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Liver regeneration offers a distinctive opportunity to study
cell proliferation in vivo. Mammalian silent information regula-
tor 1 (SIRT1), a NAD�-dependent histone deacetylase, is an
important regulator of various cellular processes, including pro-
liferation, metabolism, and circadian rhythms. In the liver,
SIRT1 coordinates the circadian oscillation of clock-controlled
genes, including genes that encode enzymes involved in meta-
bolic pathways. We performed partial hepatectomy in WT and
liver-specific Sirt1-deficient mice and analyzed the expression
of cell cycle regulators in liver samples taken at different times
during the regenerative process, by real time PCR, Western
blotting analysis, and immunohistochemistry. Lipidomic analy-
sis was performed in the same samples by MS/HPLC. We
showed that G1/S progression was significantly affected by
absence of SIRT1 in the liver, as well as circadian gene expres-
sion. This was associated to lipid accumulation due to defective
fatty acid beta-oxidation. Our study revealed for the first time
the importance of SIRT1 in the regulation of hepatocellular pro-
liferation, circadian rhythms, and lipid metabolism during liver
regeneration in mice. These results represent an additional step
toward the characterization of SIRT1 function in the liver.

In response to various types of injuries, the liver rapidly
regenerates to restore its original size and function. Liver regen-
eration following partial hepatectomy (PH)3 is one of the most
effective models for studying hepatocellular proliferation (1),
and involves a complex interplay of signaling events, many of

which still need to be elucidated (2). After resection of two-
thirds of the liver mass in rodents, according to the Higgins and
Anderson procedure (3), residual hepatocytes rapidly enter the
cell cycle and perform about two cycles of cell division. Many
factors, including hormones, cytokines, growth factors, and
their coupled signal transduction pathways contribute to initi-
ating and promoting progression of hepatocytes through the
G1/S phase, and subsequent cell division (1). Several groups of
genes are activated in a distinct temporal manner, thus main-
taining the efficiency of the regenerative process (4 – 8). More-
over, specific metabolic changes are associated with the process
of liver regeneration. In particular, a transient steatosis occurs
during liver regeneration and appears to be important for
proper regenerative response, though its functional signifi-
cance remains poorly defined (9, 10).

Silent information regulator 1 (SIRT1), the most studied
member of the mammalian sirtuin family of NAD�-dependent
histone deacetylases, is a nutrient sensor and a crucial regulator
of aging in different organisms (11). SIRT1 plays a central role
in the control of normal liver function in mammals, and partic-
ipates in the regulation of metabolic processes including gluco-
neogenesis, fatty acid beta-oxidation and cholesterol flux (12).
Moreover, SIRT1 has been recognized as an important regula-
tor of circadian rhythms in the liver and brain (13–15). In the
liver, SIRT1 acts by ensuring proper circadian oscillation in
hepatocytes through rhythmic deacetylation of histone H3 at
the promoter of clock-controlled genes (CCGs), as well as
deacetylation of the circadian components BMAL1 and PER2
(13, 15). SIRT1 activity itself oscillates in a circadian manner,
following the availability of its coenzyme NAD�, that is rhyth-
mic over the day/night cycle (16, 17). Genetic or pharmacolog-
ical modulation of SIRT1 expression and/or activity in the liver
resulted in altered hepatic circadian gene expression and
metabolism (18, 19), pointing to its importance in maintaining
proper circadian regulation of metabolic and epigenetic pro-
cesses in the liver.

Direct molecular links between the circadian clock and cel-
lular proliferation have been established (20). The circadian
machinery regulates the rhythmic expression of a number of
key regulators of cell cycle progression (Wee-1, c-myc, Cyclin
D1) and DNA-damage response (Gadd45a, MDM2, XPA) (21–
23). Furthermore, liver regeneration is impaired in arrhythmic
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Cry1/2 knock-out mice (24). In this study we performed PH to
induce hepatic regeneration in wild-type (WT) and liver-spe-
cific SIRT1�ex4 mice (Sirt1 LKO), to assess the role of SIRT1 in
governing cell cycle progression and metabolic changes during
liver regeneration. Moreover, we tested the hypothesis that the
circadian function of SIRT1 might play a role in the regulation
of hepatocyte proliferation. We conclude that liver-specific
deletion of SIRT1 resulted in significant alterations in circadian
function linked to hepatocyte progression through the cell
cycle and lipid metabolism after PH.

Results

Cell Cycle Progression Is Impaired in Sirt1 LKO Regenerating
Livers—PH was performed in WT and Sirt1 LKO mice and
regenerating livers were collected at different times to analyze
cell-cycle progression. In the livers of WT mice, as was previ-
ously described (1), Ccnd1 (Cyclin D1) and Ccne1 (Cyclin E1)
gene expression profiles were significantly elevated at 36 h fol-
lowing PH, followed by a second increase observed at 48 h for
Ccnd1. In the livers of Sirt1 LKO mice, Ccnd1 was up-regulated
earlier, but levels of both peaks of mRNA expression were
markedly reduced, indicating an impaired exit from G0. Simi-
larly, the peak in Ccne1 expression was abolished in Sirt1 LKO
mice (Fig. 1A). Ccna2 (Cyclin A2) peaked between 38 and 48 h
in both WT and Sirt1 LKO mice, but the levels were reduced
and the expression prolonged until 60 h in conditional mice.
Levels of Cdk4, the cyclin-dependent kinase (CDK) important
for the progression through the G1 phase, were also slightly
reduced in regenerating livers from Sirt1 conditional KO mice,
while the expression of other factors (Ccnd3) was not affected
(Fig. 1A).

