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Abstract Among all the metabolites present in the plasma,
lipids, mainly triacylglycerol and diacylglycerol, show exten-
sive circadian rhythms. These lipids are transported in the
plasma as part of lipoproteins. Lipoproteins are synthesized
primarily in the liver and intestine and their production ex-
hibits circadian rhythmicity. Studies have shown that various
proteins involved in lipid absorption and lipoprotein bio-
synthesis show circadian expression. Further, intestinal epi-
thelial cells express circadian clock genes and these genes
might control circadian expression of different proteins in-
volved in intestinal lipid absorption. Intestinal circadian
clock genes are synchronized by signals emanating from the
suprachiasmatic nuclei that constitute a master clock and
from signals coming from other environmental factors,
such as food availability. Disruptions in central clock, as
happens due to disruptions in the sleep/wake cycle, affect
intestinal function. Similarly, irregularities in temporal food
intake affect intestinal function. These changes predispose
individuals to various metabolic disorders, such as meta-
bolic syndrome, obesity, diabetes, and atherosclerosis.Hl
Here, we summarize how circadian rhythms regulate micro-
somal triglyceride transfer protein, apoAlV, and nocturnin
to affect diurnal regulation of lipid absorption.—Hussain,
M. M., and X. Pan. Circadian regulators of intestinal lipid
absorption. J. Lipid Res. 2015. 56: 761-770.
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Several behavioral and physiologic activities show circa-
dian rhythms that are attuned to changes in light within a
24 h day. Plasma triacylglycerols exhibit diurnal variations in
humans and rodents (1-6). Due to their hydrophobic na-
ture, these lipids are transported in the plasma as major core
constituents of apoB-containing lipoproteins. These lipopro-
teins are assembled in the endoplasmic reticulum and Golgi
of enterocytes and hepatocytes with the assistance of a dedi-
cated chaperone, microsomal triglyceride transfer protein
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(MTP), to transport dietary and endogenous lipids, respec-
tively (7-9). Therefore, it is possible that a major reason for
the circadian regulation of plasma triglyceride depends on
their assembly and secretion by the intestine and the liver.
Circadian rhythms are centrally orchestrated by a set
of clock genes expressed in the suprachiasmatic nuclei
(SCN) of the brain. These genes are also expressed in
other cells and their expression is entrained by various
stimuli emanating from the SCN. Additionally, they are
regulated by external stimuli such as food availability. Sev-
eral intestinal functions, including lipid absorption, show
diurnal variations. We will briefly introduce clock genes
and their regulation and intestinal lipid absorption, and
then discuss three proteins that have been shown to be in-
volved in the diurnal regulation of lipid absorption (Fig. 1).

LIGHT AND FOOD ENTRAINMENT OF CIRCADIAN
RHYTHMS

Constant periodicity of sunrise and sunset affects every
organism. Some wake up with the sunrise while others go to
sleep. However, wakefulness is always associated with physi-
cal activity aimed at gathering food. In contrast, sleep is
associated with low locomotor activity and fasting. The in-
formation about the sunlight is transmitted from the eye via
retino-hypothalamic neurons to bilateral SCN in the brain
(10-12). These photic signals are deciphered in the SCN
resulting in the increased expression of a clock gene,
brain and muscle arylhydrocarbon receptor nuclear
translocator (ARNT)-like protein 1 (Bmall). When the
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Fig. 1. Diurnal regulators of intestinal lipid absorp-
tion. Both food- and light-entrained oscillators ap-
pear to affect the expression of clock genes in the
intestine. Intestinal clock genes affect other genes to
modulate intestinal lipid absorption. So far, at least
three proteins, MTP, apoAlV, and nocturnin, that af-
fect diurnal variations in intestinal lipid absorption
have been identified. Changes in the diurnal expres-
sion of these genes appear to affect diurnal variations
in plasma lipids.

