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Ketone bodies are energy-rich metabolites and signaling molecules whose production is
mainly regulated by diet. Caloric restriction (CR) is a dietary intervention that improves
metabolism and extends longevity across the taxa. We found that CR induced high-
amplitude daily rhythms in blood ketone bodies (beta-hydroxybutyrate [JOHB]) that
correlated with liver BOHB level. Time-restricted feeding, another periodic fasting—
based diet, also led to rhythmic BOHB but with reduced amplitude. CR induced strong
circadian rhythms in the expression of fatty acid oxidation and ketogenesis genes in the
liver. The transcriptional factor peroxisome-proliferator-activated-receptor o¢ (PPAR«)
and its transcriptional target hepatokine fibroblast growth factor 21 (FGF21) are pri-
mary regulators of ketogenesis. Fgf21 expression and the PPAR« transcriptional network
became highly rhythmic in the CR liver, which implicated the involvement of the circa-
dian clock. Mechanistically, the circadian clock proteins CLOCK, BMALLI, and crypto-
chromes (CRYs) interfered with PPAR« transcriptional activity. Daily rhythms in the
blood POHB level and in the expression of PPAR«a target genes were significantly
impaired in circadian clock—deficient CryZ,2”" mice. These data suggest that blood
BOHB level is tightly controlled and that the circadian clock is a regulator of diet-

induced ketogenesis.
aging | metabolism | caloric restriction | circadian rhythms | fatty acid metabolism

Ketone bodies—3-B-hydroxybutyrate (BOHB), acetoacetate, and acetone—are metabolic
intermediates derived from acetyl-coenzyme A (acetyl-CoA) (1, 2). During fasting,
ketone bodies produced by the liver circulate in the bloodstream and serve as an energy
source for other tissues such as the brain, heart, and skeletal muscles (3, 4). POHB, the
main ketone body in the bloodstream, serves not only as a source for energy production
but also as a signaling molecule (5). Ketone bodies in the bloodstream are elevated in
response to prolonged fasting and are reduced back upon refeeding (2, 6, 7). Previous
studies proposed that ketone bodies may have some positive impact on metabolism and
physiology (8, 9). Several diets known to increase blood ketone bodies, such as intermit-
tent fasting or high-fat ketogenic diets, are used as experimental therapy for neurologic
disorders (10), diabetes (11), cardiometabolic diseases, and other conditions (12).
Acetyl-CoA is converted to ketone bodies in a chain of reactions known as ketogene-
sis. Acetyl-CoA for ketone production is generated predominantly in the liver through
beta-oxidation of fatty acids in the mitochondria (13, 14). Ketogenesis is regulated
by several metabolic signaling pathways such as fibroblast growth factor 21 (FGF21)
(15, 16), mechanistic target of rapamycin (mTOR) (17), and the peroxisome-prolifera-
tor-activated-receptor o (PPARq) transcriptional network (18, 19). PPAR« is a transcrip-
tional factor and a master regulator of fasting metabolism (20). It controls the expression
of enzymes involved in fatty acid transport and oxidation as well as ketone biosynthesis.
The PPARa transcriptional network is considered a central controller of ketogenesis.
Indeed, fasting-induced ketone production is impaired in PPARa-deficient animals (21).
Calorie restriction (CR) is the most studied and reproducible dietary intervention
that has multiple metabolic benefits and extends lifespan in many organisms (22-24).
Little is known regarding the control of ketogenesis in CR, and the existing literature is
not consistent. Increase, decrease, and no change in blood ketone bodies in CR has
been reported by different groups (25-27); unfortunately, the time of day when the
analysis was performed has not been reported, but it can be one of the contributing fac-
tors. CR is a periodic fasting diet, and it is tightly connected with circadian clocks and
thythms (28-32). The circadian clock is an evolutionary conserved biological time-
keeping system that synchronizes organisms with the 24-h light/dark cycle (32). The
mammalian circadian clock is a hierarchy of oscillators operating in most of the tissues.
The peripheral oscillators are synchronized by signals from the central oscillator in the
Suprachiasmatic Nucleus SCN of the hypothalamus. A molecular circadian oscillator is
organized as several interconnected transcriptional—translational feedback loops formed
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by the following transcriptional regulators: CLOCK, BMALL,
PERs, CRYs, REV-ERBs, and RORs (33-36). Circadian rhythms
play an important role in human health, and clock disruption is
associated with multiple diseases, including cardiometabolic dis-
eases and diabetes (37-39). Here we investigated whether CR
impacts ketogenesis in mammals and whether the circadian clock
contributes to the regulation of ketogenesis. We found that CR
induced strong daily rhythms in liver ketogenesis and blood
BOHB level. The rhythms were associated with daily rhythms in
the PPARa transcriptional network, and they were significantdy
disrupted in the circadian clock—deficient mice.

Results

CR induced daily rhythms in blood ketone bodies independently
from mTORC1 activity rhythms. Male and female mice were
randomly assigned to ad libitum (AL) and 30% CR groups.
CR mice received 70% of their AL food intake as a single meal
once per day, 2 h after the light was turned off. Blood glucose
and ketone bodies were analyzed around the clock with a 4-h
resolution. As expected (40), both male and female CR mice
had significantly reduced blood glucose across the day (Fig.
14). BOHB is a major circulating blood ketone body (1, 2).
BOHB was low across the day in AL mice (Fig. 1B). No signifi-
cant changes were observed even during the light/resting phase,
when food consumption is reduced (41). Mice are nocturnal,
but with AL access to food, they eat small amounts during the
light/rest phase (40), which may be sufficient to prevent keto-
genesis. There was no significant difference in blood POHB
between AL males and females (SI Appendix, Fig. 1). CR
induced high-amplitude rhythms of blood POHB (Fig. 1B) in
both males and females, with the peak observed at Zeitgeber
Timel4 (ZT14), just before the feeding time. At the peak,
females had significantly higher blood POHB compared to
males (S Appendix, Fig. 1); therefore, males and females were
analyzed separately throughout the study. It was hypothesized
that blood ketone bodies and glucose are in reverse correlation
(7, 42). However, according to our data, blood glucose and
ketone levels can be uncoupled. Indeed, blood glucose was near
stable across the day and blood BOHB was highly rhythmic.