Because regulation of cyclin stability occurs largely post-
transcriptionally, we also analyzed protein expression levels in
the same livers. Western blotting (WB) analysis confirmed that
both Cyclin D1 and Cyclin A2 expression was reduced during
the first G1/S phase following PH in the liver from Sirt1 LKO
mice, while the second peak of expression, normally occurring
at 60 h after PH and corresponding to the second round of DNA
synthesis, was maintained and even enhanced compared with
WT mice. Similarly, Cyclin E1 and Cdk4 protein expression
peaked at 36 h following PH in WT mice, while the peak was
strongly reduced in LKO mice (Fig. 1B). The second peak of
expression was enhanced for both Cyclin E1 and Cdk4, as con-
firmed by densitometric analysis (Fig. 1C).

Taken together, these results reveal a defect in G1/S progres-
sion in the liver of Sirt1 LKO mice during the first peak of cell
division, which is apparently compensated during the second
peak.

Delayed Mitosis in Regenerating Livers of Sirt1 LKO Mice—
We next examined the progression through the G2/M phase
after liver regeneration in WT and Sirt1 LKO mice. With this
purpose, we analyzed mRNA expression of central regulators of
the G2/M transition. While no differences were found in the
expression of Cdk1, a significant reduction in the level of
expression of Ccnb1 (Cyclin B1), Ccnb2 (Cyclin B2), and Wee1
was observed in LKO mice by Q-PCR (Fig. 2A), thus confirming
the impaired cell cycle progression in the absence of SIRT1.

We also determined the phosphorylation of Serine 10 of his-
tone H3 (p-S10H3), a key step in chromosome remodelling dur-
ing cell division. Furthermore, p-S10H3 is a marker that differ-
entiates between G2-phase and mitotic cells. In both WT and
Sirt1 LKO mice, WB and immunohistochemistry analysis
showed a peak in H3 phosphorylation at 48 h following PH,
corresponding to the first mitotic wave (Fig. 2, B and C). How-
ever, in WT mice the majority of positive cells were in M phase,
in Sirt1 LKO mice the number of mitotic nuclei was reduced,
and many cells remained in G2, thus suggesting a delayed entry
into mitosis in LKO mice (Fig. 2, C and D). Moreover, a signif-
icant increase in the number of nuclei in G2 was present in Sirt1
LKO mice at 60 h following PH (Fig. 2, C and E), confirming the
enhanced progression through the cell cycle observed during
the second wave of cell division, possibly as a compensatory
mechanism. Overall, these findings point to a delay in the pro-
gression of hepatocytes through the cell cycle in the absence of
Sirt1.

Cell Cycle Regulator p21Waf/Cip1 Is Down-regulated in Sirt1
LKO Mice—The activity of cyclin/CDK complexes is negatively
regulated by cyclin kinase inhibitors, including p21Waf/Cip1 and
p27Kip1 (25). We studied p21Waf/Cip1 and p27Kip1 mRNA
expression levels during liver regeneration in WT and Sirt1
LKO mice, to understand whether an overstated inhibitory
response could account for the reduced expression of markers
of G1/S proliferation. As previously observed (25), the
p21Waf/Cip1 gene Cdkn1a is not detected in normal liver (NL) of
WT mice, while is markedly induced at 6 h after PH, in the early
G1 phase, and again at 36 and 60 h, corresponding to the two
waves of cell division (Fig. 3A). In LKO mice, while the first peak
of p21Waf/Cip1 mRNA expression is maintained, surprisingly its
expression subsequently declines to very low levels, indicating
that p21Waf/Cip1 fails to be activated during the post-replicative
phase. Instead, no change was observed in the transcription of
the p27Kip1 gene Cdkn1b (Fig. 3A). In line with mRNA expres-
sion, we found that the induction of p21Waf/Cip1 protein
observed in WT livers at 48 h after PH was completely absent in
livers from Sirt1 LKO mice (Fig. 3B). Since p21Waf/Cip1 is tran-
scriptionally regulated by p53, we monitored p53 expression
levels and found that p53 protein was not induced at 36 h fol-
lowing PH in Sirt1 LKO, as instead occurs in WT livers
(Fig. 3B).

All together, these data indicate that increased expression of
cell cycle inhibitors p21Waf/Cip1 and p27Kip1 cannot explain the
delay in cell cycle progression observed in Sirt1 LKO mice.
Instead, p21Waf/Cip1 is down-regulated during the G1/S pro-
gression in Sirt1 LKO mice, because of a reduction in p53 pro-
tein induction in these mice.

