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Abstract 

The plasma triglyceride (TG) concentration results from a balance between TG secretion and TG 
uptake. Several studies have demonstrated a daily rhythm in plasma TG levels, however, thus far 
it has not been investigated whether this daily rhythm of plasma TG results from a daily rhythm 
in TG secretion and/or TG clearance. Many studies have shown that feeding activity affects 
plasma TG concentrations, but it is not known whether a daily rhythm in feeding activity is 
necessary to maintain the day/night rhythm in plasma TG levels. In the present study we found 
that TG secretion in rats shows a significant day/night rhythm with its acrophase at the end of the 
dark period. Removal of the daily rhythm in feeding behavior by introducing a 6-meals-a-day 
(6M) feeding schedule abolished this day/night rhythm in TG secretion. Hepatic genes involved 
in TG secretion also lost their daily rhythmicity under 6M feeding conditions. On the other hand, 
we did not find a significant daily rhythm in TG uptake and 6M feeding did not affect TG uptake 
levels. Together these results indicate that: 1) the day/night rhythm in plasma TG levels is mainly 
the result of a daily rhythm in TG secretion and 2) a daily feeding rhythm is indispensable for 
maintaining the daily rhythm in TG secretion. 
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Introduction 

Hypertriglyceridemia is associated with metabolic syndrome, diabetes and obesity (1). Therefore, 
detailed knowledge about the molecular and biological mechanisms that regulate plasma 
triglyceride (TG) metabolism is necessary to provide better insight in the pathophysiology of 
these metabolic disorders. Recently, several studies (2-5) have shown that plasma triglyceride 
(TG) concentrations exhibit daily rhythmicity in both humans and laboratory rodents. Very low 
density lipoproteins (VLDLs) are lipoproteins secreted by the liver that transport hepatic lipids, 
mainly TGs, via the systemic circulation to the peripheral tissues. Because VLDLs carry most of 
the plasma TGs, VLDL secretion rate is a major determinant of the plasma TG concentration. A 
number of studies have shown that the genes involved in VLDL synthesis exhibit a clear daily 
rhythm (3,6-8). Moreover, a recent study by Kooijman et al. (9) showed that also TG uptake 
shows a clear daily rhythm in different organs. It is well known that both TG secretion and TG 
clearance are important for TG homeostasis, thus the daily rhythm in plasma TG concentrations 
most likely is due to a daily rhythm in TG secretion and/or TG clearance. However, until now, it 
is unknown whether such daily rhythms in TG secretion and/or TG clearance from plasma exist.  

Shift work in the long term leads to an increased risk for obesity and the development of other 
features of the metabolic syndrome (10,11). Romon et al (12) have shown that plasma TG levels 
are increased in shift workers. Feeding during the usual period of inactivity and sleep is thought 
to be one of the important contributors to the metabolic disorders of shift workers (13). Indeed, 
some studies (14,15) found that the postprandial plasma TG level increased to a larger extent 
when eating in the inactive than in the active period. Thus eating at the wrong time of day may 
be a possible contributing factor to the higher plasma TG levels in shift workers. Other studies 
(3,8,16,17) have shown that changes in the daily feeding rhythm shifted or abolished the daily 
rhythm of plasma TG. Therefore, the daily feeding rhythm is considered an important Zeitgeber 
for the maintenance of a daily rhythm of plasma TG levels.  

In this study, we investigated whether TG secretion and/or TG clearance from plasma show a 
daily rhythm and whether a daily feeding rhythm is necessary to maintain the daily rhythm in TG 
secretion and/or clearance. 