The mechanistic target of rapamycin complex 1 (mTORC1), a
nutrient sensor and master regulator of metabolism, is implicated
in the control of ketogenesis. It has been proposed that fasting-
induced suppression of mTORCI contributes to the increased
production of ketone bodies (17). We compared mTORCI activ-
ity in the liver of AL and CR mice across the day (Fig. 10).
mTORCI activity was rhythmic in AL mice and rhythms were
enhanced in CR mice, in agreement with our previous data (43).
There was only a partial correlation between mTORCI activity
and blood POHB rhythms. In AL mice, mTORCI activity was
low during the light phase and high during the dark phase, while
the BOHB level was stable across the day. In CR mice, mTORCI
activity was low and POHB level was high at ZT14 in agreement
with the proposed ketogenesis-inhibiting effect of mTORCI1
(17). At the same time, mTORCI1 activity was low between ZT2
and ZT10, but there was no significant increase in blood fOHB
level (Fig. 1 B and (). Thus, the down-regulation of mTORCI
during the light (rest/fasting) phase of the day may be necessary,
but it is not sufficient to induce ketogenesis. We concluded that
the rhythms in mTORCI signaling cannot alone explain the
blood BOHB rhythms in CR mice.

CR-induced daily rhythms in blood BOHB. The rapid changes
in blood BOHB around ZT14 in CR mice coincided with a
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time when the light was turned off (ZT12) and food was pro-
vided (ZT14). We investigated whether light and/or food play
a direct role in blood BOHB rhythms. First, the light was not
turned off at ZT12 and the food was still provided at ZT14.
Blood ketone bodies were assayed at ZT12, ZT14, and ZT15.
Blood BOHB followed the same kinetics independently
whether the light was on or off (Fig. 1D): fast increase before
the feeding and fast reduction after the feeding. Thus, the
kinetics of blood POHB around feeding time was not driven
by the light-to-dark transition in a Pavlovian reflex-like man-
ner. To further investigate BOHB rhythms and light cycle in
CR, we placed the mice in constant darkness. The daily meal
was still provided at the same time of day. Blood BOHB level
was assayed after 48 h in constant darkness. The rhythms in
blood BOHB were preserved in constant darkness (Fig. 1E).
CR is a combination of a reduction in caloric intake and a peri-
odic feeding/fasting cycle. To address the relative contribution
of these factors, the blood BOHB level was assayed in mice that
were subjected to time-restricted feeding (TRF), when unlim-
ited food was provided for 12 h. The food was provided at
ZT14, at the same time when the food was provided to CR
mice, and it was removed at ZT2. AL mice eat the food around
the clock, but the majority of the food is consumed during the
dark phase of the day and restricting the food availability to the
dark phase does not cause misalignment between feeding and
light/dark cycles as judged by the clock and metabolic gene
expression (40, 44). Previously we reported that TRF mice con-
sumed approximately the same amount of food as AL mice (40,
44); therefore, the mice were not calorie-restricted but periodi-
cally fasted for approximately 12 h. TRF resulted in blood
BOHB rhythms with the peak at around ZT14 (Fig. 1F). Inter-
estingly, the kinetics were similar for both TRF and CR diets,
but the amplitude of the rhythms was significantly smaller in
TRF mice compared with CR mice. Thus, both the reduced
caloric intake and periodic fasting contributed to the rhythms
in blood BOHB.

To test whether the meal was necessary for reduction in
blood BOHB in CR mice at ZT18, one group of CR mice
was provided with the food and another did not receive the
meal at the expected feeding time (Fig. 1G and S/ Appendix,
Fig. 1). Within 1 h, blood POHB was rapidly reduced to AL
level in fed CR mice, while it was not reduced in unfed CR
mice. Thus, food was necessary for the reduction of POHB
in CR mice. Notably, blood BOHB was not increased signifi-
cantly for approximately 20 h after the meal (Fig. 1B), and it
rapidly increased in 4 h just before the meal, between ZT10
and ZT14 (Fig. 1 B and D). It was not further increased in
the next few hours even if the mice were not provided with
the food (Fig. 1G). Thus, the time-dependent induction of
blood POHB in CR was tightly regulated. Interestingly, there
was no difference in blood glucose between fed and unfed
CR mice (Fig. 1H), further confirming that blood glucose
and POHB levels are uncoupled. mTORCI activity in the
liver of fed and unfed CR mice is shown in Fig. 11 As
expected, ribosomal protein S6 phosphorylation was induced
in 1 h after the meal and it was high in the next few hours.
Surprisingly, S6 phosphorylation was also induced in the liver
of unfed CR mice, with the maximum in 3 h after the expected
feeding time. At the peak, S6 phosphorylation was comparable
between fed and unfed states. Thus, the induction of
mTORCI was not sufficient to suppress blood BOHB, which
is in agreement with the results from reference (45) and sug-
gests that additional mechanisms must be involved in the reg-
ulation of BOHB rhythms.
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Fig. 1.

CR-induced circadian rhythms in blood BOHB. Around-the-clock blood glucose (A) and BOHB (B) in male (Right) and female (Left) mice. Mice were on

AL (solid blue line) or 30% CR (dashed red line) diets. The food was provided to CR mice at ZT14 (indicated by arrow). n = 6 per time point per diet. (C) West-
ern blotting for indicated proteins in the liver of AL and CR mice around the clock, pooled samples; n = 3 per diet per time point. (D) Blood pOHB when the
light was not turned off at ZT12; n = 8 per time point. (E) Blood BOHB in CR mice that were placed in constant darkness for 48 h; n = 6-8 per time point.
(F) Blood BOHB in TRF mice around the clock. The food was provided at ZT14 and removed at ZT2; n = 6 per time point. BOHB (G) and glucose (H) in the
blood of CR mice that were provided (solid bars) or not provided (dashed bars) with the food at ZT14. Bars with different letters are statistically different
from each other; n = 6. (/) Western blotting for indicated proteins in the liver of CR mice that were provided (+) or not provided (—) with the food; n = 3 per
diet per time point. The light was on at ZT0 and off at ZT12. White and black bars represent light and dark. Gray panels on the graphs indicate the dark
phase of the day. ZT is Zeitgeber Time, CT is Circadian Time. Significant difference between the diet, ****P < 0.0001, at indicated time point.

