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Abstract

There has recently been increasing interest in the phenomenon of circadian rhythmicity. We have used circadian rhythms as a means to understanding the
regulation of glucose absorption in the intestine. We and others have previously demonstrated rhythmicity in intestinal glucose uptake, mediated by rhythmicity
in the expression of the sodium glucose cotransporter 1. Rhythmicity of clock gene expression was subsequently confirmed in the intestine, a phenomenon also
demonstrated in other viscera. Clock genes have since been shown via a combination of in vitro and in vivo techniques to play a role in the transcriptional

regulation of key absorptive proteins.
© 2012 Elsevier Inc. All rights reserved.
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This review article highlights the importance of circadian rhyth-
micity in mammalian physiology and explores the role of clock genes
in the regulation of intestinal function. We describe the studies that
have examined clock-gene-mediated regulation of gene transcription
as well as the contribution of knockout mouse models in understand-
ing the importance of circadian rhythmicity in intestinal function.

Understanding the physiological regulation of nutrient uptake has
profound implications for the modulation of intestinal absorption as a
therapeutic option for conditions such as diabetes and obesity.

1. Intestinal absorption of nutrients

The major role of the intestine in absorption of luminal nutrients
into the bloodstream [1] has driven evolution of its physiology and
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anatomy to meet this function. Prominent examples are its villous
structure to increase surface area and the colocalization of
hydrolases and transporters to facilitate absorption. Ultimately,
epithelial flux of nutrients, fluid and electrolytes is proportional to
intestinal length [1]. Therefore, the loss of an intestinal segment,
most often caused by massive small bowel resection, significantly
compromises intestinal function and results in its failure to meet
nutritional needs, a phenomenon known as short bowel syndrome
[2]. The limited range of therapeutic options with their many
associated side effects merits the continued search for more effective
alternatives [2,3]. Development of improved treatments will likely
be realized through a better understanding of intestinal absorption
and, in particular, its regulation.

A remarkable observation has been a dramatic circadian increase
in intestinal absorptive capacity. Because the daily changes in
intestinal absorptive capacity are quite dramatic, many researchers
have begun to investigate the mechanisms underlying this rhythmic-
ity in intestinal function to gain new insights that might have
therapeutic benefit. This review describes the circadian rhythmicity in
intestinal function, with particular emphasis on the rhythmicity of
clock genes in the intestine and the postulated role of this molecular
clockwork in the regulation of intestinal absorption.

2. Circadian rhythmicity

Circadian rhythmicity is the innate ability of organisms to detect
and adapt to external stimuli, evidenced by the adaptation to the 24-h
cyclic pattern of light and the daily and seasonal patterns of food
availability and temperature [4]. Circadian rhythmicity has been
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found in organisms from the unicellular to the complex, such as plants
and humans [4]. Physiological and pathological examples of circadian
rhythms in visceral function include circadian rhythms in heart rate
[5], blood pressure [6], intestinal function [7], nocturnal worsening of
asthma [8] and gout [9-12]. The characteristics of circadian rhythms
are similar among most species, including flies, mice and humans.
First, synchronization occurs by environmental stimuli (zeitgebers —
“time-givers”) [13], the most potent of which is light in most
mammals. Second, circadian rhythmicity persists in the absence of
cycling zeitgebers, i.e., under constant conditions, such as constant
darkness [14]. This persistent rhythm is controlled by an internal
cellular clock as discussed below.

3. The circadian clockwork

Circadian rhythms are controlled at a cellular level by a set of
genes collectively known as “clock genes” — transcriptional regula-
tors that maintain 24-h rhythmicity via two interacting transcription
loops. Physiological output rhythms are subsequently generated by
transcriptional regulation of key “clock-controlled genes” (CCGs) that
are responsive to the clock gene transcription factors. Cells in most
tissues express circadian clock genes, with the central clock in the
suprachiasmatic nucleus (SCN) responsive to environmental stimuli
and subsidiary clocks in peripheral tissues that serve to regulate local
functions and are cued to the central clock.