Circadian Gene Expression Is Dampened during Liver Regen-
eration in Sirt1 LKO Mice—Several levels of functional inter-
play exist between molecular components of the clock machin-
ery and cell cycle regulators (20). Given the central role of
SIRT1 in controlling proper circadian transcription in the liver
(13, 15, 17–19, 26), we decided to explore the possibility that
absence of SIRT1 could alter circadian gene expression during
liver regeneration. In NL taken at different times of the circa-
dian cycle (zeitgeber time, ZT), the expression of core clock
genes such as Bmal1, Cry1, and Per2 follows a typical circadian
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oscillation, peaking around ZT0, ZT20, and ZT16, respectively
(Fig. 4A). Similarly, CCGs like Nampt and Dbp show a strong
circadian oscillation in the liver (Fig. 4A), as previously
observed (18). Absence of Sirt1 altered the expression of circa-
dian genes in NL, in most of the cases (Per2, Nampt, Dbp) by
producing an enhanced oscillation (Fig. 4A) (15, 18, 19).

In line with previous findings (24), the oscillation of circadian
genes was maintained during liver regeneration, as demon-
strated by their peak of expression at specific time points fol-
lowing PH, corresponding to the ZT of their maximum peak in

NL (Fig. 4B). The only exception was Dbp, the expression of
which was down-regulated at the beginning of the regenerative
process (Fig. 4B). We also observed that Bmal1 mRNA showed
an additional peak of expression at 36 h following PH in WT
livers, corresponding to ZT16, that does not coincide with its
daily zenith and thus represents an induction associated to the
regenerative process (Fig. 4B), suggesting an active role of
BMAL1 during hepatocyte proliferation. Surprisingly, in the
liver from Sirt1 LKO mice, the expression level of both Bmal1
and Cry1 was strongly down-regulated. Similarly, but to a lesser

FIGURE 1. Defective G1/S transition during liver regeneration in Sirt1 liver KO mice. A, time course of mRNA expression of different cyclins (Ccnd1, Ccne1,
Ccna2, Ccnd3) and cyclin-dependent kinases (Cdk4) controlling G0/G1 and G1/S transitions during liver regeneration at different times (hours) following partial
hepatectomy (PH), in WT and Sirt1 liver-specific KO (LKO) mice. Black and white bars represent circadian light-dark phases at each specific zeitgeber times (ZT).
The mRNA values are relative to those of 18S mRNA levels at each time point. Bars represent mean � S.D. (n � 3– 8). Significant changes are shown. *, p � 0.05;
**, p � 0.01. B, protein expression of Cyclin D1, Cyclin A2, Cyclin E1, and Cdk4 in regenerating livers from WT and Sirt1 LKO mice, evaluated by Western blotting
analysis (WB). Coomassie Blue staining was used as loading control. Representative images are shown. C, densitometric analysis of immunoblotting signals of
Fig. 1B. Values were normalized to the level of histones staining with Coomassie Blue. Bars represent means � S.D. (n � 3).
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extent, the expression of Per2 and Nampt was dampened at 36 h
after PH, but the oscillation was maintained (Fig. 4B). WB anal-
ysis of WT and KO livers using BMAL1 and CRY1 specific
antibodies indicated that their reduction in mRNA levels cor-
responded to very low levels of protein in livers from Sirt1 LKO

mice (Fig. 4C). These results suggested that SIRT1 is essential in
maintaining proper circadian expression of core clock genes in
regenerating livers.

Since many cell cycle regulators are known to be transcribed
in a circadian manner, we wondered whether their circadian

FIGURE 2. Mitosis is slightly delayed in Sirt1 KO regenerating livers. A, time course of mRNA expression of Ccnb1, Ccnb2, Cdk1, and Wee1 controlling G2/M
transitions during liver regeneration at different times following PH, in WT and Sirt1 LKO mice. Black and white bars represent circadian light-dark phases at each
specific ZT. The mRNA values are relative to those of 18S mRNA levels at each time point. Bars represent mean � S.D. (n � 3– 8). Significant changes are shown.
*, p � 0.05; **, p � 0.01. B, Western blotting analysis of p-(Ser10)H3 protein expression level in livers at different times (hours) following PH. Coomassie Blue
staining was used as loading control. Representative images are shown. Densitometric analysis of immunoblotting signals was shown. Values were normalized
to the level of histones staining with Coomassie Blue. Bars represent means � S.D. (n � 3). C, immunolocalization of phospho-H3 in livers from WT and Sirt1 LKO
mice at 48 and 60 h after PH, analyzed by using p-(Ser10)H3 antibody. DAPI was used for labeling nuclei (blue). Representative images (200� magnification) are
shown. Bars, 10 �M. D, percentage of p-H3-positive hepatocytes observed at 48 h after PH. (400� magnification, n � 15 fields of observation from at least 3
mice). E, representative image of p-(Ser10)H3 positive nuclei in G2 phase at 60 h after PH in livers from WT and Sirt1 LKO mice, analyzed by using p-(Ser10)H3
antibody. DAPI was used for labeling nuclei (blue). Bars, 5 �M. Right, percentage of p-H3-positive hepatocytes in G2 phase observed at 60 h after PH. Bars
represent mean � S.D. (n � 15 fields of observation from at least three mice).
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expression could be defective in normal non-regenerating liv-
ers of Sirt1 LKO mice. Q-PCR analysis of mRNA expression of
cyclins and CDKs in NL at six different times of the circadian
cycle indicates that while some genes follow a clear circadian
rhythm of expression (Cnkn1a, Ccne1), others are not oscillat-
ing (Cdk4, Ccna2), with no relevant differences between WT
and Sirt1 LKO mice (Fig. 4D). This reveals that the presence of
SIRT1 is dispensable to maintain proper circadian expression
of these genes in NL, while it is essential during liver regenera-
tion after PH.