CR reprograms rhythms in fatty acid oxidation and ketogenesis
in the liver. BOHB is produced predominantly by the liver with
some contribution from other tissues such as the kidney and
intestine (1). Therefore, we hypothesized that CR regulates
blood BOHB through the control of its production in the liver.
Liver BPOHB was assayed in AL and CR mice around the clock
(Fig. 2A4). POHB was low across the day in AL mice, and it was
increased in CR mice at ZT10 and ZT14 (Fig. 24) in agreement
with our expectation. During fasting the adipose tissue releases
fatty acids (46, 47), which are the main source for BOHB pro-
duction. After the uptake by the liver, these fatty acids can be

oxidized in mitochondria or converted back to triglycerides

PNAS 2022 Vol. 119 No.40 2205755119

(TG). We assayed serum and hepatic TG around the clock (Fig.
2 Band C) and did not find a significant difference between AL
and CR. Next, we assayed the level of individual free fatty acids
(FFAs) in the liver. CR caused the reduction of several major
FFAs such as C16:0, C18:0, C18:1, and C18:2 at some time
points (Fig. 2D). Thus, increased POHB in the liver did not
correlate directly with the levels of TG or FFAs.

Beta-oxidation is a chain of cyclic reactions when fatty acids
are broken down to acetyl-CoA. The expression of enzymes
responsible for fatty acids activation, transport, and beta-oxidation
was significantly induced in CR mice dependent on the time of
the day (Fig. 2E). Messenger RNA (mRNA) expression of fatty
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Fig. 2. CR-induced circadian rhythms in liver ketogenesis. BOHB (A), triglycerides in the liver (B), triglycerides in the serum (C), and selected indicated
FFAs (D) in the liver of AL (solid blue line) or CR (dashed red line) mice; n = 3-6 per diet per time point. (F) Western blotting for indicated beta-oxidation
proteins in the liver of AL and CR mice around the clock; pooled samples, n = 3 per diet per time point. (F) mRNA expression (RNAseq) for indicated beta-
oxidation genes in the liver of AL and CR mice around the clock; n = 3 per diet per time point. (G) Scheme of ketogenesis in the liver mitochondria;

enzymes are shown in solid boxes. (H) The expression (RNAseq) of ketogenesis

genes in the liver of AL (blue line) or CR (red line) mice; n = 3 per diet per

time point. The light was on at ZTO and off at ZT12. Gray panels on the graphs indicate the dark phase of the day. *P < 0.05, **P < 0.01, ***P < 0.001,

**%%p < 0.0001. Significant difference between the diets.

acid oxidation genes was analyzed with RNA sequencing (RNA-
seq), and the data are presented as a heat map in Fig. 2F. Seven
of these genes became highly rhythmic in the CR liver with the
peak at ZT10 to ZT14, while only two genes were rhythmic in
AL mice (8 Appendix, Table 1). CR-induced changes in the
expression of fatty acid catabolism enzymes could contribute to
the increased ketogenesis between ZT10 and ZT14.

CR-induced beta-oxidation will result in an increased produc-
tion of acetyl-CoA (48), but elevated hepatic acetyl-CoA alone
cannot determine the rate of ketogenesis (1). Four enzymes direct
the condensation of acetyl-CoA to BOHB (Fig. 2G). The expres-
sion of Acatl was not significantly affected by CR. The expres-
sion of Hmgcl, Hmgces2, and Bdh1 was significantly up-regulated
at ZT10 to ZT14 (Fig. 2H and SI Appendix, Table 3). Hmges2

4 of 11 https://doi.org/10.1073/pnas.2205755119

and Bdhl encode two rate-limiting enzymes in ketogenesis, and
the up-regulation of their expression was in good agreement with
the increased POHB production. Several transporters are impli-
cated in the POHB transport from mitochondria to the cyto-
plasm and from the cell (1, 49, 50). The expression of the
Sle16A7 gene, which encodes the MCT2 protein, was signifi-
cantly up-regulated in the CR liver across the day with the peak
at ZT10. The expression of Sk16A1 (MCT1) and Ski16A6
(MCT7) was only modestly increased at ZT18 or was not
affected by CR, respectively (Fig. 2H and SI Appendix, Fig. 2).
Thus, CR induced transcriptional reprogramming to synchronize
in time the expression of multiple enzymes involved in fatty acid
beta-oxidation, ketogenesis, and transport, which may contribute
to the rhythms of BOHB production.

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205755119/-/DCSupplemental

Downloaded from https://www.pnas.org by 23.245.77.230 on February 5, 2026 from | P address 23.245.77.230.

Circadian clock proteins interfere with PPAR«a transcriptional
activity. Many of the beta-oxidation and ketogenesis enzymes
are direct targets of the PPARa transcriptional factor (19, 51,
52). PPARa plays an important role in the control of ketogene-
sis during fasting (20, 53-55), and we hypothesized that CR
thythms in ketogenesis were regulated by PPARa. The expres-
sion of Ppara mRNA was assayed in the liver of AL and CR
mice by RT-PCR. The expression of Ppamy was arrhythmic in
the AL liver and it became rhythmic in the CR liver with the
peak at ZT12, just before the induction of ketogenesis (Fig. 34,
Lefi, and ST Appendix, Table 2). To investigate whether PPARa
transcriptional activity in vivo was impacted by CR we com-
pared the expression of 117 known PPARa target genes (56)
using RNAseq (Fig. 3B and S/ Appendix, Fig. 3). The expression
of 75% of the PPARa targets was significantly affected in the
CR liver compared with the AL liver (SI Appendix, Table 3).
Rhythmic analysis (S/ Appendix, Table 2) revealed that 16 genes
were rhythmic in AL mice. Six of these genes lost the rhythms
in CR mice, 10 were still rhythmic in CR mice, and 38 genes
became rhythmic in CR mice. Thus, 41% of PPARa target
genes were rhythmic in CR mice compared to only 14% in AL
mice, and approximately 50% of the targets that were rhythmic
in CR had peaks at approximately ZT10 to ZT14. One of the
PPARa transcriptional targets is FGF21, which is a liver-
produced hormone (57). FGF21 is produced during fasting and
has been implicated in the control of ketogenesis (16, 58). The
expression of Fgf2] mRNA was low and arrhythmic in the liver
of AL mice and became rhythmic with the peak at ZT16 in CR
mice (Fig. 34, Right, and SI Appendix, Table 2). Thus, the
increased Fgf21 expression correlated with the high level of liver
and blood POHB. These data suggest that CR impacted the
daily rhythms of PPAR« transcriptional activity.

