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Mammals have circadian clocks in peripheral tissues, but there is no
direct evidence of their physiological importance. Unlike the suprachiasmatic nucleus clock that is set by light and drives rest–
activity and fasting–feeding cycles, peripheral clocks are set by
daily feeding, suggesting that at least some contribute metabolic
regulation. The liver plays a well known role in glucose homeostasis, and we report here that mice with a liver-specific deletion of
Bmal1, an essential clock component, exhibited hypoglycemia
restricted to the fasting phase of the daily feeding cycle, exaggerated glucose clearance, and loss of rhythmic expression of hepatic
glucose regulatory genes. We conclude that the liver clock is
important for buffering circulating glucose in a time-of-daydependent manner. Our findings suggest that the liver clock
contributes to homeostasis by driving a daily rhythm of hepatic
glucose export that counterbalances the daily cycle of glucose
ingestion resulting from the fasting–feeding cycle.
glucose homeostasis 兩 liver

I

ntrinsic daily rhythms of physiology and behavior are driven by
circadian clocks, cell-autonomous oscillators built on a molecular feedback loop (1). In mammals, the circadian clock of the
suprachiasmatic nucleus (SCN) acts as the central pacemaker
driving circadian rhythms of behavior (2). Recently it has been
recognized that circadian clocks are also found in additional
brain regions (3), the retina (4), and in many peripheral tissues
(5–7). Evidence for the importance of circadian clocks outside
the SCN is only just emerging (8–10). In Drosophila, there is
evidence that the antenna clock is sufficient to drive circadian
rhythms of olfactory physiology (11).
Under conditions of continuous food availability, the SCN
clock sets the phases of peripheral tissue clocks (6). However,
when animals are placed on a daily feeding schedule that differs
from the daily cycle of spontaneous feeding, peripheral tissue
clocks, but not the SCN clock, are set to a new phase determined
by the imposed feeding schedule (7, 12). The ability of the SCN
to set the phases of peripheral tissue clocks thus appears to
depend on its ability to drive daily rhythms of feeding behavior,
resulting in daily fasting–feeding cycles (13). In principle, the
entrainment of peripheral clocks by brain-driven fasting–feeding
cycles allows peripheral tissues to anticipate daily fasting and
daily food consumption, potentially optimizing processes required for food ingestion, metabolism, and energy storage and
utilization.
Recent genetic studies strongly suggest an important role for
circadian clocks in energy balance and glucose homeostasis
(14–16). The mice in these studies had genetic alterations of
circadian clock function in all tissues, including the SCN, and
consequently had grossly defective regulation of sleeping, waking, locomotor activity, and feeding behavior. Thus it cannot be
determined from these studies to what extent the observed
metabolic abnormalities resulted from abnormal behavioral or
physiological outputs of the SCN clock or from a loss of circadian
clock function in one or more peripheral tissues involved in
energy and glucose metabolism.
The liver plays a well known role in glucose homeostasis (17).
When circulating glucose is abundant, the liver absorbs and
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stores glucose by converting it to glycogen, and when it is in
demand, the liver produces glucose, derived from de novo
synthesis (gluconeogenesis) or stored glycogen (glycogenolysis),
and exports it into the circulation. A number of genes expressed
in the liver that function in hepatic glucose metabolism exhibit
robust circadian regulation (18–20), and mice with altered
circadian clocks in all tissues have evidence of impaired gluconeogenesis (19), raising the possibility that the liver circadian
clock plays a significant role in hepatic glucose metabolism.
However, lesion studies have suggested that hepatic glucose
metabolism is regulated at least in part by the SCN via autonomic
projections (21), so it is possible that impaired hepatic gluconeogenesis in germ-line circadian clock mutant mice is secondary
to impaired function of the SCN clock.
Results
To investigate the physiological functions of the liver clock, we
generated mice with a liver-specific disruption of Bmal1 (Mop3),
an essential component of the circadian clock (22). Our first step
was to assess glucose homeostasis and energy balance in mice
lacking Bmal1 function in all tissues (and therefore circadian
clock function in all tissues) in the same genetic background as
the planned liver-specific Bmal1 disruption (C57BL/6 ⫻ 129).