Materials and Methods  

Animals  

Experiments were performed with 10 weeks old adult male Wistar rats (Charles River, Germany). 
Animals were kept in a 12h/12h light/dark cycle (lights on at 07:00) and constant conditions of 
temperature (21±2ºC) and humidity (60±5%). Food and water was available ad libitum (AL), 
unless stated otherwise. All experiments were approved by the animal care committee of the 
Royal Netherlands Academy of Arts and Science.  
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Surgery procedures   

After 7 days of habituation, rats were anesthetized with a 0.14 ml/100g body weight (BW) i.m. 
Ketamine-Xylazine-Atropin mixture (Ketamine (Eurovet Animal Health, Bladel, The 
Netherlands): 45.7mg/ml; Xylazine (Bayer Health Care, Mijdrecht, The Netherlands): 2.3mg/ml; 
Atropin (Pharmachemine B.V., Haarlem, The Netherlands): 0.014mg/ml). Post-operative care 
was provided by a subcutaneous injection of Buprecare (AUV, Cuijk, The Netherland, 
0.005mg/100g BW) after the operation. 

A permanent catheter was placed into the right jugular vein for blood sampling. The catheter was 
tunneled subcutaneously and exited the skin at the top of the head. It was filled with a mixture of 
polyvinylpyrrolidone (PVP; Sigma-Aldrich Corp., St. Louis, MO), heparin (LEO Pharma, 
Ballerup, DK) and amoxicillin (Centrafarm, Etten-Leur, NL) and closed with a silicon cap. The 
catheter was fixed on the top of the head of animals using a bended piece of stainless steel tubing 
and dental cement. Experiments were only performed after recovery to pre-surgery body weight. 

Experimental procedures 

Sixteen to 18 hours before the actual experiment, animals were connected to a metal collar for 
overnight adaptation. The metal collar served to guide the blood sampling cannula during blood 
sampling and was kept out of reach from the rats by way of a counterbalanced arm. Food was 
removed 4h before the experiment (i.e., 4h before t=0). At the same time animals were also 
connected to the blood sampling line.  

To measure TG secretion we used the Tyloxapol technique. Tyloxapol is a drug that prevents TG 
uptake in tissue by blocking lipolytic activity and thus the breakdown of triglyceride-rich 
lipoproteins and consequently results in hyperlipidemia. TG clearance was blocked by an 
intravenous dose of 300 mg/kg Tyloxapol (Sigma-Aldrich, Germany) (18,19). After the 
intravenous injection of Tyloxapol we took blood samples at regular intervals. The rate of 
increase in plasma TG concentration provides a measure for the rate of TG production and 
secretion. In separate experiments we determined the rate of TG secretion at ZT2, ZT6, ZT10, 
ZT14, ZT18 and ZT22. 

TG tolerance tests (20), using an Intralipid solution (20%), were used to determine the rate of TG 
clearance. An intravenous dose of 3 ml/kg Intralipid was injected and blood samples were taken 
at regular intervals thereafter to determine the rate of TG clearance. We determined TG 
clearance at ZT5 and ZT17. 

Experiment 1: The daily rhythm of TG secretion  

Forty min before ZT2 (08:20) we intravenously injected Tyloxapol, after taking a baseline blood 
sample at t=-40 min. Subsequently blood samples (0.2 ml) were taken every 20 min until 160 
min after the Tyloxapol injection. For the other time points along the L/D-cycle (ZT6, ZT10, 
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ZT14, ZT18 and ZT22) the experimental procedure was the same as for ZT2, i.e., Tyloxapol was 
injected 40 min before the destined ZT point and regular blood samples were taken every 20 min 
thereafter. 

Experiment 2: Effect of a 6-meals-a-day feeding schedule on the daily rhythms in TG 
secretion, locomotor activity and body temperature 

Animals were housed in separate cages, and divided into two groups. For one group of animals, 
food was available ad libitum (AL group). The other group of animals was entrained to a 6-
meals-a-day feeding schedule (with 1 meal every 4 hours (6M group)) (21). Animals had access 
to food during three 12-min-bins equally spaced over the light period (i.e., ZT2, ZT6 and ZT10) 
and three 11-min-bins equally spaced over the dark period (i.e., ZT14, ZT18 and ZT22). Rats 
needed approximately 2 weeks to adapt to this feeding schedule. Adaptation was considered 
completed when rats consumed the same amount of food during the 12-h light and 12-h dark 
period. Animals received their jugular vein surgery after adaptation to the 6M feeding schedule. 
TG secretion measurements were performed at ZT10 and ZT20 in both groups after animals had 
recovered to their pre-surgery body weight. 