Robust 24-h rhythms in the expression of PPAR« target genes
induced by CR led us to the hypothesis that the circadian clock,
which is involved in CR mechanisms (59, 60), might contribute
to the rhythms in ketogenesis by interacting with the PPARa
transcriptional network in the liver. To test this hypothesis, we
investigated whether clock proteins interfere with PPARa tran-
scriptional activity. The Fgf21prol-luc reporter expresses the
luciferase gene under control of the Fgf2l promoter (61).
Human Embryonic Kiney (HEK293) cells were cotransfected
with Fgf21prol-luc and the PPARa-expressing plasmid. As
expected, the coexpression of PPARa strongly induced the Fgf21
promoter (Fig. 3C). Treatment of the cells with fenofibrate, a
known agonist of PPAR«, further increased the activity of the
Fgf21 promoter (Fig. 3C). The cotransfection of plasmids
expressing circadian clock proteins impacted PPARa-dependent
regulation of the Fgf21 promoter (Fig. 3D). The transfection of
CLOCK or BMALI expressing plasmids had no significant
effect on the PPARa-dependent induction of the Fgf2I pro-
moter. CLOCK and BMALI1 formed a transcriptional hetero-
complex and, when BMALI and CLOCK were coexpressed
together with PPARa, the promoter was additionally induced.
The coexpression of CRY1 suppressed the promoter induction.
Finally, the coexpression of all three circadian proteins together
inhibited the PPARa-dependent induction of the Fgf2! pro-
moter. Similar results were obtained when the cells were treated
with the PPARa agonist (Fig. 3E). Thus, circadian clock pro-
teins interfered with both basal and agonist-dependent transcrip-
tion of the Fgf2I promoter. We analyzed the Fgf21 promoter for
circadian E-box elements and identified one circadian E-box ele-
ment located at approximately 50 bps from the predicted start
site for transcription (Fig. 3G). We tested whether CLOCK,
BMALLI, and CRY1 can directly regulate transcription from the
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Fgf21 promoter. The coexpression of CLOCK and BMALLI
resulted in a strong induction of the Fgf2/ promoter, and the
coexpression of CRY1 inhibited it (Fig. 3F). Thus, the Fgf21
promoter was regulated by circadian clock transcriptional factors
even if exogenous PPARa was not expressed, which argues for
possible promoter interference mechanisms.

Circadian clock proteins may interfere with PPARa-
dependent transcription on the Fgf2] promoter through several
different mechanisms. They can directly or indirectly bind to
PPARa and modulate its activity. Indeed, it was reported that
CRYs can directly interact with PPARS in skeletal muscles (62).
Alternatively, circadian clock proteins can regulate PPARa-
dependent transcription through the promoter interference
mechanism when transcriptional factors do not physically inter-
act but instead can bind to the same promoter (63), and indeed
PPARa and CRYs co-occupy many genome loci (64). If CRY1
inhibits the Fgf21 promoter through direct/indirect binding to
PPARa, then one must expect that the suppression of transcrip-
tion will not depend on the promoter. Contrary to that, the pro-
moter interference mechanism implicates that the regulation will
be promoter specific. PPAR Responsive Element (PPRE) plas-
mid has three copies of PPARa-responsive elements in front of a
minimal promoter (Fig. 3G). The promoter was strongly
induced by PPARa and by the treatment with the PPARa ago-
nist (Fig. 3H). Notably, this artificial PPRE promoter does not
have an E-box element (65), and the cotransfection of plasmids
expressing circadian proteins did not significantly affect the
PPRE promoter (Fig. 3/, white bars). The cotransfection of any
combination of circadian clock proteins also did not interfere
with the PPARa-dependent induction of the PPRE promoter
(Fig. 37 black bars). These results support the hypothesis that
the regulation of the Fgf21 promoter by circadian clock proteins
occurred through the promoter interference mechanism. We
also investigated whether clock proteins and PPARa interact on
the promoters of circadian clock genes. Perl-Luc plasmid
expresses the luciferase reporter under the control of the Periodl
promoter (66) (Fig. 3G), and this promoter is strongly regulated
by circadian clock transcriptional factors. PPARa did not impact
the Perl promoter on its own or in a combination with circa-
dian clock proteins (Fig. 3)), further confirming that circadian
clock proteins and PPARa« interfered with each other’s transcrip-
tional activity in a promoter-dependent manner.

CR-induced ketogenesis is disrupted in circadian clock
mutant mice. If the circadian clock controls the diet-induced
thythms of ketogenesis, then one might expect that the
thythms will be disrupted in circadian clock—mutant mice.
Mice with total body knockout of both the Cryl and Cry2
genes (Cryl,2~"") have disrupted circadian rhythms in behavior
and gene expression (67, 68). Wild-type and Cryl,2™"~ mice
were placed on 30% CR. Both wild-type and Cry,2™"" mice
lost approximately 10% of body weight (Fig. 4A4); note that
C@/I,ZfF mice are smaller compared with wild-type mice (69).
One of the well-documented beneficial effects of CR is
improved glucose homeostasis. Both wild-type and clock
mutants on the CR diet had a significantly reduced blood glu-
cose level across the day (Fig. 4B). Glucose tolerance was also
significantly improved in both genotypes (Fig. 4C). Thus,
Cryl,2”" mice responded to 30% CR similarly to wild-type
mice. CRY1 expression was significantly down-regulated in the
liver of CR mice at ZT6 and ZT10 (Fig. 4D and SI Appendix,
Fig. 4). Interestingly, the low expression of CRY1 at around
ZT6 to ZT14 coincided with the increased expression of Fgf21
and other PPARa transcriptional targets in the liver of CR

https://doi.org/10.1073/pnas.2205755119 5 of 11


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205755119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205755119/-/DCSupplemental

Downloaded from https://www.pnas.org by 23.245.77.230 on February 5, 2026 from | P address 23.245.77.230.