Failure to identify metabolic abnormalities in this background
would make it unlikely that a liver-specific disruption of Bmal1
would produce a relevant phenotype.
Because Bmal1⫺/⫺ mice begin to develop a progressive arthropathy at 14 weeks of age (23), we used mice between 8 and
12 weeks old. As expected, Bmal1⫺/⫺ mice in the hybrid C57BL/
6 ⫻ 129 background had no detectable daily rhythms of locomotor activity or feeding behavior in constant darkness or under
a light–dark cycle, instead manifesting characteristic ultradian
behavior (data not shown). In a standard light–dark cycle,
Bmal1⫺/⫺ mice gained weight somewhat more rapidly than
wild-type littermates between 4 and 8 weeks of age (Fig. 1A)
(P ⬍ 0.03, genotype ⫻ time, ANOVA), but by young adulthood
they had normal bodyweight (Fig. 1 A). However, Bmal1⫺/⫺ mice
had increased total fat content (Fig. 1B) (P ⬍ 0.05, t test),
perhaps reflecting systemic influences on fat, given a possible
positive role of Bmal1 in adipocyte differentiation (24). Although Bmal1⫺/⫺ mice had normal resting blood glucose, they
showed intolerance to a bolus of glucose, responding with
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abnormally high blood glucose concentrations that were restored
to normal values far more slowly than in wild-type littermates
(Fig. 1C) (P ⬍ 0.01, genotype ⫻ time, ANOVA). Similar to a
previous report (14), they exhibited a trend toward insulin
hypersensitivity (Fig. 1D). Defects of glucose regulation typically
exhibit increasing severity with age (25), so it is notable that
Bmal1⫺/⫺ mice at only 8–12 weeks exhibit glucose intolerance
comparable to that of mice lacking AKT2, a major integrator of
insulin signaling (26). After an overnight fast or after an
overnight fast followed by refeeding, Bmal1⫺/⫺ mice had significantly reduced serum insulin (Fig. 1E) (P ⬍ 0.02, P ⬍ 0.01,
respectively, t test). Overall, we found a very similar pattern of
metabolic defects in Per1⫺/⫺, Per2⫺/⫺ double-mutant mice (129
background) [supporting information (SI) Fig. S1], in which
circadian clock function is disrupted in a manner different from
that of Bmal1⫺/⫺ mice (27). These results indicate that Bmal1
function is important for the regulation of total body fat, glucose
clearance, and insulin production and that these phenotypes very
likely reflect the role of Bmal1 in the circadian clock mechanism,
in the function of either the SCN clock or clocks at other sites
(or both).
To generate mice with liver-specific loss of circadian clock
function, we bred mice with a conditional Bmal1 allele (Fig. 2A)
(10) with mice carrying a Cre recombinase transgene under
control of the albumin promoter (albumin-Cre), which acts
exclusively in hepatocytes (28). All experiments described below
were performed with paired male littermate mice (C57BL/6 ⫻
129) carrying a single copy of the albumin-Cre transgene and
homozygous either for the Bmal1 conditional allele (L-Bmal1⫺/⫺
mice) or for the wild-type Bmal1 allele (controls). This arrangement controls for any potential phenotype caused by the persistent expression of the Cre recombinase protein in hepatocytes.
L-Bmal1⫺/⫺ mice showed the predicted disruption of the
Bmal1 gene in the liver but not in kidney or skeletal muscle (Fig.
2B). The residual nonrecombined allele in the liver (Fig. 2B, lane
4) was likely derived from nonhepatocyte cells, such as bile duct
cells and vascular epithelial cells, in which Cre recombinase is
not expressed. In addition, the mice showed the expected loss of
BMAL1 protein from the liver (Fig. 2C), with trace residual
Lamia et al.

protein also likely derived from nonhepatocyte cells. As expected, Bmal1 expression was severely reduced across the circadian cycle in the livers of L-Bmal1⫺/⫺ mice but showed a
normal rhythm of expression in skeletal muscle from the same
animals (Fig. 2D). Bmal1-dependent genes Dbp and Rev-erb␣
(29) exhibited a nearly complete loss of expression in the liver but
showed normal rhythmic expression in skeletal muscle, and Cry1,
a core clock gene, showed the up-regulated expression expected
in the absence of Bmal1 function (30) only in the liver (Fig. 2D).
