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In mammals, males and females exhibit anatomical, hormo-
nal, and metabolic differences. A major example of such sex
dimorphism inmouse involves hepatic drugmetabolism, which
is also a noticeable target of circadian timekeeping. However,
whether the circadian clock itself contributes to sex-biased
metabolism has remained unknown, although several daily out-
put parameters differ between sexes in a number of species,
including humans. Here we show that dimorphic liver metabo-
lism is altered when the circadian regulators Cryptochromes,
Cry1 and Cry2, are inactivated. Indeed, double mutant Cry1�/�

Cry2�/�malemice that lack a functional circadian clock express
a number of sex-specific liver products, including several cyto-
chrome P450 enzymes, at levels close to those measured in
females. In addition, body growth of Cry-deficient mice is
impaired, also in a sex-biased manner, and this phenotype goes
along with an altered pattern of circulating growth hormone
(GH) inmutantmales, specifically. It is noteworthy that hormo-
nal injections able to mimic male GH pulses reversed the femi-
nized gene expression profile in the liver of Cry1�/� Cry2�/�

males. Altogether, our observations suggest that the 24-h clock
paces the dimorphic ultradian pulsatility of GH that is respon-
sible for sex-dependent liver activity. We thus conclude that
circadian timing, sex dimorphism, and liver metabolism are
finely interconnected.

Phenotypic differences betweenmales and females of a given
species exist from invertebrates to humans and cover various
features including disease susceptibility and life span, for exam-
ple. Although the anatomical and hormonal differences
between sexes are well described, few genetic determinants are

known to account for sexual dimorphism in mammals. Recent
genome-wide studies on various mouse tissues showed that
major differences in gene expression between males and
females involve drug metabolism (1, 2), and among somatic
organs, the sex-biased transcriptional activity is particularly
high in the liver (3–5). These observations may provide insight
into why many drugs exhibit a faster clearance in women as
compared with men (6) but also underscore the importance of
considering sex issues in studies on liver metabolism.
Interestingly, liver activity also fluctuates along the light-dark

cycle and is a noticeable target of circadian timekeeping (7–9).
Both systemic cues and a circadian clock within hepatocytes are
involved indailyoscillationsof livermetabolism(10, 11).However,
because most of these studies were focused on males exclusively,
the possible interaction between circadian oscillators and sex
dimorphism of hepatic activity is not documented.
This prompted us to investigate whether circadian cog-

wheels could also be involved in the sexual dimorphism
observed at the hepatic level. Indeed, several daily output
parameters differ between sexes in a number of species, includ-
ing humans (12–14), which may reflect the ability of the supra-
chiasmatic nuclei (SCN),3 where the central pacemaker resides,
to sense sexual hormones through receptors to androgens and
estrogens (15, 16).We therefore assessed liver activity inhomozy-
gous double mutant Cryptochrome 1 and 2 males and females
(hereafter referred to as Cry�/� mice) that are devoid of a func-
tional circadian clock (17). Our results reveal that Cry�/� males
have a feminized liver and pinpoint dimorphic GH pulsatility as
the main signal altered by the inactivation ofCryptochromes.

EXPERIMENTAL PROCEDURES

Quantitative Real-time PCR—Eight-week-old Cry�/� (17)
and isogenic control mice, maintained under a 12-h light/12-h
dark cycle (ZT0 and ZT12 refer to lights on and off, respec-
tively) and free access to food and water, were sacrificed by
cervical dislocation. Livers were rapidly removed, frozen in liq-
uid nitrogen, and stored at�80 °C until use. Total RNA extrac-
tion was done with the RNeasy kit (Qiagen) according to the
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manufacturer’s instructions. Total RNAwas then reverse-tran-
scribed into cDNA by using Superscript III reverse tran-
scriptase (Invitrogen) with oligonucleotide random hexamers.
Primers of the mouse mRNAs to be investigated were designed
using Primer Express (Applied Biosystems) or BeaconDesigner
(Premier Biosoft) and checked for specificity using the BLAST
program. In general, PCR primers were chosen to introduce a
minimum of a two-nucleotide mismatch with all related Cyp
subfamily members. Results presented for Cyp3a41 may actu-
ally represent the combined contribution of Cyp3a41 and
Cyp3a16RNAbecause the primers bring only one single nucle-
otide mismatch in between the two forms and theoretical
ampliconswith 96%homology thatmay not be distinguished by