>
@)

; -Fgf21-1 -Fgf21-luc
-4 @ AL Poaro. @ AL F f21 6 P gf “ ° g gf
2 ——CR . P 6 | ——cr . g OVector d 4
g 3 5 ° WPPARa o
5 % g
2 4 c ©3 b b
o e < b
g2 3 <* :
o 2 32
B 2 o a a
21 2| I = B
= 1
g uE ) ﬁ
0 0 0 0
0 4 8 12 16 20 24 0 4 8 12 16 20 24 FEN - + \% \ C B R CB CBR
ZT, hours ZT, hours 50uM
PPARa - + + + o+ o+ o+
B PPAR« - target genes

2 6 | p-Fgf21-luc 4 p-Fgf21-luc ®
5 C
1 ) o3
a0 oo
s 4 g
(o] S S
2’ g2
-1 N b bd a a a a a
a 1
0 0
PPARa -+ 4+ 4 V ¢ B R B CBR
FEN - - + +
GBR - - - 4
p-Fgf21-luc
= p-PPRE-luc

PPRE PPRE
H eere H I—[_>
p-Perl1-luc >

30 p-Per-luc
p-PPRE-IUC 40 Dvector b p'PPRE'IUC OVector b
25
OVect < b b
30 ector MPPARa b HPPARa
. HPPARa 30 b EO 20
2 - @ 5
5 5 S 15
520 520 g
o o =
e S 10
10 10 5
a
a
0 0 ° v c B R B CBR
FEN - + Vv C B R CcB CBR

Fig. 3. Circadian clock proteins interfere with PPAR« transcriptional network. (A) mRNA expression of Ppara (Left) and Fgf21 (Right) in the liver of AL (blue) and CR
(red) mice around the clock; n = 3-6 per diet per time point. (B) Heat map expression (RNAseq) of PPARx known target genes on AL and CR diets; n = 3 per diet
per time point. (C-F, H-/) HEK293 cells were transiently transfected with combinations of luciferase reporter and transcriptional factors expressing plasmids. The
experiments were done in triplicate. Bars with different letters are significantly different from each other. (C) PPARa induced the activity of the Fgf27-luc promoter
reporter. (D) The Fgf21-luc reporter was coexpressed with PPARx and plasmids expressing the following proteins: V - vector, C - CLOCK, B - BMAL1, and R - CRY1.
(E) Cells transfected with indicated plasmids were treated with fenofibrate (FEN). (F) Fgf21-luc reporter cotransfected with plasmids expressing indicated circadian
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6 of 11  https://doi.org/10.1073/pnas.2205755119 pnas.org



Downloaded from https://www.pnas.org by 23.245.77.230 on February 5, 2026 from | P address 23.245.77.230.

>

IS
8

3

s

w
S

vy)

AL

9
8
8

\
\

CR

e =
£ 3 .
3 £
g H b—i—{{%!--i
3 g100 100
g S
m 10 =
© | WTAL e W TC R
0 0 -~ - vi2/A o lo==—= CRY 1,2:/- QR
3mAL 5mAL  3mAL 5mCR 3mAL 5mAL 3mAL 5mCR
0 5 10 15 20 25 0 5 10 15 20 25
ZT,hours ZT,hours
C 600 GTT ——wm D
—— wick AL CR
——— - CRY12/-AL
:500 e ayiara AUC wr Cry 1.2+ wr Cry 1,2+
%400 5 2 a 2 6 10 14 18 22 2 6 10 14 18 22 2 6 10 14 18 22 2 6 10 14 18 22
£ . - -- - - CRY1
5300 . - L - - e e o W W W == s == e CLOCK
g
2200 e b —t=e-BSs8=== = == = == = — = — — PERI
...... ns 2 - - BduSoe SSd & v
100 L - - - -’ - - GAPDH
0 o - - - - B-actin
0 30 60 90 120 WT CRY KO
Time, min

F

ZT10 AL

Acadm b 3 Hmgces2 b
ab

~

e WT AL
- @ = CR12/AL

BN
G o

«

Relative expression, A.U.
5

B-hydroxybutyrate (mM)
[

a a a - - -
0 0
> N
v < > & & 0
& é\ + § ¥ ©
& N é\&%b&. 0 5 10 15 20 25
114 CR
=)} Acadm 9 = 2 | == WTCR
§2 % o= @ == CRY12/-CR
9 T
2 £
8s ¢ )
g 31
o =
[ 3
%4 a 2 a 15:
k] Z
< v & W <
v < w
o $‘ o > oS v & o 0 5 10 15 20 25
<& \Q N Lo @ % & \é\ & »&& & S
G Caloric restriction
Circadian Clock
Reprogramming
CRY 1
A AL
4 PPAR|
O®
o L] [E50] > 4
Day  Night A A AP b-oxidation
ketogenesis
J_ PPAR
ke
PPAR] - *
©® ST AT AT AT AT AT - s
B-OHB s \
AT AT AT AT AT . N N ,
w /N K
1 \ ’
1 \ ptd
S AL v -t
Blood