levels increase, Bmall forms heterodimers with another
clock gene, circadian locomotor output cycles kaput (Clock).
The Bmall:Clock heterodimers interact with the E-boxes
present in the promoter regions of period (Per) and crypto-
chrome (Cry) genes and increase their transcription (Fig.
2A). Per and Cry proteins also form heterodimers and act as
repressors of the Bmall:Clock heterodimers to reduce their
own expression. This transcriptional auto-regulatory loop
repeats with an approximate interval of 24 h and is further
modulated by several posttranslational modifications, such
as phosphorylation and acetylation (10-13). In addition to
this major regulatory loop, expression of Bmall is regulated
by other transcription factors that sense cellular energy lev-
els and other environmental stimuli. These include retinoic
acid receptor-related orphan receptor a (Rora), PPARYy co-
activator 1-a (PGCla), and reverse erythroblastosis virus o
(Rev-erba). Rora and PGCla increase, while Rev-erba
suppresses, Bmall expression constituting a secondary reg-
ulatory loop (10-12). More molecular details about the
regulation of these transcription factors and the regulation
of circadian clock genes can be found in several excellent
reviews (10-13). An important feature of these clock genes
is that they need to be regularly entrained by light to main-
tain periodic rhythmicity. In the absence of regular expo-
sure, the intensity of circadian response shortens with time
and eventually disappears.

In addition to the clock genes described above,
Bmall:Clock heterodimers also interact with E-boxes pres-
ent in the promoters of several “clock controlled genes”
(Fig. 2B) and increase their expression. These tran-
scription factors then modulate the expression of key pro-
teins involved in different metabolic pathways. Thus,
Bmall:Clock heterodimers increase the expression of re-
pressors to downregulate their own expression and also
increase the expression of other transcription factors to
modulate different metabolic pathways.

Besides SCN, clock genes are also expressed in almost
all the cells. These cells are not synchronized by light; in-
stead, they are synchronized by hormonal and neuronal
signals emanating from the SCN. These peripheral clock
genes are susceptible to changes in the environment, such
as heat and food. Thus, while the regulation of clock genes
in the SCN is mainly entrained by the light, the peripheral
clock genes are regulated by various stimuli originating
from the SCN, as well as other environmental (food, tem-
perature) and physiologic (NAD’, hormones, nutrients,
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etc.) cues (14-20). Therefore, diurnal regulation of pe-
ripheral tissues, such as the intestine, is affected by several
central, hormonal, and environmental stimuli.

Food is a potent synchronizer of peripheral clocks and
entrains various behavioral and physiologic activities (14—
16, 20-25). This can be easily demonstrated by providing
food for a few days in the daytime to rodents that usually
consume their meal in the nighttime with no disruptions
in the light on/off schedule. Changes after food entrain-
ment have characteristic features of circadian rhythms.
These rhythms are sustained for some time after the food
entrainment is discontinued. The identity of a center, if it
exists, that controls and elucidates food-entrained oscilla-
tions is unknown. There is significant evidence to suggest
that the food-entrained oscillator might be independent
of the SCN. However, the clock genes involved in the light-
induced oscillators may participate in the food-entrainment
response. It is likely that the food-entrained oscillator is a
network of several neural sites in the brain that cooperate
to elicit a behavioral and physiologic response (20, 26).

EXPRESSION OF CLOCK GENES IN THE INTESTINE

Various functions of the intestine, such as motility, gas-
tric emptying, DNA synthesis, epithelial cell renewal, food
anticipatory activity, and nutrient absorption, exhibit cir-
cadian rhythms (14, 20, 27-29). It is well-known that the
major complaints in shift workers and transcontinental
travelers are related to gastrointestinal disturbances (30).
Hence, it is possible that these activities are regulated by
clock genes and disruptions in the diurnal expression of
clock genes might be a cause for gastrointestinal discom-
forts. Indeed, the expression of various clock genes has
been documented in various parts of the intestine. The
colon exhibits the highest expression of clock genes (17,
31). We showed that the expression of these proteins in-
creases from the duodenum to the colon (32). We also
measured the expression of clock genes in intestinal mu-
cosal and epithelial cells. Clock proteins were more abun-
dant in the epithelial cells compared with the mucosal
cells. Thus, expression of clock genes increases from duo-
denum to colon and from mucosal cells to epithelial cells.

Clock genes in the jejunum and colon show diurnal
variations (17, 31, 32). The peaks and nadirs in the expres-
sion of these clock genes are in phase with their expression
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Fig. 2. Regulation of clock and clock-controlled genes by Bmall:Clock heterodimers. A: Regulation of clock genes: Bmall:Clock heterodi-
mers interact with E-box elements present in the promoters to increase the expression of different clock genes. When the levels of Per and Cry
proteins increase, they form heterodimers and act as repressors reducing the expression of Bmall constituting the primary auto-regulatory
transcriptional loop. Bmall:Clock heterodimers also increase temporal expression of Rora and Rev-erba that act as activator and repressor,
respectively, of Bmall expression by binding to a retinoic acid-related orphan receptor response element (RORE), and constitute a secondary
regulatory loop that affects diurnal regulation. PGCla can interact with Rora to increase Bmall expression. These two complementary auto-
regulatory loops are involved in the control of circadian rhythms. B: Regulation of clock-controlled genes: Bmall:Clock heterodimers also
interact with E-boxes present in the promoter regions of several other transcription factor genes to augment their expression. These transcrip-
tion factors then regulate the expression of several genes involved different pathways to affect metabolism.