Sirt1 LKO Mice Display Enhanced Liver Steatosis during
Liver Regeneration—In addition to the investigation of circa-
dian clock dysfunction as a cause of cell cycle deregulation, we
decided to explore whether metabolic changes normally occur-
ring during liver regeneration were affected by the absence of
SIRT1, and if this could in turn alter cell cycle progression.
Indeed, circadian rhythms play a pivotal role in the regulation
of metabolic processes in quiescent liver.

Liver regeneration following PH is typically associated with
an induction of fat synthesis, which is considered to be an
essential metabolic response within the regenerating liver (27).
In liver sections stained with hematoxylin and eosin (H&E), we
observed a transient steatosis in WT livers starting from 24 h
until 48 h after PH. In Sirt1 LKO mice the level of steatosis was
markedly increased at almost all time points analyzed (Fig. 5A).
No lipid accumulation was detected in NL of WT and Sirt1
LKO mice.

We then used a lipidomics approach to analyze levels and
lipid composition in WT and Sirt1 LKO mice. We used liquid
chromatography/mass spectrometry (LC/MS) to survey sam-
ples of NL and livers at 36 and 48 h after PH. We found similar
basal levels of triacylglycerides (TAG), cholesterol esters and

non-esterified fatty acids (NEFA) (Fig. 5B) in NL from WT and
Sirt1 LKO mice, as previously reported (28). In line with this
result, no difference in body weight and food intake was
observed in these mice (Fig. 5C) (29). Interestingly, during liver
regeneration, levels of TAG and cholesterol esters increased
transiently in both WT and LKO mice at 36 h, but they were
maintained at elevated levels at 48 h in LKO mice (Fig. 5B).
Moreover, in Sirt1 LKO mice, but not in WT mice, we observed
increased levels of total NEFA at 36 and 48 h following PH (Fig.
5B). NEFA vary in length and saturation and we observed a
general trend characterized by increased levels of both satu-
rated FA (SFA) and mono- and poly-unsaturated FA (MUFA
and PUFA) at 36 h following PH in Sirt1 LKO mice (Fig. 6, A and
B). At 48 h there was a specific increase only in unsaturated FA,
both in long chain and very long chain classes (Fig. 6, A and B),
as confirmed by the desaturation index that was increased in
livers from Sirt1 LKO mice (Fig. 6C). Taken together, these data
reveal abnormally increased lipid accumulation and alterations
in lipid composition in Sirt1 LKO mice during liver regenera-
tion following PH.

Reduced NEFA Oxidation in Sirt1 KO Regenerating Livers—
The increased lipid accumulation observed in Sirt1 KO liver
following PH may be caused by an increased FA synthesis, as
SIRT1 controls the activity of SREBP-1c, the main regulator of
FA synthesis and elongation (30), through deacetylation and
inhibition of its transcriptional activity. To validate this
hypothesis, gene expression of SREBP target genes was mea-
sured by Q-PCR. In Sirt1 LKO mice, we observed significantly
higher levels of SREBP target genes controlling NEFA synthesis
(Fasn, AceCS1), desaturation (Scd1) and elongation (Elovl2) in
NL. Instead, no differences were found in regenerating livers
between WT and Sirt1 LKO mice, with the exception of Scd1,

FIGURE 3. The p53/p21Waf/Cip1 axis is down-regulated in Sirt1 LKO mice during liver regeneration. A, Q-PCR analysis of Cdkn1a (p21Waf/Cip1) and Cdkn1b
(p27Kip1) from RNA samples prepared from livers of WT and Sirt1 LKO mice at different times after PH. Black and white bars represent circadian light-dark phases
at each specific ZT. The mRNA values are relative to those of 18S mRNA levels at each time point. Bars represent mean � S.D. (n � 3– 8). Significant changes are
shown. *, p � 0.05; **, p � 0.01. B, protein expression of p21Waf/Cip1 and p53 in normal livers (0 h) and regenerating livers at 36 and 48 h after PH, from WT and
Sirt1 LKO mice, evaluated by WB. Coomassie Blue staining was used as loading control. Representative images are shown.
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whose expression at 48 h after PH was higher in Sirt1 LKO mice
(Fig. 7A), thus explaining the prevalent increase in polyunsatu-
rated FA at this time point. Furthermore, the level of acetylation
of SREBP-1c was evaluated in SIRT1 WT and LKO regenerat-
ing livers. In line with gene expression results, we found similar
levels of acetylation of SREBP-1c in both genotypes, thus sug-
gesting identical activation after PH (Fig. 7B).