In contrast, Per2 transcript and protein showed persistent circadian regulation in the livers of L-Bmal1⫺/⫺ mice (data not
shown), confirming that Per2 rhythms in the liver can be driven
by external signals in the absence of intrinsic clock function (31).
Histopathological examination of livers from adult L-Bmal1⫺/⫺
mice and littermate controls revealed no apparent differences in
tissue architecture between genotypes (data not shown).
The circadian organization and overall quantity of both locomotor activity and feeding behavior of L-Bmal1⫺/⫺ mice did not
differ from controls (Fig. S2), demonstrating intact SCN function. In addition, serum concentrations of corticosterone and
glucagon at two times of day did not significantly differ between
L-Bmal1⫺/⫺ mice and controls (Table S1). Together our results
indicate that L-Bmal1⫺/⫺ mice have a liver-specific loss of
circadian clock function, allowing investigation of the physiological functions of the liver clock independently of other clocks
and in a context of normal circadian regulation of feeding
behavior and locomotor activity.
We next tested the expression of selected genes involved in
hepatic physiology that were previously shown to have robust
circadian expression profiles in the liver (18–20), including some
important for hepatic glucose metabolism (Fig. 3A). Most, but
not all (e.g., Pepck1), lost circadian regulation in L-Bmal1⫺/⫺
mice (Fig. 3), consistent with the observation that many clockregulated genes in the liver are under local circadian control, but
a small minority can apparently be driven directly by rhythmic
hormonal or neural signals (31). These results suggest that a loss
of clock function in the liver is likely to have a significant impact
on liver physiology.
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Fig. 1. Glucose intolerance and abnormal energy balance in mice lacking Bmal1 function in all tissues. Shown are comparisons of Bmal1⫺/⫺ mice and wild-type
littermates (C57BL/6 ⫻ 129). (A) Bodyweight (ANOVA). (B) Total body fat content (t test). (C) Glucose tolerance (ANOVA); Zeitgeber time (ZT, in h) 4.5. (D) Insulin
tolerance (ANOVA; the trend toward hypersensitivity was not significant); ZT 8.5 (in a 12-h light/12-h dark cycle). (E) Serum insulin concentration after overnight
fast with or without refeeding (t test); ZT 2.5 and 4.5, respectively. Shown are mean and SEM of 7–9 mice of each genotype. *, P ⬍ 0.05; **, P ⬍ 0.01.
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Fig. 2. Liver-specific loss of circadian clock function. (A) Conditional Bmal1 allele and disruption by Cre recombinase. Boxes, exons; ATG, translation start site;
bHLH, basic helix–loop— helix domain; triangles, loxP sites. (B) Liver-specific disruption of Bmal1 conditional allele: genomic Southern blot showing fragments
diagnostic of the conditional or disrupted Bmal1 alleles, as marked. Lanes 1– 4, liver genomic DNA. Lane 1, homozygous Bmal1 conditional, ubiquitous Cre; lane
2, heterozygous for disrupted allele; lane 3, homozygous Bmal1 conditional, no Cre; and lane 4, homozygous Bmal1 conditional, albumin-Cre. Lanes 5 and 6,
genomic DNA from skeletal muscle and kidney, respectively, from same mouse as lane 4. (C) Loss of BMAL1 protein in the liver: anti-BMAL1 Western blot of protein
extracts from livers of L-Bmal1⫺/⫺ and littermate control mice, as indicated. (D) Liver-specific loss of molecular circadian rhythms: quantitative reversetranscriptase PCR (Q-PCR) showing temporal expression profiles of Bmal1 and other clock-associated genes, as indicated, in liver and muscle of L-Bmal1⫺/⫺ mice
and littermate controls. Shown are the mean and SEM of triplicate assays (most error bars are too small to be seen at this scale). Dbp, D-site albumin promoter
binding protein; Cry1, Cryptochrome 1.