in the liver. However, the peak expressions of these
genes are phase delayed compared with their temporal ex-
pression in the SCN (15). Thus, it is possible that a tempo-
ral delay in the rhythmicity of the expression of intestinal

clock genes might be secondary to the neuronal and hor-
monal signals emanating from the SCN.

Circadian expression of clock genes in the intestine is
altered with the feeding schedule (15, 32). After food
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entrainment, most of the clock genes are expressed at the
time of food availability, instead of their normal peak
expression at night. Thus, food availability can alter the
expression pattern of clock genes in the intestine. How-
ever, the proper food-entrainment response is not seen in
mice kept in constant dark or constant light. Thus, normal
functioning of light-entrained response is necessary for
the adaptation to food entrainment.

In short, intestinal cells express different clock genes and
their function is likely modulated by these genes. Disrup-
tions in circadian expression of clock genes in the intestine
might contribute to gastrointestinal discomforts during
trans-continental flights and while working at odd hours.

CIRCADIAN REGULATION OF INTESTINAL LIPID
ABSORPTION

The major function of the small intestine is to digest
and absorb food. Macronutrients, carbohydrates, lipids, and
proteins are hydrolyzed in the lumen of the intestine and
products are retrieved by enterocytes involving various
transporters. Intestinal lipid absorption involves hydrolysis
of dietary fat in the intestinal lumen, uptake of hydrolyzed
products by the enterocytes, resynthesis of lipids, and
assembly and secretion of chylomicrons. Several reviews
have extensively discussed these steps in lipid absorption
(7, 8, 14, 20, 33-42). Because lipids are water-insoluble,
an important step in the digestion of these lipids is their
emulsification with bile salts (39, 43). In this process, hy-
drophobic lipids are incorporated into bile salt micelles
rendering them water-miscible. The digestion of triacylg-
lycerols in the intestinal lumen produces unesterified fatty
acids and monoacylglycerols (36). The digestion of phos-
pholipids is carried out mainly by pancreatic phospholi-
pases A2, yielding free fatty acids and lysophospholipids.
Cholesterol esterase hydrolyzes cholesterol esters into free
cholesterol and unesterified fatty acids. These hydrolyzed
products are taken up by enterocytes (36, 38, 41, 44).
Thus, the major steps involved in the transport of dietary
lipids from the intestinal lumen to enterocytes are emulsi-
fication with bile, hydrolysis by esterases, and uptake by
transporters.

After uptake, fatty acids are transported in the cells by
fatty acid binding proteins. These proteins deliver fatty ac-
ids to various organelles. In the endoplasmic reticulum
(ER), fatty acids are used for the synthesis of triacylglycerols,
phospholipids, and cholesterol esters. These lipids are
then packaged into lipoproteins called chylomicrons (8,
45). Chylomicrons are very large spherical triacylglycerol-
rich particles that also contain phospholipids and choles-
terol. The surface of these particles is covered with a
phospholipid monolayer and the core is enriched in triac-
ylglycerols and cholesteryl esters. The surface of these par-
ticles also contains apoB48 that acts as a scaffolding
protein. Triacylglycerol absorption is dependent on the
assembly and secretion of these particles. In contrast,
phospholipids and cholesterol are absorbed via chylomi-
crons and the HDL pathway (8, 46). In the HDL pathway,
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ABCALI and apoAl play a role (46-48). ABCA1 and apoAl
deficiencies reduce cholesterol transport via the HDL
pathway with no effect on cholesterol secretion via the chy-
lomicron pathway. In short, fatty acids are used for the
synthesis of lipids for packaging with lipoproteins and se-
cretion. All triglycerides are transported via chylomi-
crons, while cholesterol and phospholipids are transported
with both chylomicrons and HDLs.

Lipid absorption studies have been performed in ani-
mals, jejunal loops, and isolated primary enterocytes.
These studies have revealed that lipid absorption is maxi-
mal at night and lowest in the day (5). Because lipid ab-
sorption involves uptake of hydrolyzed lipid products
followed by their secretion with lipoproteins (7, 14, 33-
42), we studied both the uptake and secretion of fatty ac-
ids and cholesterol by primary enterocytes (5, 32, 49).
These studies showed that enterocytes exhibit diurnal
variations with respect to their capacity to take up and se-
crete fat. Thus, various steps in the uptake, packaging, and
secretion are probably controlled by clock genes.