The rat cages were placed on a baseplate which in turn was placed on 4 parallel connected piezo-
electronic sensors (Murata, 27mm round disks). The voltage output of the sensors is proportional 
to relative changes in pressure, i.e., activity of the rat. The signals of the Piezo-electric 
stabilimeter (activity) were transmitted to a PC-based analog computer interface (CED1404 
Cambridge Electronic Design LTD), and transformed into absolute values, i.e., activity bouts. 
They were added up over a period of 5 minutes and stored into text files for later analysis. 

A temperature sensitive data logger (DST nano-T) (Star-Oddi, Gardabaer, Iceland) was 
implanted subcutaneously in the dorsal region caudally to the brown adipose tissue when animals 
received their jugular vein surgery. Body temperature changes were measured by the 
subcutaneous temperature sensitive data loggers every 15 min and analyzed after sacrifice. 

Experiment 3: The effect of a 6-meals-a-day feeding schedule on daily gene expression 
rhythms in the liver 

Animals were divided into an AL and 6M group. After having been on the AL- or 6M feeding 
schedule for 28 days animals were anesthetized with 72% CO2 and sacrificed by decapitation at 
ZT2, ZT8, ZT14 and ZT20. After decapitation, liver tissue was collected and stored at -80 ºC.  

Experiment 4: Daily changes in TG clearance and effects of a 6-meals-a-day feeding 
schedule on TG clearance 

Animals were housed in separate cages, and divided into two groups. One group of animals was 
fed ad libitum (AL group), the other group of animals was entrained to a 6-meals-a-day feeding 
schedule (with 1 meal every 4 hours (6M group)) (see above). Animals received their jugular 
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vein surgery after adaptation to the 6M feeding schedule. TG clearance measurements were 
performed after animals had recovered to their pre-surgery body weight. 

To investigate the existence of daily changes in TG clearance and the importance of a daily 
feeding rhythm, we performed TG tolerance tests in the middle of the light and the middle of the 
dark period. A baseline blood sample (0.2 ml) was taken at ZT5 and ZT17 in both AL and 6M 
animals and immediately followed by a bolus injection of TG’s (20% Intralipid, 3ml/kg). 
Subsequently, blood samples were taken at t=5, 10, 20, 30, 40, 50 and 60 min.  

TG measurement  

Plasma TG was assayed using a kit from Roche (Mannheim, Germany). TG secretion rate at the 
different ZT points was determined by calculating the slope of the plasma TG rise over time by 
linear regression analysis. To measure the rate of TG clearance at the different ZT points, we 
first calculated the positive area under the plasma TG curve (AUC) after the bolus injection of 
Intralipid, using basal plasma TG as the baseline. Subsequently, the inverse of the AUC (1/AUC) 
was used as an indicator for the rate of TG clearance.   

RNA extraction and cDNA synthesis 

Liver tissue was homogenized with a T10 basic UL TRA-TURRAX® homogenizer (IKA, 
Germay) with TRIzol (QIAGEN) and total RNA was isolated with the Trizol protocol. Total 
RNA was purified by NucleoSpin® RNAII Kit (Macherey-Nagel) and included a DNase step 
according to the manufacturer’s instructions. 

RNA was reverse transcribed using Transcriptor First cDNA Synthesis Kit (Roche) with oligo-
dT primers (30min at 55 ºC, 5min at 85 ºC). Additional reverse transcriptase minus (-RT) 
controls were run to check genomic DNA contamination. 