the dissociation curve of amplified
products conducted to verify the
unicity of amplified products. Real-
time PCR was performed and ana-
lyzed using a 7500 Fast real-time
PCR system with SYBR Green mas-
ter mix (Applied Biosystems). Rela-
tive expression levels were deter-
mined using the comparative CT
method to normalize target gene
mRNA to Gapdh.
Microsome Preparation and

Assessment of Cytochrome P450 En-
zymatic Activity—Two-month-old
mice were sacrificed at ZT4, and
their livers were rapidly dissected,
homogenized in homogenizing
buffer (10 mM Tris-HCl, pH 7.4, 1
mM EDTA, and 250 mM sucrose)
with the addition of phosphatase
inhibitors (1mM sodiumorthovana-
date and 10 mM sodium fluoride)
and a protease inhibitor (100 �M
phenylmethylsulfonyl fluoride) and
centrifuged at 9000 rpm for 15 min
to obtain a total tissue homogenate.
Microsomal pellets were separated
from cytosolic supernatant by ultra-
centrifugation and suspended in
potassiumphosphate buffer, pH 7.4,
containing 0.1 mM EDTA and 20%
glycerol. Microsomal protein con-
centrations were determined using
the Bradford assay.
Testosterone hydroxylase activity

was measured as described previ-
ously (18). Liver microsomes were
tested at 1 mg of proteins/ml in 0.05
M Tris buffer, pH 7.4, for testoster-
one hydroxylase activity using 300
�M of 14C-labeled testosterone as a
substrate. In addition, 5�-reductase
activity was inhibited by the addi-
tion of 5 �M finasteride to the
incubation mixture. The NADPH-

regenerating system was composed of 10 mM glucose-6-phos-
phate, 5 IU/ml glucose-6-phosphate dehydrogenase, and 10
mM MgCl2 in 0.05 M Tris buffer, pH 7.4. The reaction was
started by the addition of 1 mM NADPH. The incubation, at
37 °C, lasted 15 min, and the reaction was stopped using a mix-
ture of 3 ml of dichloromethane and 65 nmol of 11�-hy-
droxytestosterone (UV internal standard). Each sample was
vigorously vortexed and centrifuged. Two ml of organic phase
were transferred to a clean glass test tube and evaporated to
dryness under a stream of nitrogen gas. Nitrogen-dried dichlo-
romethane extracts were dissolved in amixture of 0.1 M ammo-
nium acetate/methanol/acetonitrile. Testosterone metabolites
were separated by reverse phase high pressure liquid chroma-

FIGURE 1. The sex dimorphism in gene expression is reduced in the liver of Cry�/� mice. Livers from control
and Cry�/� mice were collected every 4 h. Relative RNA levels, measured by quantitative PCR, are shown for
control wild type (WT, closed symbols, solid lines) and Cry�/� (open symbols, dotted lines) males (squares) and
females (circles), respectively. Data from ZT0 are replotted at ZT24 to improve readability. RNA levels are
graphed as means � S.E., n � 3– 4 for each series. For all genes, the global statistical significance is p � 0.005
between control males and females and between males of both genotypes (two-way ANOVA). Insets show the
average ratio of expression over 24 h between male and female livers (M/F ratio) in wild type (solid bars) and
Cry�/� mice (open bars). **, p � 0.01 and *, p � 0.05 as compared with control males, Mann-Whitney U test.
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tography, using Symmetry C18 column 5 �m (220 � 2.1 mm),
heated at 55 °C. The mobile phases used were (phase A) 0.1 M
ammonium acetate; 30% methanol and (phase B) 0.1 M ammo-
nium acetate; 70% methanol. Hydroxylated metabolites were
monitored by UV at 247 nm and by radioactivity detection and
eluted with a linear gradient: 0.7% of phase B/min at a flow rate
of 350 �l/min. Hydroxylated testosterone (OHT) standards
(2�-OHT, 2�-OHT, 6�-OHT, 6�-OHT, 7�-OHT, 11�-OHT,
15�-OHT, 15�-OHT, 16�-OHT, 16�-OHT) were used to
identify testosterone metabolites.
Determination ofMUPs Levels inUrine—Urinewas collected