To understand the molecular basis for diurnal lipid
absorption, we looked for changes in different proteins
involved in the uptake and packaging of fatty acids and
cholesterol. Most of the genes examined showed diurnal
changes in their expression (32). These include apoB,
MTP, apoAlV, diacylglycerol Oacyltransferase 2 (DGAT?2),
fatty acid synthase, and stearoyl-CoA desaturase-1 (SCD-1).
Thus, at least some of the genes involved in the synthesis
and secretion of triglycerides are regulated by circadian
rhythms. More studies are needed to establish that the in-
dividual steps and proteins involved in lipid uptake and
secretion are indeed regulated by circadian clock genes.
This can be achieved by measuring temporal changes in
different processes and proteins involved in lipid absorp-
tion in mice deficient in specific clock genes.

Clock

The role of Clock in circadian control of lipid absorp-
tion has largely been derived from studies in mice that
express a dominant negative Clock protein (Clockmg) in
C57B1/6] background. These mice are arrhythmic and
show longer periodicity (26-29 h instead of 23-24 h) in
their locomotor activity (50). The Clock mutant allele
encodes a protein with 51 amino acid deletion in its puta-
tive transcriptional regulatory domain. It interacts with
Bmall, binds to E-box enhancer sequences, acts in a
dominant negative fashion (51), decreases the transcrip-
tion of Per and other circadian clock genes, and disables
the negative feedback loop of circadian rhythm. These
Clock mutant (ClkAI%w) mice are entrainable during a
normal light/dark cycle, but lose this ability when placed
in the dark (50). In addition, they show physiologic ab-
normalities such as reduced fertility, obesity, hyperlepti-
nemia, hyperlipidemia, hepatic steatosis, hyperglycemia,
and metabolic syndrome (52, 53). They have been exten-
sively used to study the role of circadian rhythms in
metabolism.



We studied the expression of clock genes and different
nutrient transporters in mice expressing normal and dom-
inant negative Clock protein (32, 49). Our data show that
normal intestinal cells express canonical clock genes in a
circadian manner and are susceptible to attunement by
food. Normal Clock expression is important for the circa-
dian and food-entrained expression of nutrient transport
proteins as well as in the absorption of macronutrients, as
Clock mutant mice do not show circadian expression of
genes involved in lipid absorption and do not respond
to food entrainment (32). Thus, circadian rhythms and
Clock protein are important in macronutrient absorption
by the intestine.

Lipid absorption studies in Clock mutant mice involving
in situ intestinal loops and isolated enterocytes showed
that uptake of fatty acid and triglyceride secretion are sig-
nificantly altered in these mice. As opposed to wild-type
mice, CIK*"”*"" mice did not show significant differences
in the uptake of fatty acids or triglyceride secretion by in-
testinal loops or enterocytes at midnight or midday, sug-
gesting that diurnal variations in lipid uptake were lost in
the mutant mice. Thus, these mutant mice were absorbing
lipids throughout the day, and this sustained high lipid
absorption might be a reason for the hypertriglyceridemia
observed in these mice.

To understand the molecular basis for defects in cir-
cadian regulation of lipid absorption in clock mutant
mice, we measured expression levels of different §enes
involved in lipid absorption in wild-type and Clk 1oa 19
mice (49). The expression of several of the studied
genes in the Cl* " mice was altered compared with
their wild-type siblings. In wild-type mice, most of the
genes exhibited diurnal expression; however, they did
not show diurnal variations in CIk*'”*"’ mice, suggest-
ing that the absence of circadian variations in lipid ab-
sorption might be due to alterations in molecular events
that control the expression of genes involved in lipid
absorption.

Because Clock mutant mice develop hyperlipidemia, we
reasoned that they may be more susceptible to atheroscle-
rosis. To test this hypothesis, Clock mutant mice were
crossed to Apoe '~ and Ldly '~ mice. Cli*""*"’Apoe”’ ™ and
Cli'”*’Laly’~ mice showed higher atherosclerosis (54).
Physiologic studies indicated that these mice were assem-
bling and secreting more chylomicrons and had higher
lipid levels. In addition, macrophages from Cl " A”Apoe_/ B
mice were defective in cholesterol efflux. Therefore, these
studies suggested that Clock reduces atherosclerosis by re-
ducing intestinal lipid absorption and enhancing choles-
terol efflux from macrophages.