Quantitative polymerase chain reaction (qPCR) 

Gene expression was measured by qPCR using the following reaction system: 2 μl cDNA was 
incubated in a final volume of 10 μl reaction containing 1×SensiFAST SYBR NO-ROX Mix and 
25 ng of each primer (forward and reverse). qRT-PCR was performed in a Lightcycler®480 
(Roche), primer information for each gene is shown in Table 1. The relative amount of each gene 
was normalized against the geometric mean of hypoxanthine guanine phosphoribosyl transferase 
(Hprt) and TATA box binding protein (Tbp). 

Statistical analysis 

Data are presented as mean±SEM (standard error of the mean). Statistical analysis was 
performed using SPSS version 20. One way ANOVA was performed to detect the effect of Time 
(6 levels: ZT2, ZT6, ZT10, ZT14, ZT18 and ZT22) on plasma TG and TG secretion. Two way 
ANOVA was performed to detect the effects of Time, Treatment (AL vs 6M) and Interaction on 
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TG secretion, relative gene expression, TG clearance, locomotor activity and body temperature. 
If the effect of Time, Treatment or Interaction was significant, we performed a post-hoc analysis. 
In addition, data were analyzed using the Circwave 1.4 software to test the daily rhythmicity of 
TG secretion, relative gene expression, locomotor activity and body temperature. P values 
reported are the result of the F-test. A 24h rhythm was confirmed if p<0.05. 

 
Table 1 – Information on gene primers 

 
Gene Forward Primer Reverse Primer 
Scd1 CTACAAGCCTGGCCTCCTGC GGCACCCAGGGAAACCAGGA 

Lipin1 TCACTACCCAGTACCAGGGC TGAGTCCAATCCTTTCCCAG 
ApoB CACCTAAGATCAACAGTCGCTTC TCGAAAGCCAGACCCACTT 
Mttp GCGAGTCTAAAACCCGAGTG CACTGTGATGTCGCTGGTTATT 
Arf TGGCGCCACTACTTCCAG TCGTTCACACGCTCTCTGTC 

Hprt GCAGTACAGCCCCAAAATGG AACAAAGTCTGGCCTGTATCCAA 
Tbp TTCGTGCCAGAAATGCTGAA TGCACACCATTTTCCCAGAAC 

Abbreviations used: Scd1: stearoyl-Coenzyme A desaturase 1. Apob: apolipoprotein B. Mttp: 
microsomal triglyceride transfer protein. Arf1: ADP-ribosylation factor 1. Hprt: also known as Hprt1, 
hypoxanthine phosphoribosyltransferase 1.Tbp: TATA box binding protein. 
 
 

Results  

Experiment 1: The daily rhythm of TG secretion  

We measured the basal level of plasma TG at ZT1, ZT5, ZT9, ZT13, ZT17 and ZT21 (Fig.1A). 
ANOVA did not reveal a significant effect of ZT Time for plasma TG levels (F=1.861, p=0.124), 
but Circwave analysis showed a significant daily rhythm in basal plasma TG levels, with an 
acrophase at ZT5.9. 

We calculated the TG secretion rate at ZT2, ZT6, ZT10, ZT14, ZT18 and ZT22 (Fig.1B). 
ANOVA showed a significant effect of ZT Time on TG secretion (F=4.691, p=0.002). TG 
secretion reached its lowest rate at ZT10 and its highest rate at ZT22. TG secretion rate at ZT10 
was significantly lower than the rate at ZT2, ZT18 and ZT 22 (p=0.015, p=0.001 and p<0.001). 
TG secretion rate at ZT18 was significantly higher than the rates at ZT6 and ZT10 (p=0.015 and 
p=0.001). TG secretion rate at ZT22 was significantly higher than the rates at ZT6, ZT10 and 
ZT14 (p=0.004, p<0.001 and p=0.029). Circwave confirmed the significant daily rhythm in TG 
secretion, with an acrophase of TG secretion at ZT21.2. 
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Fig.1. The daily rhythm of plasma TG (A) and TG secretion (B). Data are presented as mean±SEM. Grey 
area is the dark period.  
 