at ZT4 and briefly centrifuged (3 min at 8800 � g). The super-
natantwas diluted (1/20)with 2�Laemmli buffer and heated at
90 °C for 90 s. Routinely, 8�l of urine solutionwere analyzed by
electrophoresis on a 15% SDS-polyacrylamide gel stained with
Coomassie Blue. Relative amounts of proteins in the molecular
weight range of 20,000were estimated by integrating band den-
sity, expressed in arbitrary units.
Hormonal Assays—Circulating hormones were measured

from trunk blood collected in heparinized centrifuge tubes for
plasma preparation. For pituitary content, anterior pituitary
glands were homogenized in phosphate-buffered saline. Assays
were performed using a testosterone enzyme-linked immu-
nosorbent assay kit (Cayman Chemical), according to theman-
ufacturer’s recommendations, and a GH-specific radioimmu-
noassay using reagents provided by A. F. Parlow.

RESULTS

The Sex Dimorphism in Liver Activity Is Impaired in Cry�/�

Mice—To determine whether circadian clock components
impact on differences between males and females, we assessed
by real-time quantitative PCR the expression of several dimor-

phic genes in the liver of male and
female mice sacrificed at selected
time points around the light-dark
cycle and compared their expres-
sion level in control and double
homozygous Cry�/� mice. Sexually
dimorphic genes include members
of the cytochrome P450 (Cyp) family
that are involved in the hydroxyla-
tion of steroid hormones and vari-
ous chemicals, and Elovl3, involved
in fatty acid biosynthesis (1). In con-
trol animals, we found that the dif-
ference in expression between
males and females persists all along
the light-dark cycle for most of the
genes considered (Fig. 1). As
reported previously (19, 20), Elovl3
exhibits daily variations in male
liver and is hardly detectable in
females at any time point (Fig. 1).
Interestingly, the male-female

dimorphism is strongly reduced in
Cry�/� mice. Indeed, the male-pre-
dominant genes Cyp2d9, Cyp4a12,
and Cyp7b1 are significantly down-

regulated along the light-dark cycle in male Cry�/� livers,
whereas modest, if any, alteration is noticed in females (Fig. 1).
The expression of Elovl3 becomes constitutively low, and daily
variations are abolished in male livers. Conversely, the female-
predominant gene Cyp2b9 is significantly up-regulated in
Cry�/� mutant males, which dramatically increased the
expression ratio between males and females (Fig. 1, inset).
Hence, inactivation ofCry1 andCry2 genes leads to a feminiza-
tion of the expression patterns of several genes in themale liver.
The different expression patterns ofCyp genes between sexes

are believed to affect the rate of metabolism for a given sub-
strate directly. To assess whether the feminized gene expres-
sion profile ofCry�/� males is translated at themetabolic level,
wemeasured the activity of microsomal hydroxylases. Levels of
the male-predominant testosterone 16�-hydroxylase activity
tend to become similar in microsomes from Cry�/� males and
females (Fig. 2, A and D). In parallel, the sexual dimorphism in
production of the female-predominantmetabolites 6�-OH and
7�-OH testosterone is reduced in Cry�/� mice as compared
with wild types (Fig. 2, B andD). Although testosterone metab-
olites cannot be reliably ascribed to individualCyp forms, these
findings mirror our results obtained with quantitative PCR and
support that metabolic sex dimorphism is altered in Cry�/�

mice.
It is worth noting that the feminization of Cry�/� males is

incomplete and does not extend to all sexually dimorphic genes
of livermetabolism. For example, themale-female difference in
expression of the female-predominant gene Cyp3a41 remains
unchanged in Cry�/� animals (Fig. 1). Similarly, the female-
predominant testosterone 15�-hydroxylase activity is not
altered in either Cry�/� males or females (Fig. 2, C and D).