MTP

MTP is a chaperone that is crucial for the biosynthesis
of apoB-containing lipoproteins (9, 55-57). It transfers
lipids, mainly neutral lipids, in vitro between membrane
vesicles, as well as physically interacts with apoB. Thus,
by interacting with apoB and lipidating this peptide

during translation, MTP assists in the formation of pri-
mordial apoB-containing lipoproteins. Formation of
these particles prevents proteasomal degradation of
apoB that occurs in the absence of lipid supply or MTP
deficiency.

The major organs expressing MTP are the intestine and
the liver (9, 55-58). Mechanisms controlling different lev-
els of MTP in tissues have not been explained. MTP ex-
pression is modulated by macronutrients (59). Recently,
microRNA-30c has been shown to regulates its expression
and reduce hyperlipidemia and atherosclerosis (60). In
general, there is a good agreement between cellular levels
of MTP mRNA, protein, and activity suggesting that MTP
is mainly regulated at the transcriptional level. Various
transcription factors and cis-elements involved in the regu-
lation of MTP have been reviewed (59). A short promoter
with few cis-elements appears sufficient for its expression
in cells. The promoter contains positive regulatory hepatic
nuclear factor (HNF)-1, HNF-4, Fox, and negative sterol/
insulin regulatory elements that bind to HNF-1o,, HNF-4a,
FoxO1/A2, and SREBP transcription factors, respectively.
Thus, MTP expression is controlled by various transcrip-
tion factors that interact with specific elements present in
the promoter.

Intestinal and hepatic MTP expression shows modest
diurnal variations with highest levels found at midnight
(b, 32, 49). These changes are not seen when mice are
placed in constant dark for 5 days, indicating that light
entrainment might be needed for proper diurnal ex-
pression of the MTP gene. Further, expression of intesti-
nal and hepatic MTP was altered when mice were
subjected to food entrainment, indicating that MTP re-
sponds to food-entrained oscillator. Thus, diurnal varia-
tions in the expression of MTP gene are under the
control of both light- and food-entrained oscillators.
The regulation of MTP by light-entrained oscillators was
further supported by the observations that diurnal varia-
tions in MTP expression were absent in Ci ™" mice
(5). Normal Clock expression was also needed for food-
entrained changes in MTP expression as CiE " mice
were unable to increase MTP expression at the time of
food availability after food entrainment compared with
wild-type mice. Thus, Clock appears to be necessary for
both light- and food-entrained oscillatory changes in
MTP expression.

Evidence that Clock regulates MTP comes from studies
in CI'"”*" mice (49). MTP expression did not show diur-
nal variations in the intestine and livers of CIK*'”*"’ mice.
The role of Clock in MTP regulation was further demon-
strated by reducing the expression using siRNA for Clock.
Knockdown of Clock increased MTP expression, indicat-
ing a reciprocal relationship. We observed that MTP lacks
an E-box in its promoter that is recognized by Bmall:Clock
heterodimers. Hence, we reasoned that increases in activa-
tors or reductions in repressors might explain increases in
MTP expression in Cl """ mice. siRNA-mediated knock-
down of Clock in cells reduced or had no effect on activa-
tors, however, one of the repressors, small heterodimer
partner (Shp), was reduced (52). Further, knockdown of
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Shp increased MTP expression. These studies suggested
that Clock might regulate MTP expression by modulating
Shp expression.

The Shp gene contains an E-box. In wild-type mice,
Bmall:Clock heterodimers interact with the E-box en-
hancer elements in the promoter of the Shp gene in-
creasing its expression at dawn (Fig. 3A) (61). When
levels increase, Shp interacts with several transcription
factors that activate MTP gene expression (49). These in-
clude HNF-4a, HNF-1a, and liver receptor homolog-1
(LRH-1). By binding to these transcription factors, Shp
represses the expression of MTP. The maximum associa-
tion of Shp with MTP promoter occurs in the midday and
is correlated with low levels of MTP in the daytime. Shp
levels reduce at the end of the day and this derepresses

A

Amplitude

BMAL1:
CLOCKA™®

\/A\"

MTP expression in the early hours of the night to maxi-
mize lipid absorption and transport. This is a simplistic
picture about the regulation of MTP by Clock. Other
clock genes might also be involved in the regulation of
MTP. Hence, more studies are needed to understand how
other clock genes regulate MTP to modulate intestinal
lipid absorg)tion and plasma lipid levels.