3.1. Central circadian clock

In mammals, the master clock resides in the SCN and maintains a
24-h periodicity entrained by light, but persists in the absence of light/
dark cycles [15]. This periodicity is regulated via opposing positive and
negative molecular feedback loops involving the clock genes [16,17].
The negative-feedback loop involves the rhythmic induction of three
Period genes (designated Per1-3) and two Cryptochrome genes (Cry1
and Cry2) by heterodimerization of the transcription factors CLOCK
and BMAL1 (Fig. 1) [18-21]. CLOCK and BMAL1 contain the
functionally important basic helix-loop-helix-PER-ARNT-SIM protein
dimerization domain [22,23], which binds to and activates E-boxes
(sequences of CAnnTG) on the promoters of the PER and CRY genes
[23,24]. PER and CRY subsequently form multimers that translocate to
the nucleus, where they directly interact with CLOCK and/or BMALT1 to
inhibit transcription [18,20]. This in turn induces rhythmicity in the
transcription of Bmall, with a phase opposite that of Per or Cry,
resulting in a positive-feedback loop [20,25].

Fig. 1. Schematic showing the molecular feedback loops of circadian clock genes. Black
pointed arrows indicate stimulation of one clock gene component by another, while
the truncated arrows indicate repression.

More recently, three further genes have been identified: retinoic
acid-receptor-related orphan receptor (ROR)-a and Rev-erbA and B
[26]. These orphan nuclear receptors have been identified as key
regulators linking the positive and negative limbs of the circadian
oscillator, with Reverb and ROR-o transcription driven by BMAL1/
CLOCK and in turn suppressing and activating Bmall expression,
respectively, acting as an accessory loop to improve the amplitude
and stability of the core clock regulatory loops [26,27].

Clock gene expression in the SCN is cued by the detection of light
by the retina, which is transmitted to the SCN by several convergent
pathways, the most important of which is the retinohypothalamic
tract [28-30] which arises from the retinal ganglion cells and
transmits the light signal to the SCN using the neurotransmitter
glutamate [31]. The persistence of circadian rhythms in blind humans
and their ability to respond to light with circadian phase changes
suggest a separate nonvisual light detection system, independent of
rods and cones, which mediates phase setting by the circadian clock
[32]. Indirect pathways such as the geniculohypothalamic tract also
play a role, as do neurohumoral signals such as the pineal hormone
melatonin [17].

3.2. Output genes

Clock genes subsequently regulate downstream events via
rhythmically expressed CCGs that are regulated (directly or indirect-
ly) by the core feedback loops [33,34]. Examples of CCGs directly
regulated via CLOCK:BMALT1 heterodimers acting on E-box enhancers
include arginine vasopressin [33] and albumin D-element-binding
protein (DBP) [33,34].

Clock genes are clearly important transcriptional regulators
[35-37]. Rhythmic expression of several proteins has been found to
be regulated by clock and clock-controlled genes; for instance,
CLOCK/BMAL1 heterodimers bind directly to the promoter of the
Na®/H" exchanger Nhe3 in the kidney to induce circadian
rhythmicity of Nhe3 messenger ribonucleic acid (mRNA) in the rat
[35]. In the intestine, the clock-controlled output gene DBP has been
noted to bind to and activate the promoter of the oligopeptide
transporter Pept1 [36], while similarly clock-controlled output genes
hepatic leukemia factor and E4 promoter binding protein-4 regulated
transcription of the multidrug resistance 1 (Mdrla) gene via a
reciprocating mechanism involving competition for the same Mdria
promoter DNA binding site [37].