FIGURE 2. Sex differences in liver microsomal testosterone hydroxylase activities are reduced in Cry�/�

mice. Testosterone hydroxylase activities were determined in liver microsomes prepared from wild type (WT, solid
bars) and Cry�/� mice (open bars). Specific activities are shown for male-predominant 16�-hydroxylase (A), female-
predominant 6�-hydroxylase and 7�-hydroxylase (B), and 15�-hydroxylase (C). D, activity ratios between male and
female microsomes are plotted on a log scale. Note that this ratio tends to 1 (horizontal dashed line) for microsomal
activities measured from Cry�/� mice in A and B, whereas it remains constant for 15�-hydroxylase activity. **, p �
0.01 and *, p�0.05 as compared with control males,��, p�0.01 and�, p�0.05 as compared with control females
and ##, p � 0.01 and #, p � 0.05 as compared with Cry�/� males; symbols are omitted when differences are not
significant (two-way ANOVA; n � 5 animals in each condition, means � S.E.).
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Moreover, Cry�/� males are fertile4 and exhibit normal levels
of circulating testosterone (3784 � 1099 pg/ml, n � 8, and
2996� 860 pg/ml,n� 6, inwild type andCry�/�males, respec-
tively, p � 0.05, Mann-Whitney U test), which is in contrast
with another mutant mouse line lacking the circadian clock
protein BMAL1 (21). These observations suggest that the fem-
inization of the liver of Cry�/� mutant males is not driven by
impaired gonadic function. Instead, a definite pathwaymust be
altered downstream the testicular activity, leading to the partial
feminization of the liver.
Dimorphic Traits Dependent on Ultradian GH Pulsatility

Are Feminized in Cry�/� Males—Ultradian profiles of circulat-
ingGHare a keymediator for sex-dependent effects on the liver
in many species (3, 22–24). Indeed, a major difference between
males and females in both rats andmice is the sustained (3–4 h)
interpulse interval of low GH between peaks of secretion (25,

26), required for the expression of
male-specific liver genes (27). These
sex differences in GH patterns
largely contribute to the sexual
dimorphism in body growth (28).
The pulsatile GH release is also well
known for increasing the synthesis
ofmajor urinary proteins (MUPs) in
the liver of males and their subse-
quent accumulation in urine (29,
30).We therefore decided to rely on
these two parameters, body growth
andMUPs content, as indirect read-
outs of GH pulsatility.
Firstly, previous studies reported

that clock-deficient Bmal1�/� or
Cry�/� mice are significantly
smaller than control animals (31–
33). This prompted us to systemati-
cally compare the postnatal growth
of Cry�/� males and females. Dou-
ble mutant Cry1�/� Cry2�/� ani-
mals of either sex exhibit a marked
reduction in size and show a
10–20% reduction of bodyweight as
compared with littermates bearing
at least one wild type allele of either
Cry gene (Fig. 3A). This growth def-
icit first becomes apparent at 2–3
weeks after birth, which matches
the onset of the somatotroph axis
(28). Importantly, the growth defi-
ciency of Cry�/� mice is more pro-
nounced in males than in females,
leading to a decrease of sex dimor-
phism in body growth as empha-
sized by the lower body weight ratio
between males and females in
mutant animals as compared with
wild type mice (Fig. 3B).

Secondly, to estimate the accumulation of MUPs, urine
from matched control and Cry�/� males and females was
collected and analyzed by electrophoresis. We found that
MUPs levels are dramatically decreased in the urine of male
Cry�/� mice as compared with wild type males (Fig. 3C).
This is not due to a deficiency in urine concentration
because urine osmolarity is even slightly higher in Cry�/�

mice than in control animals (2397 � 184mosM/kg H2O, n �
12 and 2451 � 231 mosM/kg H2O, n � 9 for mutant males
and females, respectively; 1871 � 130 mosM/kg H2O, n � 11
and 1873 � 316 mosM/kg H2O, n � 7 for wild type males and
females, respectively). Rather, the decreased MUPs content
in the urine of Cry�/� males is associated with the down-
regulation of the Mup1 gene expression in their liver (Fig.
3D). Thus, both body growth and MUPs accumulation show
impaired sex dimorphism in Cry�/� mice, suggesting that
altered GH profiles may be responsible for their feminized
metabolic pattern.4 I. M. Bur, A. M. Cohen-Solal. and X Bonnefont, unpublished observations.