In Clk*"”*" mice (Fig. 3B), Bmall:Clock*" heterodi-
mer probably interacts with the E-box resulting in reduced
Shp expression and increased MTP expression. Because
the activity of the Bmall:Clock™"’ heterodimer does not
show diurnal variations, the levels of Shp do not change
throughout the day in Clk*'”*"’ mice. Therefore, MTP lev-
els are perhaps high at all times, contributing to sustained
hypertriglyceridemia.

Fig. 3. Regulation of MTP by Clock involving Shp.
A: In wild-type mice, Bmall:Clock heterodimers in-
teract with the E-box of Shp in the day to increase
expression. When Shp levels increase, they interact
with different activators that are bound to the MTP
promoter, such as HNF-4«, to reduce expression. At
night, when concentrations of Per and Cry proteins
increase, the activity of Bamll:Clock is repressed re-
sulting in reduced expression of Shp and increased
expression of MTP. B: In ClockAIg/Ammice, binding of
Bmall:Clock*" heterodimers to the E-box reduces
expression of Shp. Further, this binding is perhaps
notaffected by Per:Cry heterodimers at night. There-
fore, expression of Shp is low at all times and does
not show diurnal variations. Reduced levels and loss
of circadian expression of Shp might contribute to
high MTP expression throughout the day.

766 Journal of Lipid Research Volume 56, 2015



apoAlV

apoAlV is a 46 kDa protein found associated with chylo-
microns and HDLs, as well as in lipid-free form in the
plasma (62, 63). In humans, it is mainly synthesized by the
intestine; but rodent livers also synthesize apoAIV (64).
apoAlV is incorporated on the surface of chylomicrons in
the early stages of their biogenesis in the ER (65) and is
secreted from the basolateral side of enterocytes. There is
considerable evidence that dietary fat increases apoAIV
expression; fat ingestion and intestinal perfusion of lipids
increase synthesis and secretion of apoAlV in rodents
(66-68). Lu et al. (69) have demonstrated that a high-fat
diet induces apoAlIV expression by 7-fold in newborn
swine jejunum. Similarly, a 3-fold increase in apoAIV
mRNA levels was observed in Caco-2 cells supplemented
apically with lipid micelles (70). Fat feeding increases
transcription of apoAIV. Mechanistic studies indicate that
fatfeeding increases the binding of HNF-4« to the apoAIV
promoter (70, 71). Thus, fat feeding may induce apoAIV
synthesis by increasing gene transcription.

Recently it has been shown that cAMP responsive element-
binding protein, hepatocyte specific (CREBH) regulates
apoAlV expression by binding to two CREBH elements
present in the apoAIV promoter (72). CREBH is an ER
membrane anchored bZIP transcription factor that is mainly
expressed in the liver and intestine (72, 73). CREBH defi-
ciency reduces apoAIV expression in the liver and intestine.
apoAlV expression is increased after the overexpression of
CREBH in the liver and in cultured cells. High-fat diet in-
duces steatosis in the liver leading to increased expression
of CREBH and apoAlIV (72, 73). Fasting is known to in-
duce CREBH and apoAIV expression in the liver. How-
ever, it is not clear whether prolonged fasting increases
CREBH and apoAlV in the intestine. It remains to be de-
termined whether CREBH is involved in diurnal regula-
tion of apoAlIV expression.

Transgenic overexpression of human apoAlV in mice
increases serum VLDL cholesterol and triacylglycerols
in the fed state (68). An approximately 50-fold enhanced
expression of apoAIV in a newborn swine enterocyte cell
line, IPEC-1, increased secretion of nascent triacylglyc-
erols and phospholipids with chylomicrons by 2- to
3-fold (69, 74). VerHague et al. (75) have shown that
apoAIV enhances VLDL triglyceride production by en-
hancing core expansion, not particle number, in stea-
totic livers. Molecular mechanisms involved in this process
are not fully understood, but Weinberg et al. (76) have
suggested that apoAIV may help in the expansion of
nascent lipoproteins into larger lipoproteins by main-
taining interfacial tension and elasticity of the larger
particles. Besides these biophysical mechanisms, Yao et
al. (77) showed that overexpression of apoAlV increases
MTP mRNA protein and activity involving pretransla-
tional mechanisms. Pan et al. (78) showed that this in-
crease in MTP might involve transcription factors FoxO1
and FoxA2. In contrast to these studies, other studies
suggest no increase in MTP after apoAIV overexpression
(75, 79). Thus, how apoAlV assists in fat absorption at

the molecular and biochemical levels needs further
exploration.