3.3. Peripheral circadian oscillators

Circadian rhythmicity exists in many tissues besides the SCN
[38-42] and may be mediated by rhythmically expressed clock genes
in these tissues. Although cued by the SCN under normal physiolog-
ical conditions, the ability of peripheral oscillators to be entrained by
other external stimuli such as nutrients [43-45] allows the organism
to optimally adapt to match environmental challenges, for example,
to alter liver function to match the timing of delivery of nutrients and
metabolites [43,44]. The presence of peripheral oscillators likely
provides increased flexibility to allow the organism to adapt to a
greater variety of stimuli. Peripheral oscillators have now been
characterized in a number of other tissues, including the heart, lung,
kidney, peripheral blood cells and liver, with a 3-9-h phase delay in
oscillatory rhythms relative to the SCN [39-42].

The molecular machinery driving rhythmicity of the circadian
clock in peripheral tissues appears to exhibit some significant
differences from that in the SCN. Firstly, peripheral clock gene
rhythms exhibit a phase delay relative to that in the SCN [43,44].
Secondly, in mice lacking a functional CLOCK protein (Clock—/—
mutants), Bmall levels are elevated in peripheral tissues but
blunted and expressed at reduced levels in the SCN [46], suggesting
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that negative autoregulation by CLOCK/BMAL1 heterodimers affects
Bmall transcription in the periphery but not in the SCN. Thirdly,
unlike in vitro cultures of SCN cells, which maintain their rhythms
indefinitely [47], cultures derived from peripheral tissues exhibit
circadian rhythms which dampen after two to seven cycles [48].
These findings suggest that peripheral oscillators may involve a
population of asynchronous cells requiring intermittent synchro-
nizing stimuli, either from the SCN or from external entraining cues
such as feeding. This is further corroborated by the ability of a
serum shock consisting of 50% serum to induce rhythmicity in clock
gene transcription in cell lines including fibroblast-derived cell lines
in vitro [49].

The intestine is a prime example of a tissue exhibiting peripheral
clocks. Clock genes are expressed in all regions of the gut in rodents,
from the stomach to the cecum and predominantly in enterocytes
[50]. Clock, Bmall, Perl, Per2, Cry1, Cry2, ReverbA and ReverbB have
all been found to exhibit diurnal rhythmicity in rodent jejunal
mucosa [51] with a similar phase compared to the liver but a phase
delay of approximately 6 h compared to the SCN [41,43,52,53].
Several studies have subsequently confirmed that the transcriptional
rhythmicity of some of these genes is matched by rhythmicity in
protein expression [45,50,54].

Peripheral clocks are primarily cued by the SCN master clock;
destruction of the SCN flattens oscillatory rhythms in peripheral
tissues such as the liver [55]. Circadian transcripts continued to
oscillate following liver-specific deletion of Clock in mice in the
presence of an intact SCN clock [56,57], possibly as a result of
persistent rhythmicity in feeding behavior. The nature of the signal
from SCN to the peripheral oscillators is not known.

Although light, the predominant zeitgeber for the SCN, may
indirectly initiate rhythmicity of peripheral tissues, other stimuli can
also regulate peripheral oscillators and dissociate rhythms of the
peripheral clock from those of the SCN [43,44,55,58-61]. These include
adrenergic stimulation [55], glucocorticoid exposure [58-61] and one
of the strongest cues: nutrient availability [43,44]. Nutrient availability
is a powerful zeitgeber; restricted feeding was able to reinstate
circadian rhythmicity of hundreds of genes which had been blunted in
Cry1~~Cry2 =~ mice and in otherwise arrhythmic SCN-lesioned mice
[62]. Restricted feeding also reset the peripheral clocks in the liver,
kidney, heart and pancreas within 1 week with no change in the phase
of the SCN clock [43,44,63]. Glucocorticoid signaling has been
postulated as a potential regulator of peripheral clocks, specifically
as mediators of the effects of nutrient-induced phase shifts in clock
gene expression [58-61]. However, recent studies have demonstrated
that the phase shifts in rat liver seen in restricted feeding could not be
induced by daily corticosterone injections to simulate the endogenous
peak of these hormones in animals subjected to restricted feeding [43].
Le Minh et al. developed these findings further by showing that rather
than facilitating phase shift, glucocorticoids act to inhibit phase shifts
of peripheral oscillators to daytime feeding and may in fact exist to
prevent a rapid uncoupling of peripheral oscillators from the SCN [64].