FIGURE 3. The GH-dependent sex dimorphism is suppressed in Cry�/�mice. A, body weight of animals
obtained from Cry1�/�/Cry2�/� intercrosses. Wild type (black solid line), Cry�/� (dotted line) and littermates
bearing at least one wild type Cry allele (gray solid lines), males (upper panel) and females (lower panel), were
weighted weekly from 1 to 8 weeks of age and at 12 weeks. Data are graphed as means � S.E. ***, p � 0.005, **,
p � 0.01, and ns, not significant, for control versus Cry�/� mice, Mann-Whitney U test. B, male/female body
weight ratios for wild type (WT, solid line) and Cry�/� (dotted line) mice. Note that ratio values are close to 1 in
Cry�/� mice, indicating a loss of sexually dimorphic growth rates. C, MUPs accumulation. A representative
example of MUPs stained with Coomassie Blue after SDS-polyacrylamide gel electrophoresis (upper panel) and
pooled analysis of MUPs content in urine of wild type (solid bars, n � 9 males and n � 14 females) and Cry�/�

(open bars, n � 15 males and n � 12 females) is shown. ***, p � 0.005 and **, p � 0.01 as compared with wild
type males (two-way ANOVA). D, Mup1 expression level in the liver of mice used in Fig. 1. The global statistical
significance by two-way ANOVA is p � 0.001 between control males and females and between males of both
genotypes.
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Cry�/� Males Exhibit Altered Circulating GH Levels—The
direct assessment of temporalGHpatterns in themouse, unlike
in rat, is hampered by technical difficulties of repeated blood
sampling in freely moving animals. To evaluate whether the
inactivation of theCry genes is associated with an altered GH
secretion pattern, we collected trunk blood at random times
from control and Cry�/� males and females. As reported
previously (29), control males and females show a similar
distribution of their GH levels, except that maximal values
are higher in males (Fig. 4A). Interestingly, 53% of the values
obtained from male blood (16/30) were below 1 ng/ml,
whereas this proportion falls to only 23% in females (7/30). It
is likely that such a difference is the footprint of the long and
short durations of GH troughs in between secretion peaks in

males and females, respectively, as described in the single
study that reported direct measurements of GH pulsatility in
the mouse (25). The Cry deletion did not significantly alter
the distribution of GH values in females. In contrast, GH
levels were significantly shifted higher in Cry�/� males (Fig.
4A). Only 20% of random GH values were below 1 ng/ml
(4/20), suggesting that GH trough duration is shorter than in
control males. These data suggest that the ultradian GH pro-
file is altered in Cry�/� males with reduced non-secreting
episodes.
Accordingly, we found that total pituitary GH contents from

wild type males are scattered along a wide range of values (Fig.
4B), which possibly depicts the alternating course of GH surges
and troughs, whereas the narrow pattern obtained with glands
from Cry�/� males resembles the distribution of values from
females (Fig. 4B). However, althoughGHpatterns are altered in
Cry�/� males, their pituitary gland remains able to secrete a
high amount of GH when stimulated with the intravenous
injection of 100 ng of GH-releasing hormone or synthetic GH-
releasing hexapeptide GHRP6 (data not shown). Moreover,
although we noticed a slight down-regulation of the GH recep-
tor, Ghr, in the liver of Cry�/� males, no important alteration
were found in the somatotroph liver outputs, such as genes
coding for the insulin-like growth factor Igf1 and its binding
protein Igfbp3 (Fig. 4C).
Taken together, our data show that the Cry�/� mutation