Experiment 2: Effect of a 6-meals-a-day feeding schedule on the daily rhythms in TG 
secretion, locomotor activity and body temperature 

We checked the effect of 6M on TG secretion at ZT10 and ZT20, i.e., according to the results of 
Experiment 1 the lowest and highest point of the daily rhythm in TG secretion. Basal TG levels 
(Fig.2A) showed no significant effects of Time (F=1.038, p=0.320) or Treatment (F=0.167, 
p=0.687), Interaction effect almost reached significance (F=4.517, p=0.054). For TG secretion 
(Fig.2B), we found a significant effect of Time (F=8.166, p=0.009), but no significant Interaction 
effect (F=0.828, p=0.373), whereas the Treatment effect just missed significance (F=3.844, 
p=0.063). Post-hoc analysis showed that only AL animals showed a significant day/night 
difference in TG secretion (p=0.05), but that this day/night difference was lost in 6M animals 
(p=0.126) (Fig.2B). In addition, TG secretion significantly differed between groups at ZT10 
(P=0.035), but not at ZT22 (p=0.527). 

General activity and body temperature of 6M and AL rats showed a significant day/night rhythm 
(Figs. 3A - D). Circwave confirmed the significant daily rhythm in locomotor activity in 6M and 
AL rats, with an acrophase of locomotor activity at ZT17.9 and ZT17.7, respectively. The 
amplitude of the locomotor activity rhythm in 6M animals was decreased to 89% of that in AL 
animals. Body temperature also showed a significant daily rhythm in the 6M and AL groups 
according to the Circwave analysis. The acrophase of body temperature was at ZT17.4 in the AL 
group and at ZT16.4 in the 6M group. The amplitude of the body temperature rhythm in 6M 
animals was 62% of that in AL animals.  

The 6M animals ate more than the AL animals during the light period, but ate less during the 
dark period (Fig. 3E). The AL animals showed a significant day/night rhythm in food intake, but 
no such rhythm was present in the 6M animals. 

   129 
 

 
Fig.2. Effects of 6-meal-a-day feeding (6M) schedule on basal TG levels (A) and the daily TG secretion 
rhythm. Data are presented as mean±SEM. White bars – Ad libitum animals, Black bars – 6M animals. * 
indicates a significant difference between ZT10 and ZT22, p≤0.05. 
 
 

 
 
Fig.3. Effects of 6-meal-a-day feeding schedule (6M) on the 24 h profile of body temperature (A), the day 
/night rhythm of body temperature (B), the 24 h profile of locomotor activity (values are percentages of 
24h-mean) (C), the day /night rhythm of locomotor activity (values are percentages of 24h-mean) (D), 
and the day/night rhythm of food intake (E). Data are presented as mean±SEM. White bars and Grey line 
– Ad libitum animals, Black bars and Black line – 6M animals. * indicates a significant difference 
between night and day, p<0.05. # indicates a significant difference between 6M and AL animals, p<0.05.  
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Experiment 3: The effect of a 6-meals-a-day feeding schedule on daily gene expression 
rhythms in liver 

We checked 5 metabolic genes that are involved in TG synthesis and secretion (Fig.4). Two way 
ANOVA showed a significant Treatment (F=4.381, p=0.042) and Interaction (F=4.689, p=0.006) 
effect for the Scd1 expression level. One way ANOVA showed that Time had a significant effect 
on the expression level of Mttp and Scd1 in control animals and the expression level of Lipin1 in 
6M animals (Table 2).  

Circwave 1.4 analysis showed similar results (Table 3). Mttp, Scd1 and ApoB expression 
displayed a daily rhythm in control animals, but lost their daily rhythmicity under 6M feeding 
conditions. The expression of Lipin1 showed a clear daily rhythm in 6M rats, but not in control 
rats. 