Alternatively, a reduction of FA beta-oxidation might
explain the accumulation of fat in Sirt1 KO livers during hepatic
regeneration. Indeed, under high-fat diet Sirt1 LKO mice accu-
mulate an excessive amount of fat due to a defect in FA beta-
oxidation dependent on PPAR� (28), a nuclear receptor whose
expression and transcriptional activity is directly regulated by
the circadian system (31). For this reason, we asked whether
this defect could also be responsible for the high grade of stea-
tosis observed in these mice following PH. Indeed, the expres-
sion of fatty acid �-hydroxylase genes Cyp4a10 and Cyp4a14,
PPAR� target genes, as well as the expression of other genes

involved in NEFA oxidation, such as Acox1 and Acadm, was
strongly induced in WT mice after PH. This induction in gene
expression was significantly diminished at 48 h after PH in Sirt1
LKO mice (Fig. 7A). Moreover, transcription of the gene encod-
ing the enzyme mtGPAT, that controls the esterification of
NEFA to glycerol for the synthesis of TAG, was increased in
Sirt1 LKO mice compared with WT (Fig. 7A), suggesting that
the increased levels of liver NEFA in Sirt1 LKO mice is respon-
sible of the increased TAG accumulation after PH.

To finally demonstrate that a defective activation of PPAR�
is directly responsible of the down-regulation of its target
genes, we evaluated its level of expression in normal and regen-
erating livers from WT and SIRT1 LKO mice. Importantly, we
found a strong up-regulation of PPAR� protein expression in
WT mice during liver regeneration, while the induction was
completely abolished in SIRT1 KO liver (Fig. 7C). Therefore, a
defect in FA beta-oxidation appears to be the main mechanism
responsible for lipid accumulation in SIRT1 KO mice following

FIGURE 4. Defects in circadian gene expression in Sirt1 KO regenerating livers. A, Q-PCR analysis of genes Bmal1, Cry1, Per2, Nampt, and Dbp from RNA
samples prepared from livers of WT and Sirt1 LKO mice at different times through the circadian cycle (ZT). Black and white bars represent circadian light-dark
phases. The mRNA values are relative to those of 18S mRNA levels at each time point. Bars represent mean � S.D. (n � 5). Significant changes are shown. *, p �
0.05; **, p � 0.01. B, time course of mRNA expression of Bmal1, Cry1, Per2, Nampt, and Dbp during liver regeneration at different times (hours) following PH, in
WT and Sirt1 LKO mice. Black and white bars represent circadian light-dark phases at each specific ZT. The mRNA values are relative to those of 18S mRNA levels
at each time point. Bars represent mean � S.D. (n � 3– 8). Significant changes are shown. *, p � 0.05; **, p � 0.01; ***, p � 0.001. C, protein expression of Bmal1
and Cry1 in regenerating livers from WT and Sirt1 LKO mice, evaluated by WB. Coomassie Blue staining was used as loading control. Representative images are
shown. D, Q-PCR analysis of genes Cdkn1a, Ccne1, Cdk4, and Ccna2 from RNA samples prepared from livers of WT and Sirt1 LKO mice at different times through
the circadian cycle (ZT). Black and white bars represent circadian light-dark phases. The mRNA values are relative to those of 18S mRNA levels at each time point.
Bars represent mean � S.D. (n � 3).
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PH, due to a defective induction of PPAR� during liver regen-
eration in SIRT1 LKO mice.

In conclusion, these results reveal that SIRT1 regulates sev-
eral related aspects of the process of liver regeneration in mice,
and point to a circadian defect in proliferating hepatocytes due
to absence of SIRT1, that may explain the altered timing of cell
cycle progression and fat metabolism in regenerating liver
(Fig. 8).

Discussion

By controlling metabolism in response to low nutrient avail-
ability, SIRT1 contributes to the maintenance of energy home-
ostasis. In the liver, SIRT1 is an important regulator of meta-
bolic processes such as gluconeogenesis, NEFA oxidation,
mitochondrial activity and cholesterol flux, which occur in
response to an intracellular rise in the NAD�/NADH ratio
when energy supplies are low. Moreover, SIRT1 is a central
component of the circadian clock machinery and its absence is
associated with alterations in circadian gene expression in NL.
To further examine the function of SIRT1 in the liver, liver-
specific Sirt1 knock-out mice were generated (29). Although
these mice are phenotypically normal under a chow diet,
hepatic steatosis and inflammation was observed in response to
high-fat feeding (28).

We demonstrated that SIRT1 might have additional func-
tions in the liver following PH, a paradigm that extends beyond

nutritional challenge. We observed a transient but relevant
defect in the progression of hepatocytes from G0/G1 to S phase
in Sirt1 LKO mice, characterized by deregulation of the expres-
sion of cyclins and CDKs controlling G1/S phase, and to a minor
extent, those controlling the G2/M phase. This defect seems to
be compensated for during the second wave of cell division,
when an increase in the number of pre-mitotic cells was
observed as measured by p-H3 positive nuclei. In line with our
results, a recent study showed that livers from old mice,
expressing low levels of SIRT1, as well as livers in which Sirt1
gene expression was silenced, show defective regeneration (32).
Moreover, it has been shown that SIRT1 overexpression is asso-
ciated with impaired hepatocyte proliferation and increased
mortality caused by liver injury due to bile acid accumulation
(33), thus suggesting that both deficiency or exaggerated SIRT1
activity has negative effects on proliferation of liver cells. Our
experiments also demonstrated that the intrinsic circadian
clock is intact in proliferating liver cells from WT mice, while is
disrupted in LKO mice, thus revealing the importance of SIRT1
circadian function in maintaining the correct timing and pro-
gression through the cell cycle.