alters the GH tempo. Interestingly, it is already known that the
internal circadian clock gets less robust (34) and that the soma-
totroph axis dampens (35) during aging. To investigatewhether
these alterations may affect sex dimorphism in liver metabo-
lism, we compared liver genes expression between young and
old male mice. We found that aged wild type male mice have a
feminized liver gene pattern (Fig. 5), as reported previously in
rats (27). Although slight differences can be noted, the liver of
young Cry�/� and old wild type males are therefore submitted
to similar changes as compared with young control animals
(Figs. 1 and 5). Hence, we reasoned that circadian timekeeping
may pace theGHpulsatility that is responsible formale-specific
liver activity and body growth.
Mimicking GH Pulses Reverses the Feminized Phenotype of

Cry�/� Males—If our hypothesis is correct that altered GH
profiles are responsible for the loss of sex dimorphism, it should
be possible to reverse the hepatic feminization by reinstating
GH pulses and interpulses in Cry�/� males. Accordingly, we
administered bovine GH (50 �g/mouse) at 12-h intervals dur-
ing 1 week to Cry�/� males, a protocol previously shown to
masculinize hepatic gene expression in wild type female mice
(23). This treatment restores typical male Mup1 mRNA levels
and reverses the feminized pattern of hepatic Cyp2b9, Cyp2d9,
Cyp4a12, Cyp7b1, and Elovl3 in Cry�/� males to levels similar
to those measured in untreated wild type males (Fig. 6). To
exclude a spurious effect from high concentrations of exoge-
nous GH, we forced the pituitary gland of Cry�/� males to
secrete endogenous GH in a pulsatile manner but without gen-
erating excess GH exposure. Because patterned infusions of
somatostatin can elicit rebound bursts of GH (36), we repeat-
edly injected octreotide (50 ng/mouse every 12 h), a long lasting
somatostatin agonist, toCry�/� males. This treatment also res-

FIGURE 4. Circulating GH levels are altered in Cry�/� males. A, box plots
of circulating GH levels measured in trunk blood randomly collected
between ZT2 and ZT8 from wild type (WT, solid boxes with median in white,
n � 30 males and 30 females) and Cry�/� mice (open boxes with median in
black, n � 20 males and 30 females) of each sex. Individual values outside
90% of the population distributions are plotted as black circles. The
median values of the four groups are significantly different (p � 0.05,
Kruskal-Wallis test). **, p � 0.01 between wild type and Cry�/� males
(Dunn’s multiple comparison test). B, the total amount of GH was quanti-
fied from whole pituitary glands of Cry�/� (open circles) and control (solid
circles) males and females. The inactivation of Cry genes has no effect on
average GH levels (p � 0.20 and p � 0.15 for control versus Cry�/� mice in
males and females, respectively, Mann-Whitney U test). C, expression lev-
els of genes involved in GH signaling were measured in the liver from mice
used in Fig. 1. RNA levels are graphed as means � S.E., n � 3– 4 for each
series. The global statistical significance by two-way ANOVA is p � 0.001
and p � 0.05 between males of both genotypes for Ghr and Igfbp3, respec-
tively. No significant alteration was found for Igf1 in Cry�/� males as com-
pared with controls. Ghr, GH receptor.
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cues a male pattern of liver gene expression in the mutant mice
(Fig. 6), and confirms that rhythmic activation of the GH axis,
with regular and sustained low trough values of GH, is respon-
sible for the reversal of the feminized phenotype of the Cry�/�

male liver.

DISCUSSION

Circadian Timekeeping as a Regulator of Ultradian GH
Release—Altogether, our data reveal Cry1 and Cry2 as
genetic determinants of sexual dimorphism in liver metabo-
lism. The presence of functional CRY products appears
essential for tuning the ultradian GH pulsatility required for
the male-specific liver activity. Similarly, previous studies
reported that the circadian clock gene Bmal1 is also neces-
sary tomaintainmale-female differences in body growth (33)
or that liver expression of Elovl3 follows a female-like profile
in male homozygous Clock/Clock mutants (19). Moreover,
male rats with lesioned SCN exhibit a feminized steroid
metabolism (37), as we observed for Cry�/� mice. Last, the
alteration of circadian timekeeping during aging (34) is con-
comitant with dampening of the GH pulsatility (35) and
leads to the feminization of liver gene expression in rats (27)
and mice (this study). Thus, although we cannot exclude a
non-circadian role for Cry genes, we conclude that the fem-
inized phenotype of Cry�/� males is at least partly due to the
disruption of their circadian clock.
The SCN transiently synchronize the GH rhythm with the