In addition, L-Bmal1⫺/⫺ mice lost circadian expression of the
glucose transporter 2 (Glut2) transcript and protein, both of which
were detectable but appeared to be fixed at the approximate
level of their normal daily minimum of expression (Fig. 3 B and
C). Loss of function of the Glut2 gene in humans causes
Fanconi–Bickel syndrome (32), a complex metabolic disorder in
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Fig. 3. Loss of rhythmic expression of clock-regulated metabolic genes in the livers of L-Bmal1⫺/⫺ mice. (A) One-day temporal expression profiles of selected
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expression profile of hepatic Glut2 (glucose transporter 2) transcript in the indicated genotypes. Shown are mean and SEM of Q-PCR triplicate assays (most error
bars are too small to be seen at this scale). (C) One-day expression profile of GLUT2 protein. Shown is a Western blot of liver protein extracts obtained from mice
of the indicated genotypes. CT, circadian time.
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(circadian time 12–24 h), corresponding to the feeding phase of
the cycle (Fig. 3 B and C). These observations suggest that the
innate rhythm of feeding behavior entrains the liver circadian
clock such that it drives maximal expression of GLUT2 during
the fasting phase (i.e., at a time of little or no glucose ingestion),
facilitating glucose export into the circulation, and minimal
expression during the feeding phase (i.e., at a time of high
glucose ingestion), inhibiting hepatic glucose export and thereby
favoring storage and import. The observed phase of the GLUT2
protein rhythm in the liver thus suggested that the liver clock
contributes to systemic glucose homeostasis by anticipating the
innate fasting–feeding cycle and driving an autonomous rhythm
of glucose export that matches the systemic requirements.
If the observed circadian rhythm of hepatic GLUT2 protein
expression is physiologically meaningful, then the level of
GLUT2 at its trough should be rate-limiting for hepatic glucose
export. Even though L-Bmal1⫺/⫺ mice differ from Fanconi–
Bickel syndrome patients in that they make a constant low level
of hepatic GLUT2 protein (Fig. 3C) rather than lack functional
GLUT2 and that the defect is restricted to the liver, this
hypothesis predicts that L-Bmal1⫺/⫺ mice should have a similar
phenotype—they should be hypoglycemic during the normal
fasting phase of their daily behavioral cycle (when the hepatic
GLUT2 level is considerably below that of controls) but not
during the feeding phase of their daily cycle (when hepatic
GLUT2 is comparably low in both L-Bmal1⫺/⫺ and control
mice).
To test this prediction we compared glucose homeostasis in
L-Bmal1⫺/⫺ mice and littermate controls. Over a 24-h cycle,
L-Bmal1⫺/⫺ mice had a significantly lower overall profile of
resting blood glucose than littermate controls (P ⬍ 0.001,
genotype ⫻ time, ANOVA) (Fig. 4A). This difference was
accounted for by hypoglycemia restricted to time points within
the fasting phase of the daily cycle (P ⬍ 0.05 for each, Scheffé’s
post hoc analysis) (Fig. 4A). In sharp contrast to the glucose
intolerance found in mice lacking circadian clocks in all tissues
(Fig. 1 and Fig. S1), L-Bmal1⫺/⫺ mice were more efficient than
littermate controls at restoring basal blood glucose after a bolus
Lamia et al.

of glucose (P ⬍ 0.001, genotype ⫻ time, ANOVA) (Fig. 4B).
Enhanced glucose clearance was also observed after an overnight fast (P ⬍ 0.05, genotype ⫻ time, ANOVA) (Fig. 4C).
L-Bmal1⫺/⫺ mice also differed from mice lacking Bmal1 in all
tissues (compare with Fig. 1) in that they had a normal or blunted
sensitivity to insulin (Fig. 4D), normal insulin production (Fig.
4E), and normal total body fat content (Fig. 4F).