The factors controlling cell proliferation and cell cycle arrest
that are preferential targets of SIRT1 are numerous. SIRT1
deacetylates the tumor suppressor p53 (34), which inhibits p53
target gene transcription, including the cell cycle inhibitor p21.

FIGURE 5. Lipid accumulation in Sirt1 KO regenerating livers. A, H&E staining on liver sections of WT and Sirt1 LKO mice at indicated times following PH.
Representative images (200� magnification) are shown. Bars, 10 �M. B, levels of NEFA, TAG, cholesterol esters, and cholesterol in livers from WT and Sirt1 LKO
mice at indicated times after PH, measured by LC-MS analysis. Bars represent mean � S.D. (n � 3– 8). Significant changes are shown. *, p � 0.05; **, p � 0.01;
***, p � 0.001. C, top, body weight (grams, gr) of 3-month-old Sirt1 WT and LKO mice. Bottom, food pellet grams consumed per day from Sirt1 WT and LKO mice.
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However, the repression of both p53 protein induction and p21
mRNA expression observed in Sirt1 LKO mice during liver
regeneration suggests that SIRT1 regulation of p53 activity
might not play a critical role in controlling hepatocyte prolifer-
ation during liver regeneration in these mice. Further studies
will be necessary to understand the specific mechanism of how
SIRT1 controls hepatocyte cell cycle progression.

The early regenerating liver transiently accumulates large
amounts of triglycerides, that are used as substrates for energy
production and membrane synthesis (35). Although the molec-
ular mechanism that regulates this event is poorly defined, hep-
atocellular fat accumulation seems to be essential for nor-
mal liver regeneration, as its suppression is associated with
impaired hepatocellular proliferation following PH (35). On the
other hand, chronic hepatic steatosis is also associated with
impaired regeneration, thus confirming the importance of a
fine-tuned regulation of lipid metabolism for liver regenera-
tion. Using a lipidomic strategy, we observed abnormally high
accumulation of TAGs, cholesterol esters and NEFAs in regen-
erating livers of Sirt1 LKO mice, thus suggesting an important
role of SIRT1 in regulating the proper balance of fat production
during hepatocyte proliferation. Moreover, an alteration in
lipid composition was observed, with increased expression of

unsaturated FA that could play an important role in the control
of signal transduction pathways, enzymatic activity and cellular
regeneration (36).

SIRT1 regulates lipid homeostasis in the liver, through
deacetylation and activation of target proteins, including
SREBP-1c, the main regulator of FA synthesis and elongation
(30), and PPAR�, a nuclear receptor that controls fatty acid
�-oxidation in response to nutrient availability (28). Interest-
ingly, absence of PPAR� caused delayed liver regeneration in
mice (37). We observed that the expression of PPAR� target
genes controlling NEFA oxidation was down-regulated in
regenerating liver in Sirt1 LKO mice, and this was a conse-
quence of a marked reduction of PPAR� protein expression in
those livers, thus revealing the mechanism responsible for the
increased fat content in the absence of SIRT1. Instead, we
observed no change in the acetylation status of SREBP-1c in
Sirt1 KO regenerating livers compared with WT. Conse-
quently, we did not measure an increased transcription of
enzymes controlling NEFA synthesis in regenerating liver, but
only in NL of Sirt1 LKO mice, although the levels of NEFA were
not augmented in basal conditions. Interestingly, among the
regulators of NEFA synthesis that was up-regulated in Sirt1
LKO mice was acetyl-CoA synthetase (AceCS1), an enzyme

FIGURE 6. Regulation of non-esterified fatty acids (NEFA) metabolism in Sirt1 KO regenerating livers. A, LC-MS analysis of NEFA levels in livers from WT
and Sirt1 LKO mice at indicated times after PH. SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids. Bars represent
mean � S.D. (n � 3– 8). Significant changes are shown. *, p � 0.05; **, p � 0.01. B, LC-MS analysis of NEFA composition is shown at indicated times after PH. SFA,
saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids. Bars represent mean � S.D. (n � 3– 8). Significant changes are
shown. *, p � 0.05; **, p � 0.01; ***, p � 0.001. C, desaturation index in livers from WT and Sirt1 LKO mice at indicated times after PH. 16:1/16:0 and 18:1/18:0
NEFA ratio are shown. Bars represent mean � S.D. (n � 3– 8). Significant changes are shown. *, p � 0.05; **, p � 0.01.
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controlling the availability of acetyl-CoA in the cell, which is
regulated by SIRT1 through circadian deacetylation and activa-
tion (38, 39). As a result, both NEFA synthesis and elongation
change in a cyclic manner (39).

Here we hypothesized that additional liver functions might
be controlled by SIRT1 circadian activity. Future studies will
shed light on the mechanism of how the circadian function of
SIRT1 modulates the progression of hepatocytes through the
cell cycle and the metabolic response of the liver during regen-
eration. Also, additional studies are needed to better under-
standing the role of SIRT1 in the proliferative process of both
normal and cancer cells, with specific relevance to hepatocellu-
lar carcinoma.