Apart from these changes at the intestinal level, apoAIV
might regulate lipid absorption involving central neuronal
controls. Liu et al. (80) showed that apoAIV is expressed
in the hypothalamus, and the hypothalamic apoAIV gene
expression is reduced by food deprivation and restored
by lipid refeeding. Blocking the action of endogenous
apoAIV with its antibody increases meal size, implying that
endogenous apoAlV exerts an inhibitory tone on feeding
(81). Therefore, it is possible that hypothalamic apoAIV
might control lipid absorption. In fact, it has been sug-
gested that apoAlIV affects food intake and acts as a satiety
factor in rats (82). However, genetic ablation and overex-
pression studies in mice showed no influence on dietary
lipid absorption and feeding behavior (68, 83). However,
Weinstock et al. (83) did observe that apoAIV knockout
male mice took up more food after a long fast and sug-
gested that under certain conditions apoAIV might serve
as a satiety signal.

Another feature of apoAlIV that is pertinent to lipid ab-
sorption is its circadian expression (13, 38, 39). Serum
apoAlV levels exhibit circadian rhythms. Further, intesti-
nal apoAlIV protein and mRNA levels are higher in the
dark. We have shown that apoAIV mRNA levels show circa-
dian expression in ad libitum-fed mice subjected to a 12 h
light/dark cycle. Further, its expression is induced by food
entrainment (13). Inductions in mRNA after food entrain-
ment are suppressed when animals are placed in continu-
ous dark or light. Diurnal changes and response to food
entrainment were not seen in CIK A"’ mice. Therefore, it
was concluded that apoAIV belongs to a family of genes
that is regulated by both light and food (13). These
changes in apoAIV expression are similar to those ob-
served for MTP and plasma lipid levels (12, 14). Hence, we
hypothesized that apoAIV might play a role in the diurnal
regulation of lipid absorption and plasma lipid levels. To
test this hypothesis, we studied diurnal changes in plasma
lipids, lipid absorption, and intestinal MTP in apoAIV
knockout mice and compared them with wild-type con-
trols. Increases in intestinal MTP, intestinal triacylglycerol
absorption, and in plasma triacylglycerols were reduced at
midnight in apoAIV knockout mice compared with wild-
type controls, indicating that diurnal increases in apoAIV
might optimize lipid absorption in the postprandial state
(78). Mechanistic studies showed that apoAIV might con-
tribute to optimum lipid absorption at mealtime by en-
hancing the expression of FoxO1 and FoxA2 transcription
factors, as well as MTP. Peaks in the expression of FoxO1
and FoxA2 occurred before the maximum expression of
MTP in mice fed during the day. Further, these transcrip-
tion factors bound to the MTP promoter and enhanced its
expression. Therefore, temporal increases in apoAlV ex-
pression at night or at mealtime might increase the ex-
pression of FoxOl and FoxA2, enhance the binding of
these transcription factors to the Mttp promoter, and ele-
vate MTP expression. Higher amounts of MTP in congru-
ence with augmentations in apoAlV after a fatty meal
might optimize packaging and secretion of lipids with
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chylomicrons by enterocytes, contributing to increases in
plasma triacylglycerol.

Nocturnin

Nocturnin was identified as a RNA transcript that shows
significant circadian expression in the early part of the
night in the retina of Xenopus (84, 85). Nocturnin is an
exoRNase that deadenylates mRNA with specificity toward
poly(A) nucleotides. Deadenylation of mRNA results in
rapid degradation and inhibition of their translation. Inhi-
bition of translation probably occurs because proteins that
interact with poly(A) tails are also known to interact with
mRNA caps to form translationally optimum loops. Trun-
cations of poly(A) tails might disrupt the binding of pro-
teins and formation of translationally active loops. Both of
these mechanisms reduce the amounts of protein trans-
lated from deadenylated mRNAs. Kojima, Sher-Chen, and
Green (86) sequenced hepatic poly(A) mRNAs with dif-
ferent poly(A) tail lengths and showed that ~2.5% of the
total mRNA contained different lengths of poly(A) tails
and their levels exhibit circadian variations. More impor-
tantly, rhythmicity in poly(A) tail length was correlated
with rhythmic expression of proteins. Mechanisms for the
origin of rhythmicity in the tail length of mRNA are not
known, but it is possible that enzymes involved in the process-
ing of poly(A) tails might play a role in imparting circadian
regulation. Thus, nocturnin could potentially regulate
protein levels involving posttranscriptional mRNA degra-
dation or by inhibiting mRNA translation. Due to its circa-
dian expression, nocturnin could alter mRNA stability and
protein translation in a temporal fashion and cause spe-
cific time-dependent changes in protein levels. Specific
transcripts that are temporally regulated by nocturnin
have not been identified.