Thus L-Bmal1⫺/⫺ mice have a distinct metabolic abnormality,
characterized by hypoglycemia restricted to the fasting phase of
the daily cycle and exaggerated glucose clearance in the presence
of normal insulin production. This combination strongly points
to a defect in hepatic glucose export into the circulation,
consistent with the prediction from the circadian profile of
hepatic GLUT2 expression and the phenotype of patients with
Fanconi–Bickel syndrome. The livers of L-Bmal1⫺/⫺ mice
showed normal or possibly reduced glycogen content (Fig. 4G),
revealing that the loss of hepatic Bmal1 function did not simply
favor glycogen storage over glucose production. Taken together,
the results are consistent with defective liver gluconeogenesis
accompanied by a compensatory glycogenolysis or with an
impairment of both liver glucose storage and production. The
phenotype presumably results from the combined effects of a
loss of daily BMAL1-driven increase in the expression of Glut2
and at least several other genes involved in hepatic glucose
storage, transport, and export (Fig. 3A). Mice lacking Bmal1
function in all tissues likely have a similar defect in hepatic
glucose metabolism (14), but expression of the resulting hypoglycemia is presumably masked by the hyperglycemia caused by
an additional impairment of insulin production (Fig. 1E), likely
reflecting a loss of Bmal1 function in the pancreas, brain, or both.
Discussion
Our results indicate that Bmal1 function in the liver is required
for circadian regulation of hepatic glucose regulatory genes and
for regulation of systemic glucose homeostasis in a time-of-daydependent manner. Unlike metabolic phenotypes reported to
date for germ-line circadian clock mutations, the defect in
glucose homeostasis in L-Bmal1⫺/⫺ mice occurred in a context
PNAS 兩 September 30, 2008 兩 vol. 105 兩 no. 39 兩 15175
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Fig. 4. Hypoglycemia restricted to the fasting phase and exaggerated glucose clearance in mice with a liver-specific loss of circadian clock function. (A) Resting
blood glucose of mice with the indicated genotypes measured across a 24-h cycle. The left half of the profile corresponds to the fasting phase of the daily
behavioral cycle. The difference between genotypes over time is accounted for by the differences at fasting phase time-points ZT 4.5 and ZT 8.5. (B) Glucose
tolerance; ZT 4.5. (C) Glucose tolerance after overnight fasting; ZT 4.5. (D) Insulin tolerance. The curves converge, with the significant difference between
genotypes arising from the lower initial blood glucose in L-Bmal1⫺/⫺ mice; ZT 8.5. (E) Serum insulin concentrations after mice were fasted overnight or fasted
overnight and refed, as labeled. (F) Total body fat content. (G) Liver glycogen content. (H) Bodyweight at the indicated ages. For E–H, there were no significant
differences between genotypes. Shown are the mean and SEM for 7–9 mice of each genotype. *, P ⬍ 0.05, ANOVA; **, P ⬍ 0.02, ANOVA; ***, P ⬍ 0.001, ANOVA;
^, P ⬍ 0.05, Scheffé’s post hoc analysis.

of normal feeding behavior and locomotor activity, indicating a
primary defect in metabolic responses. We cannot exclude a
hypothetical noncircadian function of Bmal1 in the liver as the
cause of the phenotype, but several considerations argue strongly
for a defective liver circadian clock as the primary factor. The
sheer number and variety of genes (18–20, 31) and proteins (34)
with circadian expression profiles in the liver strongly suggests a
fundamental role of the clock in liver physiology. The circadian
phases of expression of hepatic glucose regulatory genes are
consistent with their known functions, with those involved in
glucose export (Glut2) showing peak expression during the
fasting phase of the cycle, whereas those involved in glucose
import and storage (Gck, L-PK) show peak expression during the
feeding phase of the cycle, ⬇8 h later (Fig. 3). The hypoglycemic
phenotype is expressed in a time-of-day-dependent manner,
strongly implying an underlying circadian process (Fig. 4).
Thus our findings strongly suggest that, in addition to well
described acute hepatic responses to circulating glucose levels
(17), the liver circadian clock drives a daily rhythm of hepatic
glucose export timed so as to counterbalance the brain-driven
fasting–feeding cycle, thereby buffering blood glucose concentrations over the course of the daily behavioral cycle (Fig. S3).
The liver clock is likely important for additional aspects of liver
physiology, such as clearance of xenobiotics, impaired in mice
lacking the clock-regulated transcription factors DBP, TEF, and
HLF (35). The work presented here provides direct evidence
that a circadian clock in a peripheral tissue has a significant
physiological function in vivo.
The presence of circadian rest–activity cycles in animals from
insects to mammals (36) suggests that daily rhythmic organization of behavior has provided a strong selective advantage, but
the resultant daily rhythms of food ingestion and energy expenditure likely result in major challenges for systemic homeostasis.