Fig. 4. CR-induced circadian rhythms in ketogenesis are impaired in clock-deficient Cry7,2~"~ mice. (4) The effect of CR on body weight of wild-type (WT) and Cry7,2~"~
mice. Bars with different letters are significantly different from each other; n = 10 per diet point per age per genotype. (B) Blood glucose around the clock in AL (Left) and CR
(Right) wild-type (solid line) and Cry1,2~"~ (dashed line) mice; n = 6 per diet per time point per genotype. (C) Glucose tolerance test (GTT) in wild-type (solid) and Cry7,2~~
(dashed) mice on AL (blue) or CR (red) diets; n = 6 per diet per genotype. AUC, area under the curve. (D) Western blotting for indicated circadian clock proteins in the liver of
wild-type and Cry7,2~"~ mice on AL (Left) and CR (Right) diets. Numbes on the top are ZT hours. Pooled samples, n = 3 per diet per time point per genotype. (£) The mRNA
expression of PPAR«x target genes in the liver of wild-type (solid bars) and Cry1,2’/’ (dotted bars) mice on AL (blue) or CR (red) diets at ZT10 (Top) and ZT14 (Bottom); n = 6
per diet per time point per genotype. Bars that do not have common letters are significantly different (P < 0.05) from each other. (F) BOHB in the blood of wild-type (solid)
and C/y1,2’/’ (dashed) mice on AL (Top) and CR (Bottom) diets; n = 6 per time point per genotype. (G) Model of the cross talk between the circadian clock and PPAR« in con-
trol of ketogenesis rhythms. In CR mice, PPAR« is activated and drives the expression of its target genes, including genes involved in ketogenesis. Some of these genes also
have circadian E-box elements in their promoters. The circadian clock transcriptional factors CLOCK, BMAL1, and CRYs interfere with the ability of PPARx to regulate the
transcription of these genes. The expression of CRY1 is highly rhythmic in the liver of CR mice; therefore, it periodically releases the inhibition of the PPARa-controlled pro-
moters, which results in the rhythms in ketogenesis. See more details in the text. *Significant difference between the genotypes at the indicated time point.
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wild-type mice (Figs. 3B and 4D and SI Appendix, Figs. 3 and
4). We compared the expression of several PPARa transcrip-
tional targets such as Fgf21, fatty acid beta-oxidation enzymes:
Cptla and Acadm; ketogenesis enzymes: Hmgsc2 and Bdh1; and
ketone body transporter Sle16a7 in the liver of wild type and
Cryl,2~ "~ mice at ZT10 (Fig. 4F, Top, and SI Appendix, Fig.
5) and ZT14 (Fig. 4E, Bottom, and SI Appendix, Fig. 5). All
tested genes were induced by CR in both genotypes, but the
induction was significantly higher in the CryZ,2™"~ mice (except
for Cptla and Met2). Interestingly, at ZT18, 4 h after the feed—
ing, there was no difference between wild-type and Cry,2”"~
mice in the expression of these genes (S Appendix, Fig. 6).
Thus, CRYs contributed to the control of ketogenesis-associated
genes in a manner dependent on the time of the day. Analysis of
available Chromatin Immunoprecipitation Sequensing (ChIP-
Seq) databases confirmed that the circadian clock proteins
CLOCK, BMALLI, and CRYs were presented on the promoter
regions of tested genes (64, 70), where they might interfere with
the ability of PPARa to regulate transcription, which further
supports the cross talk of circadian and PPARa transcriptional
networks in the regulation of ketogenesis.

To test the physiological effect of CRY deficiency on ketogene—
sis, we assayed blood BOHB in wild-type and Cryl,2”"" mice
(Fig. 4P) There was a tendency for an increased BOHB level in
C;jy] 27" mice compared with wild-type mice on the AL diet,
but it did not reach statistical significance (Fig. 4F Top) On the
CR diet, blood BOHB in wild-type and Cry,2~"~ mice followed
dlﬂferent kinetics. POHB was induced 51gn1ﬁcantly earlier in
Cryl,2™" mice compared with wild-type mice. A high level of
blood POHB was detected already at ZT6, and it was high at
ZT10 and ZT14 (Fig. 4F, Bottom, and SI Appendix, Fig. 7). Upon
refeeding, blood BOHB was reduced to AL levels with comparable
kinetics in both genotypes. It is known that circadian clock defi-
clency is associated with disrupted daily feeding rhythms on the
AL diet (41). To exclude the possibility that the difference in the
blood BOHB kinetics in CR mice was due to some difference in
feeding patterns, we compared the daily food intake between wild-
type and Cryl,2”"" mice on the CR diet. Cry,2™"~ mice con-
sumed all the provided food in 2 h after feeding, which agreed
with the wild-type mice. Thus, the different kinetics in blood
BOHB between wild-type and clock mutants was not due to a dif-
ference in feeding rhythms and rather correlated with different pat-
terns of induction of fat metabolism and ketogenesis-associated
genes in the liver of wild-type and circadian clock-mutant mice.

Discussion

Ketone bodies play an important role in fasting metabolism as a
source for energy production and as signaling molecules (1, 2, 5,
7, 71). High levels of ketone bodies were found in the plasma of
mice subjected to calorie restriction in several studies (26). Con-
trary to that finding, no increase or even reduction in blood
ketone bodies in CR mice was also reported (25, 27). We found
that CR induced high-amplitude daily rhythms in blood BOHB
with a peak between ZT12 and ZT14; thus, the difference in
the above-cited studies might be due to the time of sample col-
lection. CR-induced rhythms in ketogenesis, which support the
role of the circadian clock as a regulator of ketogenesis, were 51g—
nificantly disturbed in circadian clock-mutant Cryl 27" mice.

Notably, both wild-type and circadian-mutant mice on the CR
diet consumed all the provided food in 2 h. Thus, mice of both
genotypes fasted for the same duration of time. However,

BOHB was induced much earlier in CryZ,2”"" mice compared
with wild-type mice, suggesting that the circadian clock inhibits