Peripheral rhythms can persist in the absence of photic entrain-
ment, presumably by the free-running rhythmic behavior maintained
under constant conditions. Specifically, mice held in constant
darkness continued to exhibit rhythmic feeding, and 15% of their
liver transcripts continued to exhibit circadian rhythmicity despite a
24-h dark-dark cycle [65]. This study demonstrated that the liver
clock does not need a light-dark cycle for operation.

4. Circadian rhythmicity in nutrient absorption
4.1. Early studies

Furuya and Yugari first demonstrated in 1974 that intestinal
absorption exhibits a diurnal rhythm in rats, with a peak in histidine

absorption during their normal nocturnal feeding period [66,67]. This
work was extended by Fisher and Gardner in 1976, who confirmed
peak absorption of glucose during the nocturnal period, but further
demonstrated that rhythmicity of sugar absorption was dependent on
nutrient availability by showing that peak absorption could be shifted
to daytime by restricting the feeding to the light phase [7]. These
findings preceded the discovery and characterization of specific
glucose transporters; hence, these experiments measured total
glucose uptake using isolated segments of intestine at diurnal time
points. Other groups have also demonstrated rhythmicity in intestinal
function besides rhythms in absorption. Saito demonstrated diurnal
rhythms in the activities of maltase and leucylnaphthylamidase, with
peak activity occurring during feeding periods [68]. Subsequently,
circadian rhythmicity in intestinal absorption was confirmed and
further developed in a series of experiments by Stevenson et al., who
demonstrated circadian rhythmicity in the activity of sucrase, lactase,
trehalase, y-glutamyltransferase and, as previously shown, maltase
and leucylnaphthylamidase [69].

4.2. Sugar uptake

While circadian clock genes have been shown to regulate rhythms
of intestinal ion, drug and peptide transporters [35-37], their role in
the rhythmicity of glucose absorption is less well understood. Sodium
glucose cotransporter 1 (SGLT1) is responsible for all active glucose
uptake in the intestine; subsequent movement of glucose across the
basolateral membrane occurs down a diffusion gradient (Fig. 2)
[70,71]. Thus, SGLT1 is an essential component of intestinal glucose
absorption, and understanding its regulation is of paramount
importance. The initial findings of diurnal rhythmicity in intestinal
glucose absorption had preceded the characterization of specific
intestinal transporters. Subsequent studies from our laboratory and
others demonstrated diurnal rhythmicity of Sglt1 in rats with peak
mRNA expression in the afternoon and evening, in anticipation of and
during the time of peak nutrient uptake [72-74]. These studies used
phloridzin as an SGLT1-specific inhibitor and identified complete loss
of rhythmicity following SGLT1 inhibition, indicating that SGLT1-
mediated glucose uptake was entirely responsible for the diurnal
rhythmicity of glucose absorption [72,74].
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Fig. 2. Schematic showing the localization of glucose and fructose transporters in
enterocytes. SGLT1 (red circle) is situated on the apical border of the enterocyte, while
GLUT2 (purple circle) is on the basolateral membrane. Fructose is transported by
GLUT5 on the apical membrane and by both GLUT5 and GLUT2 on the basolateral
membrane. The Na™K" ATPase (green circle), also localized to the basolateral
membrane, provides the Na™ gradient necessary for SGLT1 activity.

BLOOD


image of Fig. 2

420 A. Balakrishnan et al. / Journal of Nutritional Biochemistry 23 (2012) 417-422

SGLT1 rhythmicity has also been documented in nonhuman
primates [73], with a 12-h difference in the time of peak expression
consistent with the nocturnal rat versus the diurnal Rhesus monkey.
This highlights the relevance of circadian rhythmicity across species
and suggests that the circadian rhythmicity noted in the rat can be
extrapolated to primates.