light-dark cycle, likely through somatostatinergic neurons (38,
39), and male rats with SCN lesions present alterations in the
amplitude of ultradian GH pulses (39). Thus, the alteration of
GH secretion in Cry�/� may result from impaired circadian

outputs from their SCN (40). Indeed, the SCN, equipped with
receptors for gonadal hormones (15, 16), may indirectly tune
the GH secretion profiles responsible for dimorphic liver
metabolism.
Another hypothesis, not exclusive from the former one, is

that the circadian clockwork within the pituitary gland may
synchronize unitary ultradian activities of GH-secreting cells
(41, 42) through long distance homotypic cell networks (43, 44).
Although such a possibility remains to be investigated, it is
worth noting that circadian timekeeping is known to interfere
with other rhythms outside the 24-h range, such as ultradian
courtship song in flies (45) and infradian estrous cycles in mice
(46).
TheGH secretion profile inCry�/�males differs from that of

control males, with fewer trough values. However, it remains
distinct from the female GH pattern, which exhibits a lower
mean level. Thus, Cry�/� males have a unique GH profile that
leads to a female-like metabolic pattern. However, this femini-
zation is not complete and underscores the complex regulation
of sexually dimorphic liver genes, which mainly involves trans-
duction through the signal transducer and activator of tran-

FIGURE 5. Aged male mice have a feminized liver gene pattern. Livers of
8-week-old (solid bars) and 2-year-old (open bars) C57BL/6 male mice were
collected between ZT2 and ZT4. Sex-specific liver genes show a feminization
of their expression level in aged males. Relative RNA levels are graphed as
means � S.E., n � 5 animals in each condition. **, p � 0.01 and *, p � 0.05,
Mann-Whitney U test.

FIGURE 6. Patterned GH pulses reverse the feminized phenotype of
Cry�/� males. Liver gene expression was assessed at ZT4 in Cry�/� males that
received two subcutaneous injections a day, at ZT0 and ZT12 during 1 week,
of saline (n � 4), 50 �g of highly purified pituitary bovine GH (bGH, n � 5), or
50 ng of octreotide (n � 5), and untreated control males (n � 5). Both hormo-
nal treatments restored a control-like expression pattern in the liver of Cry�/�

males. **, p � 0.01 and *, p � 0.05 as compared with NaCl, Mann-Whitney U
test. WT, wild type.
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scription 5b (STAT5b) and hepatic nuclear factor 4 � (HNF4�)
pathways (47–49). For example, the expression level of the
female-predominant gene Cyp3a41 is not altered in Cry�/�

mutants. Interestingly, several genes of the Cyp3a family,
including Cyp3a41, were previously reported to be resilient to
the inactivation of STAT5b (47) but not of HNF4� (49). Our
data may thus define a new paradigm to study the sexually
dimorphic action of GH in the mammalian liver through both
transduction cascades.
Interrelationship between Circadian Timekeeping, Sex

Dimorphism, and Liver Metabolism—Finally, our data reveal
that circadian timekeeping may control cell and body metabo-
lism by pacing the secretion of pituitary GH, in addition to
the well known direct regulation at the transcription level in
liver cells (7, 8). Over the last decades, chronomedecine has
been developed, assuming that a circadian control of sensi-
tivity to drugs exists in humans as well as in rodents (7, 50,
51). Interestingly, a recent trial for time-modulated treat-
ment of metastatic colorectal cancer revealed intriguing
opposite outcomes for men and women patients (52). Fur-
ther studies will be necessary to unveil whether our results
could be extended to human beings and provide some mech-
anistic insights into how the circadian time, sex, and metab-
olism must interact and constitute an undividable troika to
optimize personalized therapy.
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