Table 2 –Effects of 6-meal-a-day feeding on daily gene expression rhythm in 
liver 

 
Gene Time Two-way ANOVA 

Ad libitum 6M Time Treatment Interaction 
Scd1 0.041 0.185 0.912 0.042 0.006 

Lipin1 0.145 0.034 0.005 0.524 0.549 
ApoB 0.066 0.166 0.011 0.720 0.779 
Mttp 0.033 0.453 0.026 0.647 0.728 
Arf 0.703 0.521 0.652 0.075 0.535 

Significant differences are in bold 
 

Table 3 – Circwave V1.4 analysis of effect of 6-meal-a-day feeding on daily 
TG secretion related gene expression rhythms in liver 

 

Gene Acrophase in ZT 
AL 6M 

Scd1 22.3 ns 
Lipin1 ns 12.49 
ApoB 2.32 ns 
Mttp 21.21 ns 
Arf ns ns 

ns = not rhythmic according to Circwave 
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Fig.4. Effects of 6-meal-a-day (6M) feeding schedule on daily gene expression rhythm in liver. * p<0.05. 
Open circles – data points of ad libitum group.  Solid line – Circwave calculated curve for ad libitum 
group. Solid circles – data points of 6M group.  Dashed line – Circwave calculated curve for experimental 
6M group.  

Experiment 4: The daily rhythm of TG clearance and effect of 6-meals-a-day feeding 
schedule on the daily TG clearance 

Two way ANOVA indicated no significant effect of Time (F=0.169, p=0.683), Interaction 
(F=0.628, p=0.433) or Treatment (F=3.539, p=0.068) on basal TG levels (Fig.5A).   

We calculated the AUC for the TG plasma curve after the bolus injections of Intralipid at ZT5 
and ZT17. We transferred AUC to 1/AUC in order to have a larger TG clearance corresponding 
with a higher value (Fig.5B). Two way ANOVA indicated no significant effect of Time on TG 
clearance (F=0.004, p=0.948) (Fig.5B). Two way ANOVA also showed no effects of Treatment 
(F=2.734, p=0.106) or Interaction (F=0.833, p=0.367) on TG clearance (Fig.5B). 

Discussion  

In the present study we found that both plasma TG and TG secretion show a clear daily rhythm. 
Rhythms in plasma TG levels had been reported before, but this is the first time for a significant 
daily rhythm in TG secretion to be reported. TG secretion rates were lowest at the end of the 
light period and highest at the end of the night, i.e., approx. 7 hours out of phase with the rhythm  
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Fig.5. The day/night rhythm of basal TG level (A) and TG clearance (B) and effects of a 6-meal-a-day 
(6M) feeding schedule on the day/night TG clearance rhythm (B). Data are presented as mean±SEM.  

 

in plasma TG. It is well known that changes in feeding behavior affect the daily rhythm of 
plasma TG (3,8,16,17). In the present study, we showed that the daily rhythm in TG secretion 
was lost when no clear day/night rhythm in feeding behavior was present anymore. On the other 
hand, previously we showed that the daily rhythm of plasma TG was not abolished under 6-
meals-a-day conditions (22). Therefore, the present results indicate that the daily feeding rhythm 
is an important factor in the control of the daily rhythm of TG production, but is not the only 
factor that controls plasma TG levels and daily TG metabolism. 