Two other intestinal transporters cooperate with SGLT1 in the
intestinal absorption of glucose: GLUT2 and GLUT5 [75-77]. While
SGLT1 transports glucose from the lumen into the cytoplasm of the
enterocyte, the high-capacity low-affinity transporter GLUT2 resides
on the basolateral membrane of enterocytes and transports glucose,
fructose, galactose and mannose out of the cell [75,76] (Fig. 2). The
facilitated glucose transporter GLUT5 is responsible for the uptake
of fructose at the brush border membrane of the intestine [77].
Fructose is then transported out of the enterocyte by both GLUT 5
and GLUT2 at the basolateral membrane [77,78]. Rhythmicity of
GLUT2 and GLUT5 mRNA and protein expression has also been
demonstrated [79].

4.3. Peptide uptake

The transporter PEPT1 is the only oligopeptide transporter at the
intestinal brush border, responsible for the transport of 400
dipeptides and 8000 tripeptides as well as a wide range of peptide-
like drugs, such as B-lactam antibiotics and angiotensin-converting
enzyme inhibitors [80]. PEPT1 is a H™-peptide cotransporter that
relies on a proton gradient for the uphill transport of peptides, which
are subsequently transported across the basolateral membrane by the
facilitative basolateral peptide transporter [81]. Peptide absorption
has been shown to display diurnal rhythmicity with peak in
absorption of L-histidine occurring during the dark phase in nocturnal
animals [66], coincident with higher levels of PEPT1 protein
expression during the dark phase than the light phase [82].

Recent studies have shown that certain drug transporters also
exhibit rhythmicity of expression in the intestine [83]. These trans-
porters act as efflux proteins in the intestine to facilitate the excretion
of the metabolic products of many drugs including digoxin [84] and
methotrexate [83]. Five drug transporters (Mdr1, Mct1, Mrp2, Bcrp
and the peptide transporter Peptl, which also transports (3-lactam
drugs [85]) are diurnally rhythmic in the intestine at a transcriptional
level [83]. A two- to fivefold change in expression was observed
between peak and trough times, and peak expression varied from
morning to late afternoon [83]. This observation of circadian
rhythmicity of drug transporters highlights the opportunity for
chemotherapy regimens targeted to match peak transporter expres-
sion to optimize therapeutic efficacy [86].

4.4, Lipid uptake

Rhythmicity of intestinal absorption also applies to the absorption
of lipids; mice have been shown to absorb significantly higher
amounts of triglyceride and cholesterol during the night than during
the day, corresponding with rhythmicity in expression of two
proteins involved in lipid absorption: intestinal microsomal triglyc-
eride transfer protein and apoB [50].

5. Lessons from Clock gene knockout mice

As noted above, all regions of the rodent gut express circadian
clocks [45]. The effects of clock genes on the rhythmicity of intestinal
function were further studied by Pan and Hussain in a murine Clock
mutant model [50]. Rhythmicity of circadian clock gene expression
was dampened or absent in the intestines of Clock mutant mice
compared to wild-type (WT) mice. In addition, Clock mutants
demonstrated overall higher rates of monosaccharide and lipid

absorption, coincident with increased basal expression of the hexose
transporters SGLT1, GLUT2 and GLUTS5. In contrast, PEPT1 expression
and peptide absorption were lower in mutant mice, which also
displayed loss of rhythmicity of SGLT1, GLUT2, GLUT5 and PEPT1
expression as well as loss of rhythmicity of monosaccharide, peptide
and lipid absorption compared to WT mice. Clock mutants also failed
to entrain to restricted feeding regimes unlike WT mice, suggesting
that Clock is necessary in nutrient-mediated entrainment of the
peripheral clock.