Experimental Procedures

Animals—All experiments involving vertebrates were per-
formed under a protocol approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of Califor-
nia, Irvine. WT and liver specific Sirt1�ex4 mice were previously
described (29). All experiments were performed using 12–15-
week-old mice housed under 12 h light/dark cycles in a temper-
ature-controlled room, with food and water provided ad libi-
tum. Liver resection of the left lateral and median lobes was
performed according to the Higgins and Anderson’s procedure,

between 8 and 12 am, after induction of deep anesthesia with
isoflurane, by exerting a classical sub-xiphoid incision which
allows extrusion, extra-abdominal ligation of the lobes, and
removal of 2/3 of the liver. After the surgical procedure, animals
were placed in a warmed cage to recover from surgery. Mice
were sacrificed at the indicated times after PH. Regenerating
livers were immediately processed for RNA and protein extrac-
tion, or frozen in liquid nitrogen and stored at �80 °C for fur-
ther processing.

Reagents and Antibodies—All reagents used for HPLC-MS
were from Sigma-Aldrich. Antibodies against Cyclin D1 (2926),
Cyclin A2 (4656), Cyclin E1 (4129), Cdk4 (2906), p21Waf/Cip

(2946), Acetylated-Lysine (9441) were from Cell Signaling
Technology. Antibodies against p53 (sc-393031), Cry1 (sc-
5953), Srebp-1 (sc-8984), PPAR� (sc-398394) were from Santa
Cruz Biotechnology; anti-Bmal1 (ab3350) was from Abcam;
anti-Gapdh (G8795) was from Sigma-Aldrich; anti-p(Ser10)H3
(06-570) was from Millipore.

RNA Extraction and Quantitative PCR (Q-PCR)—For gene
expression analysis by Q-PCR, total RNA was isolated with
TRIzol Reagent (Invitrogen) and processed according to the
instructions of the manufacturer. Next, 1 �g of RNA from each
sample was retrotranscribed (IScript RT Supermix, Bio-Rad

FIGURE 7. Analysis of SREBP-1c and PPAR� pathway in Sirt1 KO regenerating livers. A, Q-PCR analysis of genes involved in NEFA synthesis, NEFA
desaturation and elongation, NEFA oxidation and NEFA esterification from RNA samples prepared from livers of WT and Sirt1 LKO mice at the indicated times
after PH. The mRNA values are relative to those of 18S mRNA levels at each time point. Bars represent mean � S.D. (n � 3– 8). Significant changes are shown.
*, p � 0.05; **, p � 0.01. B, lysates from regenerating livers at 38 h following PH were immunoprecipitated with anti-SREBP-1 antibody or rabbit IgG and
immunoblotted with anti-acetylated lysine antibody. Lower panel shows the expression of SREBP-1 in total liver lysates as an input. Right, densitometric analysis
of immunoblotting signals was shown. C, Western blotting analysis of PPAR� expression in regenerating liver extracts from WT and Sirt1 LKO mice. Coomassie
Blue staining was used as loading control. Representative images are shown.
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Laboratories), and 4-fold diluted cDNA was used for each real
time reaction. For 20 �l of PCR, 50 ng of cDNA was mixed with
primers to a final concentration of 150 nM and 10 �l of Brilliant
SYBR� Green QPCR Master Mix (Agilent Technologies) and
ROX as reference dye. The reaction was first incubated at 95 °C
for 3 min, followed by 40 cycles at 95 °C for 30 s and 60 °C for 1
min. Quantitative PCR was performed by monitoring in real
time the increase in fluorescence on an Mx3000PTM Real-Time
PCR detector system. All values are relative to those of 18S
mRNA levels at each time point. Bars represent the mean �
S.D. (n � 3– 8). Real-time PCR data were analyzed using the
2-��Ct method to calculate the relative level of each mRNA
and expressed as a ratio relative to 18S rRNA housekeeper gene.

Immunoblot Analysis—Fresh regenerated liver tissue was
homogenized in Laemmli sample buffer, boiled, and sonicated.
Protein extracts were normalized by SDS-PAGE followed by
Coomassie Blue staining. Proteins expression was examined by
Western blotting analysis. Each sample was separated in a SDS-
PAGE gel and transferred to a nitrocellulose filter. Blots were
incubated with the specific primary antibody in 5% fat-free
milk; the membranes were then incubated with horseradish
peroxidase, conjugated anti-rabbit or anti-mouse IgG antibody
and signals were visualized using an ECL chemoluminescence
(GE Healthcare Lifescience). Protein band intensities were
quantified by densitometric analysis using Image J software.