It is possible that peripheral tissue circadian clocks have been
selected over evolutionary time at least in part to drive rhythms
of physiological processes that counteract undesirable physiological consequences of daily behavioral rhythms.
Materials and Methods
Mice and Behavioral Assays. Mice were weighed weekly and entrained to a
12-h light/12-h dark cycle for 2 weeks before experiments. Genotyping was as
described: Bmal1⫺/⫺ (22); conditional Bmal1 and L-Bmal1⫺/⫺ (10); Per1⫺/⫺;
Per2⫺/⫺ (27). Primers for Cre were forward 5⬘-gcg gtc tgg cag taa aaa cta tc and
reverse 5⬘-gtg aaa cag cat tgc tgt cac tt. Running-wheel activity and feeding
activity (feeding monitor; Mini Mitter) were recorded (Clocklab; Actimetrics)
for a period of 2– 6 weeks under the indicated conditions.

Glucose Tolerance Tests. Mice were placed in clean cages (without food) 2 h
before the experiment (unless otherwise noted) and were injected with
glucose (2 mg/g of body weight; 20% glucose in 0.9% NaCl). Blood glucose
levels were measured before the injection of glucose and at 15, 30, 60, 120,
and 180 min after injection.
Glucose and Insulin Determination. Mice were placed in clean cages (without
food) at ZT 0. Sixteen hours later (ZT 2 of the next day), blood glucose was
measured, and blood (⬃50 l) was collected on ice for serum insulin measurement. The mice were then provided with chow, and 2 h later blood was
collected for glucose and insulin measurement. Blood collected for serum
insulin measurement was allowed to clot for 20 min at room temperature and
cleared by centrifugation for 5 min at 3,000 ⫻ g. Insulin was measured by using
the UltraSensitive Rat Insulin ELISA kit (CrystalChem).
Body Composition Analysis. Mice were killed by CO2 inhalation (ZT 7–9), and
the stomach and intestines were removed. The carcasses were weighed and
then dried at 60°C. Dried carcasses were saponified in a solution of two parts
ethanol to one part 30% potassium hydroxide (KOH) at 60°C, which converts
all triglycerides to glycerol by de-esterification, and the resulting samples
were analyzed for glycerol content by using the Free Glycerol Reagent (Sigma)
according to the manufacturer’s protocol.
Liver Glycogen Determination. Mice were killed (ZT 7–9), and liver pieces were
collected and frozen in liquid nitrogen. Pieces weighing ⬍30 mg were boiled
in 700 l of 2 M hydrochloric acid for 3 h with constant agitation, which
converts glycogen to glucose or glucose 6-phosphate. The solution was neutralized by addition of 700 l of 2 M NaOH and 15 ml of 1 M Tris (pH 7.4), and
glucose was measured with the glucose– hexokinase reagent (Amresco).
Quantitative Reverse-Transcriptase PCR. Tissues were collected and immediately frozen in liquid nitrogen. RNA was prepared by using TRIzol (Invitrogen),
RNeasy Plus Mini Kit (Qiagen), or RNeasy Fibrous Tissue Mini Kit (for skeletal
muscle samples; Qiagen). Samples were adjusted to RNA concentrations of 1
g/7 l, and cDNA was prepared from 1 g of RNA by using SuperScriptIII
reverse transcriptase (Invitrogen). cDNA samples were then diluted 4-fold in
water, and 2 l was used per reaction for real-time PCR using iQ SYBR mix
(Bio-Rad) on a thermocycler with Opticon Monitor 2 software (MJ Research).
All amplified products were normalized to Hprt. Primer sequences are available upon request.
Western Blots. Analysis was performed with rabbit anti-BMAL1 antiserum (a
gift from U. Schibler) (1:500) or with anti-GLUT2 antibody (a gift from B.
Thorens) (1:2,000).

Insulin Tolerance Tests. Mice were placed in clean cages (without food) at
Zeitgeber time (ZT) 6.5 and injected i.p. 2 h later with 0.5–1.0 unit/kg of body
weight of Novolin-R in 0.9% NaCl. Blood glucose was measured by using a One
Touch Basic glucometer (Lifescan) before injection of insulin and at 15, 30, 45,
60, and 90 min after insulin injection.
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