In mice, nocturnin is expressed in a wide variety of tis-
sues. It is expressed throughout the small intestine with
highest levels in the proximal portion (87). Jejunal noc-
turnin mRNA levels exhibit circadian changes with peak
levels present at dark onset. Expression of nocturnin is in-
creased within 2 h of an olive oil gavage, suggesting that it
is induced after fat feeding. Thus, nocturnin is likely regu-
lated by both light- and food-entrained oscillators.

Ablation of nocturnin in mice is not correlated with
any obvious developmental, reproductive, and circadian
abnormalities. However, these mice remain lean on a
high-fat diet and do not develop hepatosteatosis (88).
Nocturnin-deficient mice absorb fewer triacylglycerols af-
ter an oral fat gavage (87). Further, they absorb lesser
amounts of radiolabeled triacylglycerols and cholesterol
and retain more radiolabeled lipids in the intestinal seg-
ments (87). In these mice, more lipid droplets are present
in the perinuclear region of the enterocyte nuclei toward
the apical side. Experiments in isolated enterocytes cor-
roborated observations made in nocturnin-deficient mice.
Nocturnin-deficient enterocytes retain more and secrete
fewer radiolabeled lipids (87). Analysis of secreted lipopro-
teins revealed that triacylglycerol secretion with chylomicrons
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was significantly reduced. Secretion of cholesterol was less
with both chylomicrons and HDLs. Reductions in the se-
cretion of lipids with chylomicrons were not due to reduced
expression of MTP. In contrast, MTP levels were increased
in the intestine, but not in the liver, of nocturnin-deficient
mice (87). Thus, nocturnin-deficient mice fed a high-fat
diet do not gain weight like the wild-type controls, most
likely secondary to reduced fat absorption that is inde-
pendent of changes in MTP activity. The importance of
reduced fat absorption in nocturnin-deficient mice is sup-
ported further by the observations that feeding high car-
bohydrate and low fat diets has no discriminatory effect on
weight gain in these mice. Thus, it is likely that the lean
phenotype of nocturnin-deficient mice fed a high-fat diet
might be secondary to lower fat absorption and inhibition
of nocturnin might be a way to reduce hyperlipidemia and
hepatosteatosis.

FUTURE DIRECTIONS AND PERSPECTIVES

Most of the studies described above about the circadian
regulation of intestinal lipid absorption have been per-
formed using Clock mutant mice. The expression of domi-
nant negative mutant protein may or may not reflect the
actual mode of action of Clock itself. Therefore, similar
studies are needed in Clock /™ mice. Further, the role of
Clock can be supplemented with studies in Bmall '~ mice.
Studies in Clock ’~ and Bmall /™ mice can provide sub-
stantial supportive evidence for the regulation of intestinal
lipid absorption by the positive regulators of circadian
rhythms. Complementary studies in mice deficient in cir-
cadian repressors, Pers and Crys, are also needed to iden-
tify whether circadian activators and repressors have
similar or opposite effects on intestinal lipid absorption.

Some progress has been made to understand the circa-
dian regulation of proteins involved in lipid absorption by
the Clock protein. However, there is a need for a compre-
hensive understanding of the different steps involved in
lipid absorption and their regulation by various clock
genes. In this regard, studies in mice deficient in different
clock genes might provide invaluable information.

Nocturnin is not directly involved in lipid absorption
but appears to modulate lipid absorption by temporally
regulating unknown intestinal proteins involved in lipid
absorption and transport. Identification of these proteins
may provide valuable clues to the mechanisms that con-
tribute to circadian regulation of intestinal lipid absorp-
tion during high fat consumption. Furthermore, these
studies could identify new targets that might be amenable
to control lipid absorption.

In summary, intestinal lipid absorption is a diurnally
regulated process. The mechanisms involved in the diurnal
regulation of different genes involved in intestinal lipid ab-
sorption have not been elucidated. Such knowledge might
be useful in minimizing gastrointestinal adverse events as-
sociated with delivery of some drugs, and in identifying
new targets and/or modalities to avoid intestinal discom-
forts associated with abnormal working schedules Hl
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