existence of an endogenous circadian clock generating serum trig-
lyceride rhythm because this parameter was not measured under
constant light or constant darkness.

The data show that serum NEFA levels in dogs do not change
throughout the day. Previous research has documented daily
variations in the serum NEFA of rodents and ruminants.'?1322%
These divergences in results could depend on the species studied.
Dogs are monogastric, and their feeding behavior in captivity (1
large meal daily) differs from that of rodents (free access to food)
and ruminants (prolonged digestive processes). Furthermore,
synergisms between feeding and photic regimens in captivity
could influence lipid metabolism.*7*36

To investigate whether temporal variations in serum lipids de-
pend on postprandial physiologic changes, we measured these
parameters in fasted dogs. Our previous study showed that
rhythmicity in body temperature and cardiovascular parameters
is independent of the feeding schedule.’ Present results show
that rhythms of total lipids, total cholesterol, phospholipids, and
triglycerides vanish when in food-deprived dogs, indicating that
these rhythms are driven by the digestive process. Furthermore,
our data show that these parameters are lower in fasted dogs than
in subjects fed a single meal daily. These findings confirm previ-
ous investigations in dogs."”

In contrast to other measures, serum NEFA pattern were higher
during fasting than after food intake, as previously shown.'*?
Fasting is characterized by low glucose concentrations, and ac-
cordingly, low levels of insulin and high glucagon. NEFA release
in response to fasting promotes maintenance of whole-body en-
ergy homeostasis in the absence of an external energy supply. The
rapid increase in serum NEFA levels during fasting may reflect
mobilization of NEFA from adipose tissue; this process is medi-
ated by the decrease in insulin with its lypolitic effects.>!!

In summary, this study documents the existence of daily
rhythms in serum lipid levels in healthy dogs and the influence of
environmental variables such as lighting and feeding conditions
on these levels. A main assumption of metabolic profile research
is that abnormalities in parameters indicate disorders. However,
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Figure 1. Serum (A) total lipids, (B) total cholesterol, (C) phospholipids, (D) triglycerides, and (E) NEFA in dogs maintained under 12:12-h light:dark
cycles (LD1, lights on at 0900; LD2, lights on at 1500) and fed a single meal in the day (LD1, filled circles; LD2, filled triangles) or fasted (empty squares).
Serum samples (n = 5 for each time point) were collected every 4 h for 24 h. Mean = SEM at each time point is shown. White and black bars indicate the
durations of light and dark phases, respectively. Arrowheads indicate the time of food administration (1000) in both LD cycles.

blood metabolites are not always ideal indicators of metabolic species"1¢%% indicates that sporadic sampling (daily, weekly, or
and nutritional alterations because animals may modify their monthly) may fail to reveal the true metabolic status. Our present
metabolism in response to fluctuations in metabolism within the data can inform future studies in which dogs are used as experi-
physiologic range.* Furthermore, previous and current results mental models to investigate human metabolic syndromes.

suggest that ignoring the diurnal variations of serum lipid levels
could invalidate their diagnostic usefulness. The demonstration
of daily variations in the serum lipid levels of various mammalian
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