In the present study we found that the 24h rhythm in plasma TG levels shows a peak in the 
middle of the light period and a trough in the middle of the dark period, however, the amplitude 
of the rhythm was not very pronounced. Circwave analysis indicated a significant rhythm, but 
the one way ANOVA did not indicate a significant effect of Time. Also in the two additonal 
experiments (Fig. 2A and Fig.5A) the day/night variation in basal TG levels was not significant. 
TG secretion on the other hand showed a clear daily rhythm with a peak at end of the dark period 
and a trough at the end of the light period. Comparing the daily plasma TG and TG secretion 
rhythm shows that plasma TG levels reach a peak 7h after TG secretion reaches peak levels and 
that plasma TG levels reach a trough 7h after TG secretion reaches its lowest level, i.e., the daily 
rhythm of plasma TG is 7h delayed as compared to the rhythm in TG secretion. Recently 
Kooijman et al. (9) reported that also TG uptake shows a significant rhythm in several tissues. 
However, since the phasing of this rhythm was different among organs, this possibly explains 
why we did not observe a clear day/night rhythm in systemic TG clearance in our study. On the 
other hand, for the TG clearance experiment we only studied two time points, so we also may 
have missed the acrophase and trough time points. Taking these findings together we speculate 
that the daily rhythm in plasma TG levels is generated by the daily rhythm in TG secretion, 
though with a 7h delay.  
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Recently, Pan et al (3) showed that the acute change in plasma TG levels after refeeding in 
fasting mice was mainly due to an increase in non-HDL (high density lipoprotein) apoB-
lipoproteins, such as VLDL (very low density lipoprotein). This indicates that food availability 
plays a major role in controlling plasma TG levels. Pan et al (3) also showed that day-time 
restricted feeding induced two peaks in the daily plasma TG rhythm. One peak was during the 
time of restricted feeding and the other peak was at the end of the night. Also other studies 
(8,16,23) showed that the daily rhythm in plasma TG was shifted in animals only able to feed 
during the light period. In the study of Shamsi et al. (17) day time feeding abolished the daily 
rhythm of plasma TG when animals were housed under a 16/8: light/dark cycle. The above 
findings indicate that the daily feeding rhythm is an important signal in the control of the daily 
rhythm in plasma TG. In the liver Mttp and ApoB, two enzymes important for TG secretion, 
show a clear daily rhythm in their expression and activity level (3,6). Some studies (3,6,8) 
reported restricted feeding shifts the daily expression rhythm of Mttp and ApoB, thus the daily 
feeding rhythm may also affect the daily rhythm in TG secretion. In the present study, we found 
that the rhythms in Mttp and Scd1 expression nicely coincided with the rhythm in TG production, 
the rhythm in ApoB expression was delayed with a few hours. The significant day/night rhythm 
in TG secretion was lost when the daily feeding rhythm was abolished. The liver is the main 
organ to secrete TG’s, and we found that the 6M schedule indeed abolished the daily rhythm of 
hepatic genes involved in TG secretion. In a previous study we found that during the 6M feeding 
schedule postprandial plasma TG levels increase most during the day time meals at ZT2 and ZT6 
(22). In the present study, we found that feeding according the 6M schedule increased TG 
secretion during the day time (ZT10). These findings are nicely in line with previous human data 
showing that nighttime meals caused higher plasma TG levels, i.e., feeding at the wrong time of 
day causes increased plasma TG levels (12,14,15). Together these findings clearly demonstrate 
that the daily rhythm in feeding activity is an important determinant of the daily rhythm in TG 
secretion.  

Escobar et al (23) found that plasma TG levels show a persistent circadian rhythmicity in rats 
after 96h fasting. Similarly, Fukagawa et al (24) also showed sustained daily plasma TG rhythms 
in fasted rats. These findings indicate that the circadian clock system can maintain a daily rhythm 
in plasma TG, in the absence of feeding activity. Pan et al (6,7) showed that the daily rhythm of 
plasma TG as well as the daily rhythms in MTTP activity, protein and mRNA level were lost in 
Clock mutant animals. It is well known (6) that daily rhythms of other clock genes are dampened 
or lost in Clock mutant animals. Although the daily feeding pattern was not determined in that 
study, locomotor activity rhythms were less affected in these animals under L/D cycle. This 
suggests that an intact circadian clock system is important for maintaining the daily rhythms of 
plasma TG and TG secretion. Pan et al (6,7) also showed that restricted feeding (in the inactive 
period) failed to entrain the daily rhythm in plasma TG and genes involved in TG secretion in 
Clock mutant animals, indicating that feeding activity requires an intact circadian clock system to 
regulate the daily TG rhythm. Our own studies (25-27) showed that daily clock gene rhythms in 
the liver were not abolished in 6M animals, indicating that the abolishment of the daily rhythms 
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in TG secretion and related gene expression are due to the arrhythmic feeding in the 6M animals 
and not to arrhythmic clock gene expression rhythms. Therefore, both the circadian clock system 
and a daily feeding rhythm are indispensable to maintain the daily rhythm in TG secretion, if one 
of these two signals is abolished TG secretion becomes arrhythmic.  