https://doi.org/10.1073/pnas.2205755119

ketone bodies production. Interestingly, mice w1th liver-specific
deletion of the circadian clock gene Per2 (LPer2'7) also have
disrupted ketogenesis in a restricted feeding paradigm (72). In
this study, blood POHB was elevated in the food-restricted
wild-type mice before the feeding time (72), which was similar
to our data for the wild-type mlce ‘under CR (Fig. 1B). Blood
BOHB was not elevated in LPer2'~ mice under restricted feed-
ing (72). In contrast, BOHB was strongly increased in the blood
of Cryl,2” = mice under CR (Fig. 4F). The expression of the
Cprl and Hmges2 genes was induced in the liver of food-
restricted wild-type mice (72), which is similar to the induc-
tion of the expression of these genes by CR (Fig. 4E). The
induction was attenuated in LPer2”'~ mice (72). We propose
that PER2 regulates ketogenesis through a direct control of the
Cptl gene and indirect control of the Hmges2 gene. Interest-
ingly, Cptl expression was not affected in Cryl,2~"~ mice
(Fig. 4F), and CPT1 expression was not induced by CR on
the protein level; therefore, our data argue against the leading
role of CPT1 in CR ketogenesis rthythms. Instead, CRYs defi-
ciency impacts the regulation of several other PPARa tran-
scriptional targets known to be involved in ketogenesis such as
Fgf21, AcadM, Hmgsc2, and Bdhl. Most likely, the rhythms
were a consequence of changes in the expression of multiple
genes rather than one target. Interestingly, PERs and CRYs
form a complex and act as a negative arm of the circadian
clock feedback loop by suppressing CLOCK/BMALI-depen-
dent transcription. At the same time, PER2 cooperates with
PPAR« on the Cptla promoter and CRY1 negatively interferes
with PPARa-induced transcription on the Fgf21 promoter.
Thus, the role of PER2 and CRYs in the transcriptional con-
trol of ketogenesis is not identical and warrants further study.
How can the circadian clock control CR-induced rhythms in
ketogenesis? Mechanisms of ketogenesis are well studied in fast-
ing (2, 20). The reduction of blood glucose and insulin, an
increase of blood and liver FFAs, an activation of PPARa and
FGF21, and a down-regulation of mTORCI have all been
reported as contributors to ketogenesis (16, 17, 54, 55, 58). We
did not find any correlation between POHB rhythms with
rthythms in blood glucose, TG, FFAs, and mTORCI signaling.
BOHB rhythms correlated with CR-induced rhythms in the
expression of the genes involved in fatty acid oxidation, ketogen-
esis, and POHB transport. Many of these genes are PPAR« tar-
gets, and we proposed the model of the cross talk between the
circadian clock and PPARa in control of ketogenesis rhythms
(Fig. 4G). Circadian clock transcriptional factors can bind to
the promoter regions of the genes involved in ketogenesis, where
they interfere with PPARa. CRYs block the ability of PPAR« to
activate the transcription of these genes. Under AL, almost cons-
tant eating, PPARa is not activated; therefore, clock-dependent
inhibidon does not result in strong expression rhythms of
PPARa target genes. Under CR, fatty acids are released from
the adipose tissues and transported to the liver, where they serve
as substrates for ketogenesis, and some fatty acids serve as cofac-
tors for PPARa. As a result, PPAR« is activated but CRYs bind-
ing to the promoters prevent PPARa-dependent transcription.
The expression of CRY1 is rhythmic, it is reduced during the
light phase, and the inhibition of the PPARa-controlled pro-
moters is released. Thus, the rhythmic expression of the circa-
dian clock genes leads to strong rhythms in the expression of
PPARa-controlled ketogenesis genes and, ultimately, to the cir-
cadian rhythms in ketogenesis. In agreement with the model,
the lowest expression of CRY1 between ZT6 and ZT14 corre-
lated with the increased PPARa transcriptional activity (Figs.
3B and 4D and S/ Appendix, Fig. 3 and 4), which was followed
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by the peak of BOHB. Notably, only a fraction of PPAR«a-
controlled genes will be regulated through such mechanisms;
indeed, only 41% of known PPARa transcriptional targets
became rhythmic in CR mice (SI Appendix, Table 2). Interest-
ingly, based on bioinformatical analysis of ChIP-Seq data, only
a fraction of PPARa binding sites in the genome are
co-occupied by CRYs (64). According to the proposed model,
the genes that are regulated by the circadian clock and PPARa
must have both a circadian E-box and a PPAR«-responsive ele-
ment in their promoters. The Fgf21 promoter has both elements
and was regulated by both circadian transcriptional factors and
by PPAR« in the reporter experiment (Fig. 3). The expression
of Fgf21 in the liver also followed the model-predicted pattern
(Figs. 3 A and 4E). It was proposed that Fgf2] might also be
under circadian control in fasting (73-75), but it was never
experimentally tested. Our data support the hypothesis on the
circadian regulation of Fgf21 expression. We performed a tran-
scriptional factor enrichment analysis for PPARa transcriptional
targets using ChEA3 (76). As expected, PPARa was highly
enriched in these genes (SI Appendix, Table 4). The circadian
transcriptional factors CLOCK and BMALLI were not enriched in
the targets thythmic under AL feeding, but they were enriched in
arthythmic genes. NRID1 was enriched in rhythmic genes but
not in arthythmic genes, and NR1D2 was not enriched. Under
the CR diet, CLOCK, BMALI1, and NR1D1 were significantly
enriched in rhythmic targets but not for arrhythmic genes.
CLOCK and NRID1 were also significantly enriched (BMALL1
was close to enrichment; P = 0.05484) for PPAR« transcriptional
targets, whose expression was affected by CR. Only NR1D1 was
enriched in the targets not affected by CR. Thus, the enrichment
of CLOCK and BMALI strongly correlates with rhythmicity in
response to CR, in agreement with the model.

Notably, in addition to the proposed promoter interference
model, other mechanisms may be involved in the regulation of
PPARa and its transcriptional targets by the circadian clock.
The cross talk between the circadian clock and the PPARa
pathway was previously reported in other tissues. It was shown
that Ppara expression is regulated by BMAL1 and CLOCK
(77, 78). In turn, PPARa regulates the transcription of the
Bmall gene (78-80). When it is overexpressed in cell culture,
PPARa can be precipitated in the complex with PER2, but
whether this interaction is direct or indirect and exists in vivo is
not known (81). In skeletal muscles CRYs directly bind to
PPARS and inhibit its activity, which regulates the exercise
capacity (62). This material will be the subject for an indepen-
dent study regarding whether these mechanisms will contribute
to the control of ketogenesis in addition to the proposed pro-
moter interference mechanism.

Thus, during CR the circadian clock, through CRYs, gates
ketogenesis to a narrow time window. Various ketogenic diets
are popular now and have a proven positive impact on physiol-
ogy and metabolism (8, 9). What might be a physiological
importance of this tight regulation of ketogenesis by the circa-
dian clock? First, to prevent ketoacidosis, a modest increase in
blood BOHB is beneficial, while a high level of blood ketone
bodies may be harmful. Indeed, ketoacidosis is one of the seri-
ous complications of type 1 diabetes (82). Second, chronic
up-regulation of ketone bodies may have a negative effect on
glucose homeostasis, cardiovascular physiology, and the nervous
system (83, 84). Third, POHB rhythms may be important in
ketone body—related signaling. Indeed, chronic up-regulation of
BOHB could impair the ability of cells to respond. In mouse
models, ketogenic diets have a positive impact on health and
longevity, but the effects are not as strong as the effects of CR.