6. Cues regulating peripheral circadian rhythms
6.1. Nutrient availability vs. light cycle

The majority of research performed on circadian rhythmicity in
nutrient absorption has been performed in the rats, nocturnal feeders.
The association of nutrient consumption with the dark phase in the
rat [72] has necessitated further experiments to isolate the period of
nutrient availability from light cycle. The first experiments on this
were performed by Fisher and Gardner [7], who demonstrated that
restricting feeding to only a few hours during the daytime resulted in
an initial reduction in food consumption and weight loss, but this
normalized within 1 week. Rates of absorption were similar toward
the end of the feeding period regardless of whether animals were fed
during the lights-on or lights-off period [7]. Restricted feeding
produced a coordinated phase shift in the temporal expression of
clock genes as well as SGLT1; peak expression of these genes was
shifted forwards by 8 h in rats fed during the lights-on period
compared to those fed during the lights-off period, suggesting
nutrients to be a strong cue of rhythmicity in the intestine that
overrides the central clock [51]. A more recent study by Polidarova et
al. showed partial preservation of circadian rhythmicity of gene
expression in rats rendered behaviorally arrhythmic by prolonged
exposure to constant lights-on conditions [87]. Differential preserva-
tion of rhythmicity was noted dependent on the section of the
gastrointestinal tract; the greatest degree of preservation was
maintained in the duodenum compared to the liver and colon.
Similarly, the introduction of a restricted feeding regimen under
constant lights-on conditions resynchronized the peripheral clock of
the duodenum and liver to a greater extent than that of the colon.
Resynchronization of the colon was more robust under 12:12 light-
dark conditions [54], suggesting that despite its response to nutrient
cues, the colon may be more susceptible than the duodenum to
environmental factors such as constant lighting.

6.2. Glucocorticoids

Glucocorticoids are secreted by the adrenal gland [1] with a
circadian rhythm [88], reaching a peak around or just before the
onset of activity in both diurnal and nocturnal mammals, and have
been implicated in the regulation of circadian function as the
rhythmicity in their expression is able to rapidly adapt to alterations
in activity or feeding schedule [64]. Administration of glucocorticoids
was able to synchronize asynchronous fibroblasts in vitro to a
common circadian phase [49,89] and transiently induce the
expression of mPer1 in the mouse liver in vivo [60]. The effects of
glucocorticoids are dependent on a functional glucocorticoid recep-
tor, which is absent in the SCN [60,90]; hence, glucocorticoid
administration was unable to shift SCN clock gene expression.
Glucocorticoids are also known to affect glucose absorption in rats by
stimulating transcription of glucose transporters [91]. The specific
role of glucocorticoids in the regulation of the circadian rhythm of
intestinal glucose absorption has not been studied.
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7. Recent studies

Several groups have attempted to better delineate the mecha-
nisms governing circadian regulation of intestinal function. A recent
study by Iwashina et al. demonstrated circadian rhythmicity of the
binding of BMALT1 to regions at —400 and +0 on the Sgit1 promoter
relative to the Sglt1 transcription start site in mice, suggesting a role
for the importance of the proximal promoter region in the regulation
of Sglt1 rhythmicity [92]. Functionality of BMAL1 on the E-boxes was
not specifically assessed in their study and is yet to be determined
[92]. As yet, there are no data on the exact relationship of specific
clock genes to the basolateral glucose transporter GLUT2.

The role of clock-mediated regulation of lipid absorption is also a
topic of current interest. Douris et al. demonstrated that the
rhythmically expressed clock-regulated deadenylase nocturnin
plays a key role in the optimization of dietary lipid absorption by
enterocytes via regulation of chylomicron transit [93]. These findings
may explain the increased absorption of triglycerides and cholesterol
during the lights-off period, which has been noted to occur
independent of the timing of nutrient intake [50].

8. Conclusions

The intestine exhibits striking rhythms in function, cued by
nutrient availability and coincident with rhythmic expression of
circadian clock genes as well as key intestinal transporters. Clock
genes are transcriptional regulators of other circadian genes and have
been implicated in the regulation of intestinal transporters; however,
the exact molecular mechanisms behind this remain unclear. Greater
insights into the role of clock genes in the regulation of rhythmicity in
intestinal function may facilitate the development of new therapies to
boost absorptive and other functions in malabsorptive conditions,
thereby improving the management of intestinal failure and short
bowel syndrome.
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