Some studies (3,6) showed that the daily rhythm of plasma TG levels and MTTP activity was 
abolished under constant light conditions, indicating that also the light-sensitive central clock 
(suprachiasmatic nucleus of the hypothalamus (SCN)) is important for regulating plasma TG 
levels and MTTP activity. However, in these conditions also feeding rhythms will be disturbed. 
Many studies (28-30) have shown that restricted feeding does not alter the daily rhythm of clock 
gene expression in the SCN. In the present study, we found that the daily rhythms of locomotor 
activity and body temperature were still intact in 6M animals, agreeing with the idea that the 
oscillator in the SCN is still intact under 6M conditions. Thus, arrhythmic feeding and not an 
arrhythmic SCN is the main factor responsible for abolishment of the daily rhythm in TG 
secretion and gene expression in the 6M animals. 

In summary, in the present study we found that plasma TG levels and TG secretion show a 
significant daily rhythm. The acrophase of TG secretion is at the end of night, and that of plasma 
TG is during the middle of the light period. We did not find a day/night rhythm in TG clearance, 
thus the daily rhythm in plasma TG seems to mainly result from the daily rhythm in TG secretion. 
We also found that arrhythmic feeding abolished the daily rhythm in TG secretion and related 
hepatic genes, indicating that the daily rhythm in feeding activity is an important determinant for 
maintaining the daily rhythm of TG production and secretion.  
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in TG secretion and related gene expression are due to the arrhythmic feeding in the 6M animals 
and not to arrhythmic clock gene expression rhythms. Therefore, both the circadian clock system 
and a daily feeding rhythm are indispensable to maintain the daily rhythm in TG secretion, if one 
of these two signals is abolished TG secretion becomes arrhythmic.  

Some studies (3,6) showed that the daily rhythm of plasma TG levels and MTTP activity was 
abolished under constant light conditions, indicating that also the light-sensitive central clock 
(suprachiasmatic nucleus of the hypothalamus (SCN)) is important for regulating plasma TG 
levels and MTTP activity. However, in these conditions also feeding rhythms will be disturbed. 
Many studies (28-30) have shown that restricted feeding does not alter the daily rhythm of clock 
gene expression in the SCN. In the present study, we found that the daily rhythms of locomotor 
activity and body temperature were still intact in 6M animals, agreeing with the idea that the 
oscillator in the SCN is still intact under 6M conditions. Thus, arrhythmic feeding and not an 
arrhythmic SCN is the main factor responsible for abolishment of the daily rhythm in TG 
secretion and gene expression in the 6M animals. 

In summary, in the present study we found that plasma TG levels and TG secretion show a 
significant daily rhythm. The acrophase of TG secretion is at the end of night, and that of plasma 
TG is during the middle of the light period. We did not find a day/night rhythm in TG clearance, 
thus the daily rhythm in plasma TG seems to mainly result from the daily rhythm in TG secretion. 
We also found that arrhythmic feeding abolished the daily rhythm in TG secretion and related 
hepatic genes, indicating that the daily rhythm in feeding activity is an important determinant for 
maintaining the daily rhythm of TG production and secretion.  
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