PNAS 2022 Vol.119 No.40 2205755119

It is tempting to speculate that the stronger longevity benefits
of CR compared with KD may be due to rhythms in ketone
bodies versus chronic up-regulation.

In summary, we found that the circadian clock controls
CR-induced rhythms in ketogenesis by reprogramming the
PPARa transcriptional network. The study extends current
knowledge on mechanisms of ketogenesis, which was studied
predominantly in the context of acute fasting. We propose that
the rhythms in blood ketone bodies may contribute to the
health and longevity benefits of CR.

Limitations of the study

The study was focused on the liver as the main site of ketone
bodies production. POHB can be produced by other tissues such
as the kidney and intestine (1). There is also a possibility that
CR and the clock regulate POHB tissue uptake and/or oxidation.
Indeed, the circadian clock transcriptional factor BMALI regu-
lates the expression of Bdhl in mouse heart (85). The circadian
clock also controls the rhythms of Nicotine Amide Dinucleotide
(NAD+) (86), the metabolite that serves as a cofactor for sir-
tuins, deacetylases that regulate the activity of ketogenic enzymes
(87). The study did not address the potential role of blood gluco-
corticoid rhythms. Glucocorticoids are important players in fast-
ing metabolism. The cross talk between the circadian clock and
glucocorticoid production and signaling is known (81, 88).
Whether glucocorticoids contribute to daily rhythms in fOHB
needs to be addressed in future studies. All these factors can con-
tribute to the circadian regulation of ketogenesis and need to be
addressed in future research.

Materials and Methods

Animals. All experiments involving animals were conducted in accordance
with federal and university guidelines, and all procedures were approved by
Institutional Animal Care nd Use Committee (IACUC) at Cleveland State Univer-
sity. C57BL/6J male and female mice were aged 12-13 wk at the start of the
experiments. Cry7,2~'~ mice were previously described (68). Mice were main-
tained on 12 h light: 12 h dark cycle, light on at 7:00 AM (Z70), and light off at
7:00 PM (Z112). Animals were fed a 5008 LabDiet (proteins 26.5%, fat 16.9%,
carbohydrates 56.5%). CR mice received 70% of food once per day at ZT14 (2 h
after the light was turned off). TR mice received food at ZT14 (2 h after the light
was turned off), and food was withdrawn at ZT2 (2 h after the light was turned
on) every day; in other words, TR mice were fed AL food for 12 h per day. Mice
had unlimited access to water and were maintained on the diets 2 mo before tis-
sue collection. For the constant darkness experiment, CR mice were placed in cons-
tant darkness for 48 h and food was provided once a day at ZT14, 2 h after the
light was supposed to be off. Blood glucose and ketones were measured on a sec-
ond day of the complete darkness and the measurement started at ZT18, 4 h after
the feeding, and continued until ZT14, before the next feeding. The feeding and
blood collection were done under red light. Liver tissues were collected across the
day and immediately frozen and stored at —80 °C. At ZT14, tissues were collected
before feeding.

Blood glucose and g-hydroxybutyrate detection. Blood for the analysis
was collected through the tail vein nick. Glucose was measured using the CVS
Advanced Health Blood Glucose Meter (CVS Pharmacy, Woonsocket, RI) with
CVS Health Advanced Glucose Meter Test Strips (CVS Pharmacy, Woonsocket, RI).
Blood ketones were measured as the BOHB level using the Precision Xtra Blood
Glucose and Ketone meter (Abbott Laboratories).

Glucose tolerance test. AL mice were fasted for 22 h (from ZT16 until ZT14).
CR mice received their last meal at ZT14 the previous day and were fasted for
the same amount of time (22 h). At ZT14, mice were subjected to intraperitoneal
injection of glucose (1.2 g/kg). Blood glucose was measured via tail vein at 0,
15, 30, 60, 90, and 120 min post injection. The glucose tolerance test was con-
ducted after 6 to 8 wk on the diets.
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Cell culture and transfection. HEK293 cells were cultured at 37°C in a
humidified incubator with 5% CO, and regularly tested for mycoplasma infec-
tion. Cells were maintained in DMEM with 4.5 g/L glucose, supplemented with
10% FBS, 1% L-glutamine, and 1% of penicillin and streptomycin.

Cells were transfected in 6-well plates with the indicated amounts of the plas-
mids (the final DNA amount was adjusted to 2,500 ng with a pcDNA3 vector)
using Xreme X-tremeGENE 360 Transfection Reagent (Sigma-Aldrich, St. Louis,
MO) according to the manufacturer's protocol. A total of 1 ng pcDNA3-B Galacto-
sidase was added to normalize transfection efficiency. Cells were collected for
analysis 24 h after transfection. PPAR« ligand treatment was done with 50 uM
fenofibrate (Sigma-Aldrich, St. Louis, MO). pcHA-Bmal1, pcHA-Clock, and Cry1
were previously described (89, 90). pGL3-mFgf21pro1-luc was a gift from Seiichi
Oyadomari (Addgene plasmid number 101797). pSG5 PPARx was a gift from
Bruce Spiegelman (Addgene plasmid number 22751). PPRE x3-TK-luc was a
gift from Bruce Spiegelman (Addgene plasmid number 1015).

Luciferase activity detection was performed with the Luciferase Assay System
(Promega) according to the manufacturer's protocol using Victor3 Wallac multi-
channel reader (Perkin-Elmer). For B-Galactosidase detection, cell lysates were
incubated with 1 mg/mL ONPG solution for 1 h and Optical density (OD) were
measured at 420 nm.

RNA isolation and qPCR analysis. Total RNA was extracted from frozen liver
tissue using TRIzol according to the manufacturer's instructions. qRT-PCR was per-
formed using the iTaq Universal SYBR Green Supermix (Bio-Rad). Gene expres-
sion was normalized on 18S rRNA and b-actin. Fold change was determined by
the AACt method. The sequence of primers is shown in the S/ Appendiix.

Western blot analysis. Total liver lysates were prepared with lysis buffer (1 M
Tris base pH 7.5, 5 M NaCl, 0.5 M EGTA, 0.5 M EDTA, Triton-X, 0.1 M Na,4P,0-,
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