Liver Histology and Immunohistochemistry—Fragments of
normal and regenerated liver were fixed in 10% formalin and
then embedded in paraffin after serial dehydration in alcohol
for histology, or included in Tissue-Tek� O.C.T Compound
(Optimum Cutting Temperature, SAKURA) and stored at
�80 °C until use for immunohistochemistry. The paraffin
embedded livers were sectioned (5 �m) and stained by H&E to

study tissue structure and lipid accumulation. Frozen livers
were sectioned (5 �m) and incubated with anti-p-S10H3 anti-
body. 4	, 6-diamidino-2-phenylindole (DAPI) was added at the
final concentration of 10 ng/ml and was used for labeling of
nuclei (blue). Slides were examined with a Zeiss Axioplan fluo-
rescence microscope. The images were acquired by using a
Spot-2 cooled camera (Diagnostic Instruments). Total
p-S10H3-labeled hepatocytes were determined by counting
positively stained cell nuclei in 15 microscope fields (200X mag-
nification) per liver section at each experimental point.

Lipid Extractions—Frozen tissue samples were weighed and
homogenized in cold methanol containing internal standards.
Briefly, lipids were extracted with chloroform (2 vol) and
washed with water (1 vol). Organic phases were collected and
dried under liquid nitrogen. Lipids were reconstituted in chlo-
roform/methanol (1:4, v/v) for liquid chromatography/mass
spectrometry (LC/MS) analyses. Lipid identification and quan-
tification are described below.

Lipid Analyses: Free Fatty Acids (FAs)—To analyze FAs we
used an Agilent 1100-LC system (Agilent Technologies) cou-
pled to a 1946D-MS detector equipped with an electrospray
ionization (ESI) interface (Agilent Technologies). We used a
reversed-phase XDB Eclipse C18 column (50 � 4.6 mm i.d., 1.8
�m; Zorbax; Agilent Technologies) eluted with a linear gradi-
ent from 90 to 100% of A in B for 2.5 min at a flow rate of 1.5
ml/min with column temperature at 40 °C. Mobile phase A
consisted of methanol containing 0.25% acetic acid and 5 mM

ammonium acetate; mobile phase B consisted of water contain-
ing 0.25% acetic acid and 5 mM ammonium acetate. ESI was in
the negative mode, capillary voltage was set at 4 kV, and frag-
mentor voltage was 100 V. Nitrogen was used as drying gas at a
flow rate of 13 liters/min and a temperature of 350 °C. Nebu-
lizer pressure was set at 60 psi. We used commercially available
fatty acids as reference standards, monitoring deprotonated
molecular ions. d8-arachidonic acid (m/z � 311, Cayman
Chemicals) was the internal standard. The m/z values for all the
FA species are as follows: C16:0 (m/z 255), C18:0 (m/z 283),
C20:0 (m/z 311), C22:0 (m/z 339), C24:0 (m/z 367), C26:0 (m/z
395), C16:1 (m/z 253), C18:1 (m/z 281), C20:1 (m/z 309), C22:1
(m/z 337), C24:1 (m/z 365), C26:1 (m/z 393), C20:3 n-9 (m/z
305), C18:2 n-6 (m/z 279), C20:3 n-6 (m/z 305), C20:4 n-6
(m/z 303), C22:4 n-6 (m/z 331), C22:5 n-6 (m/z 329), C18:3 n-3
(m/z 277), C20:5 n-3 (m/z 301), C22:5 n-3 (m/z 329), C22:6 n-3
(m/z 327).

Lipid Analyses: Cholesterol and Triacylglycerol (TAG)
Species—We used an Agilent 1100-LC system coupled to a MS
detector Ion-Trap XCT interfaced with atmospheric pressure
chemical ionization (Agilent Technologies). Lipids were sepa-
rated on a Poroshell 300 SBC18 column (2.1 � 75 mm i.d., 5
�m, Agilent Technologies) at 50 °C. A linear gradient of meth-
anol in water containing 5 mM ammonium acetate and 0.25%
acetic acid (from 85% to 100% of methanol in 4 min) was applied
at a flow rate of 1 ml/min. MS detection was set in positive
mode. Corona discharge needle voltage set at 4000 V. Capillary
voltage was 4.0 kV, skim1 40 V, and capillary exit at 118 V.
Nitrogen was used as drying gas at a flow rate of 10 liters/min,
temperature of 350 °C, nebulizer pressure of 50 PSI, and vapor-
ization temperature at 400 °C. Helium was used as collision gas.

FIGURE 8. Schematic representation of changes during liver regeneration
in WT and Sirt1 LKO mice. A, in WT mice, SIRT1 contributes to the mainte-
nance of a proper circadian expression of clock genes and metabolic genes
both in quiescent hepatocytes and during liver regeneration. B, in absence of
SIRT1, mild changes occur in normal liver. Instead, when hepatocytes are
induced to proliferate following PH, they are struggling to proceed through
the cell cycle, accumulates lipids and circadian rhythm is dampened.
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Cholesterol was detected at m/z 369.3 as [M�H-H2O]� at 1.8
min. Cholesterol esters were quantified after loss of the proto-
nated cholesterol-H2O fragment at m/z 369.3 at a selected
interval of retention time (from 3.5 to 4.5 min). Total triglic-
erides were quantified by integrating the area of the total ion
current (m/z 800 –900) at a selected interval of retention time
(from 4 to 5 min). TAG 19:1/19:1/19:1 (m/z 944.8, Nu-Chek
Prep) was used as internal standard.

Statistical Analysis—All values are presented as mean � S.D.
Statistical significance was determined by the Student’s t test.
Statistical significance was assumed when *, p � 0.05.
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